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DNA-binding repressors are involved in transcriptional repression
in many organisms. Disabling a repressor is a crucial step in activating
expression of desired genes. Thus, several mechanisms have been
identified for the removal of a stably bound repressor (Rep) from the
operator. Here, we describe an uncharacterized mechanism of non-
canonical DNA binding and induction by a Rep from the temperate
Salmonella phage SPC32H; this mechanism was revealed using the
crystal structures of homotetrameric Rep (92–198) and a hetero-octa-
meric complex between the Rep and its antirepressor (Ant). The ca-
nonical method of inactivating a repressor is through the competitive
binding of the antirepressor to the operator-binding site of the re-
pressor; however, these studies revealed several noncanonical fea-
tures. First, Ant does not compete for the DNA-binding region of
Rep. Instead, the tetrameric Ant binds to the C-terminal domains of
two asymmetric Rep dimers. Simultaneously, Ant facilitates the bind-
ing of the Rep N-terminal domains to Ant, resulting in the release of
two Rep dimers from the bound DNA. Second, the dimer pairs of the
N-terminal DNA-binding domains originate from different dimers of a
Rep tetramer (trans model). This situation is different from that of
other canonical Reps, in which two N-terminal DNA-binding domains
from the same dimeric unit form a dimer upon DNA binding (cis
model). On the basis of these observations, we propose a noncanon-
ical model for the reversible inactivation of a Rep by an Ant.
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The binding of a repressor (Rep) to an operator site is a well-
known mechanism of negative regulation to inhibit tran-

scriptional initiation (1). To initiate the expression of desired genes,
Rep–operator interactions must be disrupted, which can occur by
various means, including the binding of small molecule inducers (2,
3). Interactions with these components disrupt the ability of a Rep
to bind to the operator by either altering its 3D structure or in-
ducing proteolysis (4). Another method of inactivating a Rep is
through the competitive binding of an antirepressor (Ant) to the
operator-binding site of a Rep (1). In this case, the Ant commonly
mimics the structure of DNA to bind competitively to the Rep (5).
DNA mimic proteins have been discovered in prokaryotes, eu-
karyotes, and viruses (5, 6); these proteins are involved in various
DNA regulatory functions, including transcriptional control (7) and
DNA packaging (8). Although the structures of DNA-mimic pro-
teins are diverse, they have similar surface-charge distributions that
mimic the surface properties of DNA (5). Despite the previous
structural and functional studies of Ant, the only known mechanism
by which most Ants disable a Rep is through a simple competitive-
binding mechanism. Our central motivation in this study was to
discover other potential mechanisms by which an Ant could disrupt
the high-affinity Rep–DNA interaction.
We studied a previously uncharacterized Rep and Ant from

temperate bacteriophages (hereafter, “phages”). In the lysogenic
pathway of temperate phages, the expression of genes essential
for the lytic cycle is tightly repressed by the phage Rep, and host

cell lysis is strictly inhibited. Therefore, for the cell to enter the
lytic pathway, the Rep must be inactivated for the expression of
the genes essential for the lytic cycle. Phages adapt the host SOS
response caused by physiological changes in the host cells, UV
light irradiation, or DNA damage to inactivate the phage Rep for
this lytic switch. To date, two mechanisms for the inactivation of
the phage Rep in temperate phages have been described. The CI
repressors of lambda phage form dimers to bind operators that
control the expression of lambda genes in the lysogenic phage,
and derepression allowing entry into the lytic cycle relies on the
autoproteolysis of CI repressors (9–11). The second mechanism
to control repressor activity uses the Ant. In these lysogenic
phages, the host SOS response repressor LexA binds to the Ant
promoter. Activation of the host RecA by the SOS response
induces the autoproteolysis of the LexA bound to the Ant pro-
moter and thereby derepresses the phage Ant gene. Sub-
sequently, newly synthesized Ant binds and then disassembles the
phage Rep, resulting in the production of the proteins essential
for the lytic cycle (Fig. S1). Previously, we reported a previously
unidentified homolog of Ant from the temperate phage SPC32H,
which is a novel Podoviridae phage (11).
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The crystal structure of the Rep–Ant complex from this tem-
perate Salmonella phage revealed a noncanonical bimodal binding
interaction between a tetrameric Ant and two dimeric Reps, a
feature that had not been previously described. The Rep C-terminal
domains contribute to Ant recruitment, simultaneously facilitating
the release of two Rep dimers from the operator sites. Surprisingly,
the Rep C-terminal domains also serve as the binding interface
between two Rep dimers for the assembly of a Rep tetramer. On
the basis of the biochemical and mutational analyses and the
octameric and tetrameric structures of the Rep–Ant complex and
Rep92–198, respectively, we have proposed a model for how tetra-
meric Ant disassembles higher-order Rep complexes that are bound
to multiple binding sites.

Results and Discussion
Interaction Between Rep and Ant. A stable binary complex of Rep
and Ant from SPC32H was reconstituted by mixing a wet cell
pellet containing overexpressed Rep with a cell pellet that con-
tained overexpressed Ant (Fig. 1 A and B). The Rep and Ant
proteins coeluted from an affinity column and comigrated on
size-exclusion columns (Fig. 1B). By passage through chelat-
ing and GST columns, the Rep–Ant binary complex could be
purified without monomeric subunits. To map the binding
interactions between Rep and Ant, binding affinities were
measured using bio-layer interferometry (BLI). Full-length
Rep bound to full-length Ant with a dissociation constant
(Kd) = 2.6 μM (Fig. 1C). As shown in Fig. 1C, both Rep1–72
and Rep92–198 bound to Ant (69.3 and 4.4 μM, respectively),
suggesting that at least two sites on Rep are involved in Ant
binding. When Rep1–72 and Rep92–198 were expressed in-
dividually with Ant, the Ant–Rep92–198 complex was stable
during its purification (Fig. 1B); however, the Ant–Rep1–72
complex dissociated easily during the purification.

Structure Determination of the Rep–Ant Complex. To gain mecha-
nistic insight into how Ant disrupts the interaction between Rep
and DNA, we studied the structural organization of the Rep–Ant
complex. A crystal structure of the complex was solved at 2.5-Å
resolution (Table S1). Almost the entire sequences of both Rep and
Ant are ordered, with the exception of the N-terminal flexible loops
(10–20 residues) in Ant (Fig. 2) and two flexible loops in Rep that
correspond to residues 77–89 and 107–119 connecting helices α6–α7
and α7–α8, respectively (Fig. 2 and Fig. S2). Among the eight
expected N-terminal domains (residues 1–83) of Rep in the asym-
metric unit, four domains were not visible (Fig. S3), although resi-
dues 67–76 could be observed. The fidelity of the sequence
assignments for each Rep and Ant in the asymmetric unit was
confirmed by calculating anomalous difference maps for sele-
nium using SeMet crystals (Fig. S3 and Table S2).
The asymmetric unit of the crystal contains two octamers of

Rep–Ant complexes, which have a 4:4 stoichiometry with two
Rep dimers and one Ant tetramer and an overall dimension of
100 × 120 × 60 Å (Fig. 2). The overall structures of the two
octamers are similar to each other (Fig. S3C). Approximately 60%
of the nonhydrogen atoms in the interface between Ant and the
N-terminal domain of Rep are polar, as indicated by proximal
isovelocity surface area (PISA) calculations (12), implying that the
interaction is mainly hydrophilic. Thus, it is possible that the high
salt concentration (2.8 M NaCl) in the crystallization solution
destabilized the hydrophilic interactions, whereas the other four
N-terminal domains of Rep remained bound to Ant with the help of
crystal contacts with neighboring subunits (Fig. 2 and Fig. S3C).

Domain Architecture of Rep and Ant. Rep consists of three distinct
domains: the N-terminal DNA-binding domain (NDD, residues
1–83), the middle dimerization domain (MDD, residues 84–160),
and the C-terminal Ant-binding domain (CAD, residues 161–
198), with a linker connecting the NDD and MDD domains.

However, no possible domain was predicted in Ant (Fig. 2C). A
search for overall structural similarities with full-length Rep using
the program DALI (13) failed to reveal any significant matches.
Therefore, we performed structural similarity searches with each
individual domain (NDD, MDD, and CAD). NDD consists of six
α-helices (α1–α6), which form a compact bundle with a hydro-
phobic core. Helices 2 and 3 form a helix-turn-helix motif (Fig.
2C). The highest Z score for NDD was obtained with the Neisseria
meningitidis DMP19 protein [Protein Data Bank (PDB) ID code
3VK0; rmsd of 2.0 Å for 74 equivalent Cα positions, Z score of
10.6, and sequence identity of 11%]. MDD consists of four
α-helices (α7–α10) and resembles NDD (Fig. 2C) (14). When the
MDD was superimposed on the NDD, the rmsd was 1.6 Å for 45
Cα atoms, suggesting that the overall folds of the NDD and MDD
are similar despite the observed deviations in several loops (Fig.
2D). In contrast to the NDD, which contains several conserved
positively charged residues, the MDD contains only one conserved
positively charged residue (Arg129), suggesting that the MDD

Fig. 1. Mapping the Rep–Ant binding region. (A) Domain architectures of
Rep and Ant. Rep constructs are shown by blue lines, and Rep/Ant binding
regions are indicated. (B) SDS/PAGE of Rep1–198–Ant1–86, Rep1–72–Ant1–86,
and Rep92–198–Ant1–86 complexes. SDS/PAGE gels were visualized using
Coomassie Blue. (C) Representative BLI binding sensorgrams of Ant1–86 with
Rep1–198, Rep1–72, and Rep92–198. The experiments were repeated three
times. Each concentration of analytes is shown in a different color.
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might serve as a dimerization domain without DNA-binding activity.
The corresponding domain of the CI repressor is responsible for its
autocleavage activity (15). The CAD forms an antiparallel coiled coil
with two α12 helices (Fig. 2). Ant consists of four α-helix bundles
that form a cylinder that is ∼100 Å long and ∼20 Å in diameter (Fig.
2). Overall, the structural features of the Rep–Ant complex de-
scribed here are different from the structural features of other
known Rep–Ant complexes (2, 16).
Despite the overall structural similarity between each MDD

and CAD domain in the Rep–Ant complex, the overall geometry
of each Rep monomer, which also involves the orientation of the
domains relative to each other, was distinct (Fig. 2E). The ob-
served structural heterogeneity was a consequence of different
conformations adopted by the linkers between the MDD and the
CAD. We considered the implications of the asymmetric homodi-
meric structure of Rep on Ant binding. Interestingly, the
asymmetric structure of the MDD and the CAD assists in
correctly docking two NDDs to Ant (Fig. 2); otherwise, the
tilted interface that normally occurs between the CAD and Ant
blocks the placement of NDDs on Ant. Indeed, the distance
from the C terminus to the N terminus of the NDD was similar
in each Rep monomer in the dimer (∼35 Å between Leu67 and
Ala96 of Rep) (Fig. 2).

Quaternary Structure of Rep, Ant, and the Rep–Ant Complex in
Solution. The functional oligomeric state of the Rep–Ant com-

plex in solution was characterized to determine whether the
octameric state observed in the crystal is an artifact of crystalli-
zation. To analyze the oligomeric states of Rep and Ant in so-
lution, we measured the molecular weight of Rep, Ant, and the
Rep–Ant complex using size-exclusion chromatography (SEC)
with multiangle light scattering (MALS). The molecular mass of
126 kDa measured for the Rep–Ant complex is consistent with a
4:4 complex in solution, although the molecular mass determined
by SEC-MALS was slightly smaller than its theoretical molecular
mass (132.6 kDa) (Fig. 3A). The molecular masses of Rep and Ant
were 89 and 40 kDa, respectively (Fig. 3A), close to the theoretical
molecular mass of tetrameric Rep (91 kDa) and tetrameric Ant
(44 kDa) in solution. It was surprising that Rep itself formed a
tetramer in solution, because two dimers bind to Ant independently
in the Rep–Ant complex. The tetrameric Rep was noncanonical,
because canonical Reps usually exist as a dimer.

Crystal Structure of the Rep Tetramer. To gain further insight into
the structural organization of the Rep tetramer and its repression
activity, we solved the crystal structure of the Rep92–198 tetramer
without Ant at 3.0-Å resolution (Fig. 3B). The NDD of Rep was
removed to facilitate the crystallization of the Rep tetramer because
the NDD and MDD are connected by a flexible loop. The asym-
metric unit of the crystal contains eight tetramers of Rep92–198, and
the Rep92–198 tetramer has an elongated structure with overall
dimensions of 40 × 40 × 100 Å (Fig. 3B). The number of

Fig. 2. Overall structure of the Rep–Ant complex. (A and B) Ribbon (A) and surface (B) diagrams of the Rep–Ant octamer. Each chain is shown in a
different color. Ribbon and surface diagrams of the octamer rotated by 90° around the indicated axis in the left figure are drawn on the right. Gray
labeling indicates the positions of two invisible DNA-binding domains (yellow and cyan). (C ) Monomer structures of Rep and Ant. (D) Superimposition
of the NDD (pink) and the MDD (green) from the Rep–Ant complex. (E ) Superimposition of two Rep monomers from the Rep–Ant complex. Each chain
is colored purple or yellow.
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Ramachandran outliers (2.65%) was greater than expected be-
cause of the flexibility of the Rep protein (Table S1). The outlier
residues are located in regions of fairly poor density (Fig. S4).
Each monomer of Rep92–198 adopts a slightly different confor-
mation because of the flexible linker between the MDD and
the CAD. When monomer A was superimposed on the other
31 monomers, the average rmsd was 1.32 Å for the 80 Cα atom
pairs. It is tempting to speculate that this flexibility might be
functionally important for the DNA-binding activity of Rep.
Surprisingly, the C-terminal helix, α12 of the CAD, which also

is involved in Ant recognition, plays a crucial role in Rep tet-
ramerization (Fig. 3B). Phe187 and Phe190 form a compact
bundle with a hydrophobic core at the interface (Fig. 3B), which
is involved in Rep tetramerization. The phenyl ring of Phe187
makes π–π stacking interactions with that of the neighboring
Phe187 (Fig. 3B).

Concentration-Dependent Higher-Order Assembly of Rep. We next
hypothesized that the oligomeric state of Rep in solution may
depend on the concentration. To analyze the concentration-
dependent quaternary structure of Rep in solution, analytical
gel filtration was performed using a Superdex 75 or 200 (10/300 GL)
column (Fig. 4), and the apparent RH (Stokes radius) from an-
alytical gel filtration was compared with the RH calculated from
structure models (Fig. S5). For the Rep92–198 tetramer (or dimer),
Rep1–198/Ant1–86 complex, and Rep92–198/Ant1–86 complex, structure
models for RH calculation were generated based on the crystal
structures of the Rep1–198/Ant1–86 complex and Rep92–198 tetramer
(Fig. S5). The two invisible NDDs of the Rep1–198/Ant1–86 com-
plex (yellow and cyan in Fig. 2) were incorporated by superim-
posing visible NDDs (magenta and green in Fig. 2). The Rep1–198
dimer (or Rep1–198 F187A) model was obtained from the
Rep1–198/Ant1–86 complex without modifying the NDD positions.
To obtain an overall model of the full-length Rep tetramer, we po-
sitioned the NDDs based on the RH values from SEC experi-
ments with the knowledge that the NDDs and MDDs are
connected by a flexible linker (residues 77–89). The NDD po-
sitions were adjusted until the calculated RH agreed with the
experimental values to within 0.1 nm. Relatively good agreement
between the calculated and experimental RH values was obtained
when the NDD was positioned by superimposing full-length Rep
on the Rep92–198 tetramer (Fig. 4 and Fig. S5).
For a concentration of 9 μM, the apparent RH (3.45 nm) was

closer to the theoretical RH of a Rep dimer (3.25 nm), whereas for a
concentration of 93 μM, the apparent RH of Rep (4.35 nm) was
closer to that of a tetramer (4.34 nm) (Fig. 4). Because the CAD is
responsible for the assembly of the Rep tetramer, we hypothesized
that Rep92–198, which lacks the NDD, also might show concentra-
tion-dependent dimer–tetramer exchange. Indeed, for a concen-
tration of 18 μM, the apparent RH (2.65 nm) was closer to the
theoretical RH of a Rep92–198 dimer (2.46 nm), whereas for a con-
centration of 186 μM, the apparent RH of Rep92–198 (3.40 nm) was
closer to that of a tetramer (3.35 nm) (Fig. 4). We also hypothesized
that the Rep1–198 F187A mutant might exist as a dimer regardless of
its concentration because Phe187 is a crucial residue for the as-
sembly of the Rep1–198 tetramer. As expected, the Rep1–198 F187A
mutant assembled only into dimers at both high and low concen-
trations (Fig. 4).

Bimodal Binding Between Rep and Ant. The bimodal binding be-
tween the Rep NDD or CAD and Ant is different from that in
other Rep/Ant systems studied to date. Calculation of the buried
surface area of each potential interaction surface between Rep
and Ant with PISA (12) revealed two extensively buried surface
regions (Fig. 5 A and B). The two crystallographic binding sites
between Rep and Ant were assessed by mutations of interfacial
residues, and their binding affinities were measured using sur-
face plasmon resonance (SPR) to quantify the contributions of
each residue. The smaller of the two interfaces (∼660 Å2) be-
tween Ant and the CAD buries several hydrophobic residues
(Phe187 and Phe190 of Rep) against the His73 and Tyr76 of Ant
(Fig. 5A). The oxygen atom of Ant Thr72 forms a hydrogen bond
with a nitrogen atom of Lys183 (2.4 Å), whereas the oxygen atom
of Ant Tyr76 makes hydrogen bonds with the OD2 and OG
atoms of Ant Asp69 and Rep Ser186 (both 2.7 Å), respectively
(Fig. 5A). Indeed, mutating Phe187 and Tyr76 to Ala signifi-
cantly reduced the binding (Kd >100 μM), demonstrating the
crucial contributions of the hydrophobic core to the binding
between Ant and the CAD (Fig. 5C).
The larger of the two interfaces (∼770 Å2) between Ant and

the NDD buries several hydrophilic residues (Glu14, Arg37,
Asp47, and Asn58) of Ant against the NDD (Fig. 5B). The Ant
Arg37 contributes to binding by forming a hydrogen bond with
the carbonyl oxygen atom of Rep Lys64 (2.7 Å), whereas Ant
Asp47 forms a salt bridge with Rep Lys64 (2.9 Å) (Fig. 5B).

Fig. 3. Quaternary structure of Rep, Ant, and the Rep–Ant complex and the
solution structure of the Rep92–198 tetramer. (A) Rep (red line), Ant (black
line), and the Rep–Ant complex (blue line) were analyzed by SEC-MALS. The
dotted line represents the measured molecular mass. (B) Overall crystal
structure of the Rep92–198 tetramer and magnified stereo view showing
details of the interaction at the interface of two Rep92–198 dimers. Each chain
is shown in a different color.
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Mutation of Arg37 to Asp significantly reduced the binding in-
teraction (Kd >100 μM) (Fig. 5C). Ant Glu14 and Asn58 make
extensive contacts with the Rep. The ND2 and OD1 atoms of
Ant Asn58 form hydrogen bonds with the carbonyl oxygen atom
of Rep Asp68 and the backbone nitrogen atom of Rep Asp70
(both 3.2 Å). The ND2 atom of Ant Asn58 also makes a hy-
drogen bond with the NE2 atom of the neighboring Ant His18
(3.3 Å) (Fig. 5B). Mutation of Ant Asn58 to Arg also abolished
the binding (Kd >100 μM) (Fig. 5C). These results validate the
crystallographic observations of the interfaces between Rep and
Ant in the Rep–Ant complex.

DNA-Binding Activity of Rep. Given that results from DALI in-
dicated that the Rep NDD resembles the DNA-binding domain
of other Reps, which are characterized by a positive surface
electrostatic potential (Fig. 6A), we tested its ability to bind to DNA
in BLI experiments. When Rep was purified without Ant, it was
stable only at a high salt concentration (>300 mM NaCl), which is
not suitable for DNA-binding assays. Thus, we attempted to make a
stable Rep mutant that would exhibit the same DNA-binding ability
as WT Rep. We mutated several surface-exposed hydrophobic
residues on the NDD (F65N, V69R, and L73R); Rep V69R was
selected as a stable Rep mutant for the DNA-binding assay because
it was stable at a low salt concentration (<100 mM NaCl). A pro-
tein-induced fluorescence enhancement (PIFE) experiment in-
dicated that the Rep V69R mutant does indeed bind strongly to
DNA (Table S3) with a Kd of ∼8.6 nM (Fig. S6); this finding in-
dicated that the V69R mutation does not affect the DNA-binding
ability of Rep.
When Rep1–72 was superimposed on other structures of Rep–

DNA complexes (PDB ID codes 2OR1, 6CRO, 3CRO, 3BDN,
and 3JXB) (Fig. S7 A and B) (17–21), the Asp36, Arg40, and
Lys46 in Rep corresponded to Gln29, Gln33, and Lys38, re-
spectively, in the repressor of phage 434 (PDB ID code 2OR1)
(17). These residues play a critical role in DNA binding. Thus,
we hypothesized that these residues might be involved in DNA
binding and examined the DNA-binding properties of WT and
mutant Rep in BLI experiments. A DNA fragment containing one
Rep-binding site (ATTACCataatGGTAAT; conserved sequences
are in capital letters) was PCR amplified using the SPC32H genome
as a template, and the resultant PCR product was biotinylated and
bound to the surface of an AR2G biosensor chip through a biotin–
streptavidin interaction (Table S3). WTRep exhibited robust DNA-
binding activity, whereas Rep92–198, which has no NDD, did not
bind to DNA (Fig. 6B). The Rep–Ant complex also showed almost
no binding to DNA (Fig. 6B). The putative DNA-binding residues
of Rep1–198 (Asn36, Arg40, and Lys46) were assessed by mutations
(Fig. 6B). As hypothesized, mutations at the putative DNA-binding
residues of Rep1–198 (Asn36, Arg40, and Lys46) significantly re-
duced the DNA binding relative to that of WT Rep (Fig. 6B and
Fig. S7C). The F187A mutant of Rep, which disrupts the CAD
interactions, also showed significantly reduced binding to DNA
relative to that of WT Rep (Fig. 6B), suggesting that the tetramer
structure of Rep is essential for DNA binding.
We next speculated that the presence of a specific Rep-binding

DNAmight facilitate the formation of the Rep tetramer rather than
the dimer, even with a lower concentration of Rep because the
physiological concentration of Rep should be low. To evaluate this
possibility, analytical gel filtration was performed to determine
whether a Rep tetramer at a low salt concentration (100 mMNaCl)
is formed in the presence of DNA. As hypothesized and in contrast
to WT Rep, tetrameric Rep was observed in the presence of DNA
when an equal amount of Rep was added (Fig. S7D). We also ex-
amined the DNA-binding properties of WT Rep and Rep mutants
in an EMSA, which showed essentially the same results as the BLI
experiments (Fig. S7 C and E; details in SI Text).

Noncanonical DNA-Binding Model of Rep. Because we showed that
Rep tetramerization is essential for DNA binding, we considered
whether the two NDDs originate from the same Rep dimer (the
cis model) or the two different Rep dimers (the trans model)
(Fig. S8A). The cis model is more common in canonical DNA
binding proteins. In this case, it was expected that two NDDs
from the same dimeric unit would form a dimer upon binding to
DNA. However, BLI experiments using Rep indicated that the
Rep F187A mutant, which behaves as a dimer at both high and
low concentrations, bound to DNA only weakly, even at high
concentrations (Fig. 6B). Based on this observation, we hypothe-
sized that the transmodel might be correct; in this model, the dimer
pairs for DNA binding originate from different dimers of the Rep

Fig. 4. Concentration-dependent oligomerization of Rep1–198 and Rep92–198.
(A) Analytical gel filtration profiles of Rep1–198 (red), the Rep1–198 F187A
mutant (green), Rep92–198 (purple), the Rep1–198/Ant1–86 complex (pink),
and the Rep92–198/Ant1–86 complex (blue) at high (8.5 mg/mL, solid lines and
left y axis) and low (0.7 mg/mL, dotted lines and right y axis) concentrations.
(B) Summary of the hydrodynamic analysis in Fig. 4A. RH from Hydropro, Stokes
radii calculated from structure models (Fig. S5).
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tetramer (Fig. S8A). Because the crystal structure of Rep92–198 in-
dicated that the CAD serves as a binding interface between two
Rep dimers in a Rep tetramer, we expected that the oligomeric
assembly of the Rep tetramer would allow it to bind to two DNAs.
Indeed, SEC-MALS experiments of Rep in complex with DNA
indicated a molecular mass of 117 kDa for the complex, consistent
with a 4:2 Rep:DNA stoichiometry (116 kDa) in solution (Fig. 6C).
Further support for the trans model is presented by comparing

the Stokes radius of the experimental value of the Rep–DNA
complex (4.50 nm) with that of the cis or trans model. To build the
cis or trans models, NDD dimers were generated by superimposing
Rep NDDs with the CI repressor (15). The modeled NDD–DNA
complex was generated by superimposing Rep NDDs onto the
DNA-bound structure of a Rep from phage 434 (17). Subsequently,
the tetrameric structure of Rep92–198 was combined with the mod-
eled NDD–DNA complex (Fig. S8A). The RH values from the cis
and trans models were 5.10 and 4.65 nm, respectively. Thus, the
experimental value (4.50 nm) was closer to that of the trans model,
indicating that the trans model is the more likely one.

Mutational Analysis of the in Vivo Repressor Activity. To evaluate
the residues that were predicted to be involved in DNA binding
in vivo, we designed site-directed mutants of Rep and evaluated
their repression function in a dual-plasmid bioluminescence re-
porter assay (Table S4) (11). Salmonella cells harboring both a
reporter plasmid that contained a luciferase reporter gene fused
to the Rep-binding SPC32H_042 promoter (P042) and an ex-
pression plasmid that expressed WT or mutant Rep proteins
under an arabinose-inducible promoter were incubated in the
presence or absence of arabinose (Fig. S8B).
Cells that expressed WT Rep after arabinose induction exhibited

decreased luciferase activity (Fig. 6D) because of Rep’s function as

a repressor. However, when the R40A and K46A mutants of Rep
were expressed after arabinose addition, the luciferase activity in
these cells was similar to that in cells harboring an empty expression
plasmid, pBAD24, indicating the inability of these mutants to re-
press the transcription from P042 (Fig. 6D). Although the N36A
mutant also resulted in decreased luciferase activity, its activity was
more than 10-fold lower than that of WT Rep, regardless of the
degree of arabinose induction (Fig. 6D); this finding indicated that
the N36A mutant was less efficient than WT Rep in repressing
transcription from P042. The F187A mutant, which bound to DNA
only weakly, also resulted in decreased luciferase activity, supporting
the notion that the trans model is the more likely one (Fig. 6D).
Taken together, these results suggest that critical residues, including
Arg40, Lys46, and Asn36, in the DNA-binding region of Rep are
important for its repression activity.

Rep–Ant Interactions Are Required to Switch to the Lytic Cycle.
Having established the presence of two binding sites between
Rep and Ant in vitro, we examined the effect of disrupting both
binding sites in Salmonella cells lysogenized by phage SPC32H
(Table S5). From the structure of the Rep–Ant complex, we
observed that Thr72, His73, and Tyr76 in Ant interact with the
CAD, whereas Glu10, Arg37, Asp47, and Asn58 in Ant interact
with the NDD. To evaluate the contributions of these residues to
Rep–Ant complex formation, the effect of mutating these resi-
dues on the antirepression function of Ant were tested using a
disk diffusion assay (Fig. 7A). Plasmids that expressed WT or
mutant Ant proteins under an arabinose-inducible promoter
were transformed into Salmonella cells lysogenized by phage
SPC32H, and the transformed cells were incubated as a bacterial
lawn on Luria–Bertani (LB) plates with an arabinose-soaked
filter disk. In this assay, WT Ant sequestered the cognate repressor

Fig. 5. Molecular interactions of the Rep–Ant complex in detail. (A and B) Magnified stereo views showing detailed interactions at the Ant–Rep interfaces
(the CAD and the NDD, respectively). (C) SPR sensorgrams of mutants of the Rep–Ant complex (Rep F187A, Ant R37D, Ant N58R, and Ant Y76A, respectively).
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from the operators and induced prophage SPC32H from the host
Salmonella, resulting in the formation of a bacterial lysis zone
(Fig. 7A). Compared with WT Ant, the Y76A mutation caused a
significant reduction in the size of the bacterial lysis zone; the
T72A, T72K, and H73A mutations had no effect (Fig. 7A),
suggesting that the Tyr76 residue is important for the anti-
repression function of Ant. We also conducted in vitro re-
constitution experiments using BLI to determine the importance
of Rep Tyr76 in recruiting Ant. Indeed, although WT Ant was
able to remove bound Rep from DNA-immobilized sensor chips,
the Ant Y76A mutant, in which the interaction between the
CAD and Ant is perturbed, exhibited significantly reduced ac-
tivity (Fig. 7B). Although the size of the lysis zone was not sig-
nificantly affected, the H73A mutant resulted in a more turbid
lysis zone than did WT Ant (Fig. 7A), indicating its possible in-
volvement in normal Ant functions.
The size of the bacterial lysis zone also was significantly reduced

for the N58R and R37D mutants, which were predicted to interact
with the NDD of Rep (Fig. 7A). Noticeably, Salmonella cells that
expressed the N58R mutant were not lysed at all in the arabinose
disk, nor were nonlysogenic control cells that expressed WT Ant or
lysogenic control cells harboring an empty expression vector,
pBAD24 (Fig. 7A). Similar to the H73A mutant, the D47R mutant
produced a turbid lysis zone (Fig. 7A), suggesting its role in the
antirepression activity of Ant.
For further proof of the function of Ant Asn58 in the lytic

switching of SPC32H in vivo, the N58R mutation was introduced
into the SPC32H genome (Fig. S9), and the prophage induction
rate was measured (Fig. 7C). The N58R mutation reduced the
number of spontaneously induced phage particles from the host
Salmonella by approximately five log orders of magnitude (Fig.
7C). When phage induction was artificially induced by the DNA-

damaging agent mitomycin C, ∼117-fold more phage particles
were induced with the WT phage lysogen, whereas no significant
increase was observed with the N58R mutant phage (ant-N58R)
lysogen (Fig. 7C). Furthermore, the number of induced phage
particles from the ant-N58R lysogen was comparable to that
from the ant deletion mutant phage (Δant) lysogen after both
spontaneous and artificial induction (Fig. 7C). These results
demonstrate that Asn58 is a critical residue for the anti-
repression function of Ant, which is required for the switch from
the lysogenic to the lytic life cycle of SPC32H.

Concluding Remarks
In various organisms, disabling repressors is a crucial process for
controlling the expression of desired genes; however, the removal of
stably bound Rep from DNA is challenging (Kd = 8.6 nM for Rep–
DNA binding in this study). Most previously studied Ants simply
compete with DNA for the same Rep-binding site. Here, we
revealed an alternative mechanism of Ant-mediated derepression
by studying a Rep–Ant system from a temperate Salmonella phage.
Structural and biochemical analyses of the Rep–Ant complex
showed that Ant does not compete for the DNA-binding site of
Rep; instead, Ant recognizes Rep by binding to two distinct regions:
the NDD and the CAD. The DNA-binding and Ant-recognition
surfaces on the NDD are distinct and do not overlap (Fig. 7D). The
second binding site of Rep, the CAD, might assist in recruiting Ant
so that both NDDs of the Rep dimer bind to Ant simultaneously;
the high local concentration of NDDs near Ant would facilitate
binding of Rep to Ant over DNA (Fig. 7D).
A canonical repressor consists of NDDs and C-terminal di-

merization domains. The C-terminal dimerization domains pro-
mote the dimerization of the NDDs (20). However, the Rep
from the temperate Salmonella phage SPC32H can reversibly

Fig. 6. Functional analysis of the NDD and DNA-binding model of the Rep tetramer. (A) Electrostatic potential at the molecular surface of the Rep–Ant
complex. Three key residues (Asn36, Arg40, and Lys46) are shown in red, and the interface between the NDD and Ant is shown with orange dashed lines.
(B, Right) Comparisons of the DNA binding of various Rep proteins by BLI. (Left) Representative BLI sensorgrams of Rep1–198 (red), Rep–Ant complex (pink),
Rep1–198 F187A (green), Rep1–72 (gray), Rep92–198 (light blue), and Rep1–198 mutants (N36A in orange, R40A in purple, and K46A in light yellow). Each ex-
periment was repeated three times. (C) The Rep V69R proteins with (purple line) and without (red line) DNA were analyzed by SEC-MALS. The dotted line
represents the measured molecular mass. (D) Dual-plasmid bioluminescence reporter assay with WT and mutant Rep. Vertical arrows indicate arabinose
induction. Results are representative of three independent experiments. D.W., distilled water; Empty, empty vector (pBAD24); RLU, relative light units.
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assemble into two oligomeric states, dimer and tetramer, and the
Rep F187A mutant, which forms only a dimer in solution, bound
to DNA only weakly even at high concentrations. Thus, Rep
tetramerization is essential for DNA binding, suggesting that in-
termolecular dimers of the DNA-binding domains from two Rep

dimers are required. Indeed, the crystal structure of Rep92–198
showed that Rep forms a tetramer via a coiled-coil interaction be-
tween the CADs from two Rep dimers. The tilted interface between
the CADs from the two Rep dimers allows the proper positioning of
the NDDs from the two dimers to permit their intermolecular di-
merization and binding to DNA. Taken together, our crystallo-
graphic, modeling, biochemical, and mutational analyses of the
Rep–Ant complex elucidate a noncanonical derepression system
that had not been described previously. The principles of the de-
repression by Ant described here could extend to other organisms.
However, whether Rep binding to multiple DNA sites is related to
the regulation of specific genes remains to be explored.

Materials and Methods
Protein Expression and Purification of the Rep–Ant Complex. Constructs com-
prising residues 1–198 of Rep and residues 1–86 of Ant from the temperate
Salmonella phage SPC32H were cloned into pHis1 and pGST2 vectors (22) in
frame with an N-terminal 6×-histidine tag and an N-terminal GST tag, re-
spectively. Rep and Ant were expressed separately in Escherichia coli BL21
(DE3) cells induced with 0.5 mM isopropyl-β-D-1-thiogalactopyranoside. Cells
were harvested by centrifugation, and cell pellets were mixed in a 1:1 ratio.
For cell lysis, the mixed pellets were resuspended in buffer A [20 mM Tris·HCl
(pH 8.0) and 200 mM NaCl] containing 1 mM PMSF. Cells were lysed with a
microfluidizer (Microfluidics), and the lysed cells were centrifuged at 4,611 × g
(Vision V506CA rotor) for 30 min at 277 K to pellet the cell debris; the su-
pernatant was applied to a glutathione-Sepharose column (GE Healthcare)
pre-equilibrated with buffer A. Proteins were eluted with buffer A con-
taining 15 mM reduced glutathione. The eluates were desalted into buffer
A, and the buffer-exchanged protein was loaded onto a nickel affinity col-
umn pre-equilibrated with buffer A. The Rep–Ant protein complex was
eluted with buffer A containing 300 mM imidazole, and the fusion tags,
including the GST and 6×-histidine tags, were cleaved using Tobacco etch
virus (TEV) protease. The eluate was further purified by gel filtration on a
HiLoad 16/60 Superdex 200 column (GE Healthcare) pre-equilibrated with
buffer A. A selenomethionine-containing protein of the Rep–Ant complex
was expressed in E. coli BL21(DE3) cells and purified in the same manner as
the native protein.

Constructs of GST-Rep1–72, GST-Rep92–198, GST-Ant1–86, and GST-Ant1–86
(WT, R37D, N58R, and Y76A, respectively) were cloned into the pGST2 vector,
and the constructs of Rep1–198 (N36A, R40A, K46A, V69R, and F187A, re-
spectively) were cloned into the pHis1 vector. Each protein was expressed and
purified using a nickel affinity or glutathione-Sepharose column (GE Healthcare),
followed by TEV cleavage and gel filtration with elution buffer [20 mM Tris·HCl
(pH 8.0) and 200–300 mM NaCl] as described above. The Rep92–198 (pGST2 vec-
tor)/Ant (pHis1 vector) complex was purified with the same method used to
purify the Rep1–198 (pHis1 vector)/Ant1–86 (pGST2 vector) complex. The Rep1–72
(pGST2 vector)/Ant1–86 (pHis1 vector) complex was purified using only a gluta-
thione-Sepharose column without gel filtration.

Crystallization and Data Collection. Crystals of the Rep–Ant complex were
grown by the hanging-drop vapor diffusion method by mixing equal vol-
umes (2 μL) of each protein solution (9 mg/mL in buffer A) and the reservoir
solutions. A reservoir solution consisting of 2.6 M sodium chloride and 0.1 M
sodium citrate (pH 5.6) was used to grow crystals of the Rep–Ant complex.
Crystals of the Rep–Ant complex reached their maximum size within 5–6 d at
296 K. Crystals were soaked in Paratone-N (Hampton Research) before being
flash-frozen in a nitrogen stream at 100 K. Single-wavelength anomalous
dispersion (SAD) data for the Rep–Ant complex were collected at the 7A
beamline of Pohang Accelerator Laboratory, Pohang, South Korea, and
high-resolution data were collected at the BL26 beamline of SPring-8, Koto,
Hyogo, Japan. The raw data were processed and scaled using the program
suite HKL2000 (23). Table S1 summarizes the statistics of data collection. The
crystals of Rep92–198 were produced using 0.1 M Tris·HCl (pH 8.2), 15%
PEG4000, and 0.1 M MgSO4, were cryoprotected by soaking in 20% glycerol,
and were flash-frozen in liquid nitrogen for data collection.

Structure Determination and Refinement. Selenium atoms in each octamer of
the SeMet-substituted Rep–Ant complex were located with the program
PHENIX (24). Detwinning was essential to improve the quality of the electron
density map. The structure of Rep92–198 was solved by molecular replacement
using the dimer model of Rep92–198 taken from the Rep1–198–Ant1–86 full complex.
A cross-rotational search followed by a translational search were performed
using the program PHASER (25). Subsequent manual model building was

Fig. 7. Lytic switch by the Rep–Ant interaction and the overall model.
(A) Evaluation of the antirepression function of WT and mutant Ants by a disk
diffusion assay (details are given in SI Materials and Methods). The turbidity (Left)
and the diameter (Right) of the bacterial lysis zones generated by Ant-mediated
prophage induction were compared. Averages and SD from three independent
experiments are shown. *P < 0.05. (B) The DNA-stripping activities ofWT Ant (red)
and the Y76A mutant (blue). Buffer and Ant (WT or the Y76A mutant) were
injected as indicated by the arrows. (C) Comparison of the prophage induction
rates in Salmonella cells lysogenized by each indicated phage. MMC, mitomycin
C. (D) Overall model of noncanonical DNA recognition by Rep and themechanism
of its inactivation by Ant. Each chain is drawn in a different color.
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performed using COOT (26), and restrained refinement was performed using
REFMAC (27). Several rounds of model building, simulated annealing, positional
refinement, and individual B-factor refinement were performed. Table S1 lists
the refinement statistics. Coordinates and structure factors have been deposited
in the Protein Data Bank under ID codes 5D50 for the Rep–Ant complex and
5D4Z for Rep92–198.
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