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The crystal structure of bacteriophage A RexA provides
novel insights into the DNA binding properties of Rex-like
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Abstract

RexA and RexB function as an exclusion system that prevents bacteriophage T4/l mutants from growing on Escherichia coli A phage lysogens.
Recent data established that RexA is a non-specific DNA binding protein that can act independently of RexB to bias the A bistable switch toward
the lytic state, preventing conversion back to lysogeny. The molecular interactions underlying these activities are unknown, owing in part to a
dearth of structural information. Here, we present the 2.05-A crystal structure of the A RexA dimer, which reveals a two-domain architecture
with unexpected structural homology to the recombination-associated protein RdgC. Modelling suggests that our structure adopts a closed
conformation and would require significant domain rearrangements to facilitate DNA binding. Mutagenesis coupled with electromobility shift
assays, limited proteolysis, and double electron—electron spin resonance spectroscopy support a DNA-dependent conformational change. /n
vivo phenotypes of RexA mutants suggest that DNA binding is not a strict requirement for phage exclusion but may directly contribute to
modulation of the bistable switch. We further demonstrate that RexA homologs from other temperate phages also dimerize and bind DNA in
vitro. Collectively, these findings advance our mechanistic understanding of Rex functions and provide new evolutionary insights into different
aspects of phage biology.
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Introduction

Bacteriophage A has served as a powerful experimental system
since its discovery by Esther Lederberg (1) and has yielded
ground-breaking insights into many fundamental processes
in molecular biology (2). As a temperate phage, A exhibits
a bi-modal life cycle of infection where the viral chromo-
some can either stably integrate into the host Escherichia coli
chromosome to form a lysogen and replicate passively as a
prophage, or the phage can switch to a lytic state wherein
viral gene expression commandeers the bacterial cellular ma-
chinery to produce and assemble virions, ultimately lysing and
killing the host as a means of escape (3). Following integra-
tion and establishment of the A prophage, lysogeny is main-
tained by the phage CI repressor, which binds two control
regions (OL and OR) to repress transcription from the left-
ward and rightward lytic promoters Py and P while con-
comitantly directing its own expression from the maintenance
promoter Pry (4,5) (Supplementary Figure S1). Each OL and
OR control region contains three operator sites: OL1, OL2,
OL3 and OR1, OR2, OR3 respectively. CI repressor dimers
preferentially bind OL1 and OR1 with high affinity and di-
rect the cooperative binding of a second dimer to OL2/OR2
via stabilizing interactions in the repressor C-terminal domain
(6). Inherent structural asymmetry precludes the binding of a
third CI dimer at the adjacent OL3 and OR3 sites (7). Al-
ternative cooperative binding of CI dimers to OR2 and OR3
can occur if the OR1 operator site is mutated (8). Stronger
repression occurs through long range DNA looping and the
formation of CI octamers that tether OL1 and OL2 to OR1
to OR2 (9-12) (Supplementary Figure S1A), which can also
facilitate cooperative binding of CI dimers to OL3 and OR3
at lower occupancy in an alternative tetrameric arrangement
(Supplementary Figure S1A). Prophage induction and tran-
sition to the lytic state can be triggered by cellular insults
such as DNA damage that induce the host cell’s SOS response
(Supplementary Figure S1B). RecA-dependent proteolytic CI
auto-cleavage during SOS reverses prophage repression and
vacates the operator sites, enabling transcription from the
Py and Py lytic promoters (13-17). The first gene in the Py
operon, cro, encodes the Cro repressor, which binds to the
same six operator sites as the CI repressor, but with a differ-
ent affinity pattern (18,19). Cro dimers have the highest affin-
ity for OR3 and once bound, repress transcription from the
Pry promoter and prevent further CI expression, stabilizing
the switch to lytic growth and locking in lytic gene expression
(20,21).

The rex genes are situated directly adjacent the cI repres-
sor gene in the A genome and are transcribed from the same
Pry maintenance promoter that drives constitutive expression
of the repressor during lysogeny (Supplementary Figure STA).
They produce a 31 kDa soluble protein, RexA, and a 16 kDa
protein, RexB. RexB has a predicted four transmembrane he-
lical topology and localizes to the bacterial inner membrane
(22). In an in vivo bacterial two-hybrid assay (BACTH) (23),
RexA and RexB physically interact (24,25) and in this con-
junction inhibit productive replication of bacteriophage T4
rII mutants (21-24) in A lysogens (26-28). The inhibition of
T4rII has resulted in the proposal that together RexA and
RexB form an anti-phage defense system (22,26,29). The Rex
proteins additionally interact with CI and Cro in the BACTH
assay and influence A phage development (24,25). We previ-
ously showed that RexA is a non-specific DNA binding pro-
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tein that stabilizes the CI-Cro bistable switch in the lytic posi-
tion, thereby helping prevent conversion back to lysogeny (25)
(Supplementary Figure S1C). We postulated (25) that RexA
will bind to DNA nonspecifically at the Pp and Pg promoters
as well as to the CI protein itself if present when A switches
from lysogeny to the lytic configuration, thereby reducing the
ability of CI to re-establish tight repression and thus stabiliz-
ing the newly formed lytic state. This RexA-mediated stabi-
lization of lytic growth occurs independently of RexB but can
be further modulated when RexB is present. Co-expression
of RexA and RexB can also cause energetic defects in host
cells (22,30) and both proteins interact with subunits of the
Escherichia coli NADH dehydrogenase when analyzed using
the BACTH assay (31). Genetic and biochemical studies have
demonstrated other independent functions for each protein:
RexB can inhibit ATP-dependent ClpX and ClpA proteoly-
sis of the A replication protein O, the antitoxin proteins Phd
from plasmid prophage P1, and MazE from E. coli (32-35)
while RexA interacts with the E. coli sulfur metabolism pro-
tein CysN in BACTH assays (31). Although a cogent model
connecting various Rex effects to inhibition of host energetics
has been proposed (31), detailed molecular mechanisms for
many functions remain a mystery, owing in part to a lack of
structural information.

Here, we present the crystal structure of the A RexA
dimer at 2.05-A resolution. Each RexA monomer contains
a split globular domain and a dimerization domain, which
display unexpected structural homology to the bacterial
recombination-associated protein RdgC. Structural superpo-
sition and modelling suggest that we captured RexA in a
closed configuration and that a significant reorganization of
the globular domains would be required for DNA binding.
Mutagenesis coupled with electromobility shift assays, limited
proteolysis, and double electron-electron spin resonance spec-
troscopy (DEER) support the possibility of DNA-dependent
conformational change. We observe no correlation between
RexA’s ability to bind DNA i vitro and phage exclusion ac-
tivity in vivo; however, the RexA D215W conformational mu-
tant that exhibits enhanced DNA binding can promote transi-
tion to the lytic state in a genetic background where lysogeny
normally prevails. We further demonstrate that RexA ho-
mologs from other temperate phages also dimerize and can
bind DNA 7 vitro. Collectively, these data advance our mech-
anistic understanding of Rex functions and provide new evo-
lutionary insights into the regulation of lysogenic-lytic transi-
tions and possible anti-phage defense activities encoded in the
genomes of temperate bacteriophages.

Materials and methods

Cloning, expression and purification of
bacteriophage A RexA

DNA encoding bacteriophage A RexA protein (UniProt
P68924) was codon optimized for E. coli expression and
synthesized commercially by Bio Basic Inc. DNA encoding
full-length RexA (residues 1-279) was amplified by PCR
and cloned into pET21b, introducing a 6xHis tag at the
C-terminus. Native RexA was transformed into BL21(DE3)
cells, grown at 37°C in Terrific Broth to an ODggp of 0.8-
1.1, and then induced with 0.3 mM IPTG overnight at 19°C.
Cells were pelleted, washed with nickel loading buffer (20 mM
HEPES pH 7.5, 500 mM NaCl, 30 mM imidazole, 5% glyc-
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erol (v/v),and 5 mM B-mercaptoethanol), and pelleted a sec-
ond time. Pellets were frozen in liquid nitrogen and stored at —
80°C. Selenomethionine labeled (SeMet) RexA was expressed
in minimal media in absence of auxotrophs as described
previously (36).

Thawed 500 ml pellets of native and SeMet RexA con-
structs were resuspended in 30 ml of nickel loading buffer
supplemented with 5 mg DNAse, 5 mM MgCl,, 10 mM
PMSF and a Roche complete protease inhibitor cocktail tablet.
Lysozyme was added to a concentration of 1 mg/ml and the
mixture was incubated for 10 min rocking at 4°C. Cells were
disrupted by sonication and the lysate was cleared via cen-
trifugation at 13 000 rpm (19 685 g) for 30 min at 4°C. The
supernatant was filtered, loaded onto a § ml HiTrap chelat-
ing column charged with NiSOy, and then washed with nickel
loading buffer. Native and SeMet RexA were eluted by an
imidazole gradient from 30 mM to 1 M. Pooled fractions
were dialyzed overnight at 4°C into S loading buffer (20 mM
HEPES pH 7.5, 50 mM NaCl, 1 mM EDTA, 5% glycerol
(v/v) and 1 mM DTT). Significant precipitation occurred dur-
ing dialysis; however, RexA was never observed in the insolu-
ble fraction. The dialyzed sample was applied to § ml HiTrap
SP column equilibrated with S loading buffer, washed in the
same buffer, and eluted with a NaCl gradient from 50 mM
to 1 M. Peak fractions were pooled, concentrated, and fur-
ther purified by size exclusion chromatography (SEC) using a
Superdex 75 16/600 pg column (Cytiva). Native and SeMet
RexA were exchanged into a final buffer of 20 mM HEPES
pH 7.5, 150 mM KCl, 5§ mM MgCl, and 1 mM DTT during
SEC and concentrated to 10-70 mg/ml, flash frozen in lig-
uid nitrogen, and stored at —80°C. Protein concentration was
determined using an in-gel Bradford assay that quantified lu-
minosity compared to BSA standards. All mutations were in-
troduced via QuikChange site directed mutagenesis using Pfu
Turbo polymerase with exact primer overlap. Mutant RexA
proteins were purified as described for the wildtype native
protein.

Cloning, expression, and purification of RexA
homologs: Sbash gp30, CarolAnn gp44, and Toast
gp42

RexA homologs were identified through BLAST against the
Actinobacteriophage Database (PhagesDB) (37), the Inte-
grated Microbial Genomes database (38), and the KEGG
database (39). DNA encoding RexA homologs from my-
cophages Sbash (gp30), CarolAnn (gp44) and Toast (gp42)
were codon optimized for E. coli expression and synthe-
sized commercially by Twist Biosciences. Full-length con-
structs for each protein (Sbash 30: residues 1-372; CarolAnn
44: residues 1-370; Toast 42: residues 1-337) were inserted
via Gibson cloning into pET15bP. This vector introduced an
N-terminal 6x-His tag, cleavable by protease HRV 3C. Con-
structs were transformed into BL21(DE3) cells, grown at 37°C
in Terrific Broth to an ODggg of 0.8-1.1, and then induced
with 0.3 mM IPTG overnight at 19°C. Cells were pelleted and
resuspended in nickel loading buffer (20 mM HEPES pH 7.5,
500 mM NaCl, 30 mM imidazole, 5% glycerol (v:v) and §
mM B-mercaptoethanol) supplemented with 0.5 mg DNAse,
10 mM MgCl,, 1 mM PMSF and a Roche complete protease
inhibitor cocktail tablet. Lysozyme was added to a concentra-
tion of 1 mg/ml and the mixture was incubated for 10 min
rocking at 4°C. Cells were disrupted by sonication and the
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lysate was cleared via centrifugation at 13 000 rpm (19 685
g) for 30 min at 4°C. The supernatant was filtered, loaded
onto a 5 ml HiTrap chelating column charged with NiSOy,
and then washed with nickel loading buffer. RexA homologs
were eluted by an imidazole gradient from 30 mM to 500 mM.
HRV 3C protease was added to the pooled fractions, which
were subsequently dialyzed overnight at 4°C against Q buffer
(20 mM Tris-HCI pH 8.0, 50 mM NaCl, 1 mM EDTA, 5%
glycerol (v/v) and 1 mM DTT). The clarified protein sample
was applied to a 5 ml HiTrap Q column equilibrated with Q
buffer. The sample was washed with Q buffer and eluted along
a NaCl gradient from 50 mM to 500 mM over 10 column vol-
umes. Peak Q column fractions were pooled, concentrated and
further purified by SEC using a Superdex 200 10/300 GL siz-
ing column (Cytiva) equilibrated in 20 mM HEPES pH 7.5,
150 mM KCl, and 1 mM DTT. Peak SEC fractions were con-
centrated to 10-20 mg/ml, flash frozen in liquid nitrogen, and
stored at —-80°C.

Size exclusion chromatography coupled to
multi-angle light scattering (SEC-MALS)

Purified RexA constructs and homologs at 4 mg/ml were
subjected to size-exclusion chromatography using a Superdex
200 10/300 GL Increase column (Cytiva) equilibrated in SEC
buffer (20 mM HEPES pH 7.5, 150 mM KCl, and 1mM DTT).
The column was coupled to a static 18-angle light scattering
detector (DAWN HELEOS-II) and a refractive index detec-
tor (Optilab T-rEX) (Wyatt Technology). Data were collected
continuously at a flow rate of 0.6 ml/min. Data analysis was
carried out using the program Astra VI and graphs generated
using Kaleidagraph (Synergy Software). Monomeric BSA at 5
mg/ml (Sigma) was used for normalization of the light scat-
tering detectors and data quality control.

Crystallization, X-ray data collection and structure
determination

SeMet RexA at 12 mg/ml was crystallized by sitting drop
vapour diffusion at 20°C in 1.9 M (NH4),SO4 and 225 mM
NDSB-195 (Hampton Research). Crystals were of the space
group P32 2 1 with unit cell dimensions a = 56.4 A, b = 56.4
A, c=326.22 A and o = 90°, B = 90°, y = 120° and con-
tained a dimer in the asymmetric unit. Samples were cryopro-
tected by transferring the crystal directly to 25% sucrose prior
to freezing in liquid nitrogen. Crystals were screened and op-
timized at the MacCHESS F1 beamline at Cornell Univer-
sity and single-wavelength anomalous diffraction (SAD) data
(40) were collected remotely on the tuneable NE-CAT 24-
ID-C beamline at the Advanced Photon Source at the sele-
nium edge (A = 0.9792 A) at 100 K to a resolution of 2.68
A (Supplementary Table S1). Data were integrated and scaled
via the NE-CAT RAPD pipeline, using XDS (41) and AIM-
LESS (42), respectively. A total of 14 selenium sites—seven per
monomer—were found using SHELX (43) and used for ini-
tial phasing. Density modification and initial model building
was carried out using the Autobuild routines of the PHENIX
package (44). Further model building and refinement was car-
ried out manually in COOT (45) and PHENIX (44). Xtriage
(46) analysis indicated that SeMet RexA crystals were twinned
with an estimated twin fraction of 0.140. The twin law -h,-k,1
was thus applied during all refinement procedures. The result-
ing model was incomplete and lacking interpretable density
for residues 32-41, 60-79, 192-196 and 227-246.
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A second crystal form was obtained by sitting drop vapor
diffusion at 20°C in 2.2 M (NH4),SO4 and 0.2 M CdCl,.
These crystals were cryoprotected by placing 1:1 v/v 20% su-
crose on drop and then transferring to 30% sucrose prior to
freezing. Crystals were of the space group P32 2 1 with simi-
lar unit cell dimensions a = 55.65 A, b = 55.65 A, c = 322.12
A and @ = 90°, B = 90°,y = 120° and similarly contained a
dimer in the asymmetric unit. Diffraction data were collected
on the NE-CAT 24-ID-C beamline at the Advanced Photon
Source at the selenium edge (A =0.9792 A) at 100 K and in-
tegrated and scaled as described above (Supplementary Table
S1). These crystals showed improved diffraction though were
similarly twinned. The twin fraction of 0.090 and the twin
law -h,-k,l was similarly applied. Crystal form 2 was solved by
molecular replacement with PHASER (47) using the SAD de-
rived structure from crystal form 1 as the search model. Crys-
tal form 2 was refined to 2.05-A resolution with Ryoric/Rree
values of 20.63%/25.12% (Supplementary Table S1). The fi-
nal model contained residues 1-30 and 34-279 in chain A,
residues 1-279 in chain B, 364 water molecules, eight sulfates,
and nine cadmium ions.

Co-crystallization of RexA with a variety of DNA sub-
strates was attempted but proved unsuccessful in capturing
a DNA-bound structure.

Structural superpositions and interpolations for molecular
morphing were carried out in Chimera (48), while surface elec-
trostatics were calculated using APBS (49). All structural mod-
els were rendered using Pymol (Schrodinger). Visual mapping
of conserved residues was carried out using the ConSurf server
(50).

Preparation of oligonucleotide substrates

All DNA oligonucleotides were synthesized commercially
by Integrated DNA Technologies (IDT). Lyophilized single-
stranded oligonucleotides were resuspended to 200 uM in
20 mM HEPES pH 7.5 and stored at —20°C. For EMSA vi-
sualisation the upper strand oligonucleotides included a 6-
FAM modification on the 5’ end. Duplex substrates were pre-
pared by heating equimolar concentrations of complementary
strands (denoted as ‘us’ and ‘Is” indicating upper and lower
strands) to 95°C for 5 min followed by cooling to room tem-
perature overnight and then purification on an S-300 spin col-
umn (GE) to remove single stranded DNA. Sequences for all
substrates can be found in Supplementary Table S2.

Electrophoretic mobility shift assays (EMSA)

Binding was performed using either PCR generated or com-
mercially synthesized DNA substrates (Supplementary Table
S2) with purified protein. Increasing concentrations of protein
(0-12.5/25 uM) were incubated with 500 nM DNA. Samples
were prepared in EMSA buffer (20 mM Tris-HCI pH 8.0, 50
mM NaCl) to a total reaction volume of 20 ul and incubated
at room temperature for 30 min. RexA EMSAs were run with
5’-6FAM oligos on a hand poured 10% 20 cm x 20 cm poly-
acrylamide gel. These gels were run at 4°C on a large format
PROTEAN II XL Cell system for 4 h at 120 V in 1x TAE (40
mM Tris, 40 mM acetate, 1 mM EDTA, pH 8.0) buffer and
imaged on a ChemiDoc imager using the ‘fluorescein’ setting.
CarolAnn, Toast and Sbash EMSAs used the same reaction
conditions as above but with unlabelled oligos, loaded onto a
12% precast polyacrylamide gel (BioRad), and run at 100 V
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for 90 min in 1x TAE buffer at room temperature. Gels were
stained with SYBR Gold (ThermoFischer) in 1x TAE for 20
min at room temperature and visualized using a Bio-Rad Gel
Doc EZ imager system.

For all EMSA experiments, dissociation constants (Ky) were
obtained using Image] (51) to determine the integrated den-
sity signal in each DNA band and quantify the loss of free
DNA as the protein concentration [P] increased across the gel.
Background signals from blank regions of the gel were sub-
tracted from the measured signal intensities in the experimen-
tal bands. The fraction of DNA bound in each lane was deter-
mined from the background-subtracted signal intensities using
the expression: bound/(bound + unbound) and was then plot-
ted verses protein concentration. GraphPad Prism software
was used to fit the data using a non-linear regression using
the equation: Y = Byax*([P]/(Kq + [P]) and the standard de-
viation was generated across gels run in triplicate. Calculated
Ky values are shown in Supplementary Table S3.

Limited proteolysis

Assays were carried out in proteolysis buffer (50 mM NaCl
and 20 mM Tris-HCI pH 8.0) with a final volume of 15 pl.
Proteins (final concentration 1 mg/ml) and DNA (final con-
centration 25 uM) were first allowed to incubate at room tem-
perature 30 min before enzyme was added to a final concen-
tration of 50 ug/ml. Samples were incubated at room tem-
perature for an additional 30 min before being run on a
polyacrylamide gradient gel (4-20%, Novex) at 150 V for
45 min.

Double electron-electron resonance (DEER)
spectroscopy

100 uM of protein was incubated with MTSL (S-(1-oxyl-
2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl

methanesulfonothioate, Toronto Research Chemicals) ni-
troxide spin label to a final 1:10 protein-to-label molar
ratio, diluted in SEC (20 mM HEPES pH 7.5, 150 mM
KCI) buffer, and incubated overnight at 4°C. Unreacted
label was removed by washing the protein several times in
a concentrator, and the labelled protein was adjusted to 100
uM final concentration in deuterated SEC buffer lacking
DTT before 8 mg of Gly-D8 was added. 20 ul spin-labeled
samples were loaded into 2 mm L.D. quartz capillaries (Vit-
rocom) and snap frozen in liquid nitrogen prior to DEER
measurements. DEER measurements were performed at 60
K using a home-built Ku band 17.3 GHz pulse ESR (52,53).
A four-pulse DEER sequence (54) was used routinely with
the detection and pump 7-pulses having respective widths
of 32 ns and 16 ns. The detection pulses were applied at
the low-field spectral edge, pumping was at the central
maximum. A 32-step phase cycle (55) suppressed unwanted
contributions to the signal. Nuclear modulation effects from
surrounding protons were suppressed by summing 4 data
traces recorded with inter-pulse separations incremented by
9.5 ns in subsequent measurements (56). Time-domain DEER
data were reconstructed into distance distributions using
standard approaches for baseline removal (54,57,58). The
distances between spin pairs were reconstructed with L-curve
Tikhonov regularization (59). Continuous wave (CW-ESR)
spectra were recorded using a Bruker ES00 X-band spec-


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae212#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae212#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 8

trometer at 200 K, modulation amplitude 0.2 mT, mw power
0.6 mW.

Generation and culture of bacterial strains and
phage stocks

Bacterial strains (Supplementary Table S4) were constructed
using a combination of recombineering and P1 transduction
methods (60,61). Sequences of single-strand oligonucleotides
used for recombineering are available upon request. RexA mu-
tations (R219A/K221A, A239-244 and D215W) were intro-
duced into a previously established Py Pr dual reporter that
was constructed by the insertion of the Aimmunity region
into the E. coli lac operon (21). Reporter strains contain the
temperature-sensitive cI857 repressor with the Pr lytic pro-
moter driving expression lacZ and the Py lytic promoter driv-
ing expression of the firefly luciferase gene. In a control strain,
the rex genes were replaced with a chloramphenicol resistance
cassette, and this strain was also assayed, along with a wild-
type E. coli MG1655 that lacks the reporter system.

Bacterial cultures were grown in L broth containing 10
g tryptone, 5 g yeast extract and 5 g NaCl per liter, and
on L plates, which contained ingredients above and 1.5%
Difco agar. Cultures for plating phage were grown to expo-
nential phase in tryptone broth containing 10 g tryptone, 5 g
NaCl and 10mM MgSOy4 per liter. Phage stocks were main-
tained in TMG, containing 10 mM Tris base, 10 mM MgSQO4
and 0.01% gelatin at pH 7.4. Phage were enumerated on tryp-
tone plates containing 10 g tryptone and 5 g NaCl per liter us-
ing 0.25 ml of fresh plating cultures mixed with 2.5 ml melted
tryptone top agar (0.7% agar) containing 10 g tryptone and
5 g NaCl. MacConkey Lactose agar medium was from Difco
and contained 1% lactose and 1.35% agar. Dilutions of bacte-
ria were made in M9 Salts while dilutions of phage were made
in TMG.

Phage exclusion assays

High titer stocks of bacteriophages A, T4 and T4rII were seri-
ally diluted in 10-fold increments into TMG. A 10 ul aliquot
of each phage dilution was spotted on tryptone petri plates
bearing freshly hardened lawns of top agar containing freshly
grown cultures of the appropriate bacterial strains. Petri plates
were allowed to air dry with the lids off. Once the phage
spots dried, petri plates were inverted and incubated at 32°C
overnight.

Papillation assays

The papillation of E. coli strains carrying the dual Py Py re-
porters with a cI857 ind1 allele and rexA mutations was ex-
amined by plating dilutions of fresh LB overnight cultures on
MacConkey-Lactose to obtain isolated single colonies. Both
Cro* and cro27 versions of the reporters were examined.
MacConkey-Lactose plates were incubated for several days
at 32-34°C until papillae arose within individual colonies.
All colonies are white after one day of incubation but de-
velop red papillae after two to three days. In the Cro* strains,
these papillae arise by an epigenetic transition to the lytic
state in individual cells within the colony and consequent Cro-
dependent expression of lacZ from the Pg promoter. In cro27
strains, the low numbers of red papillae arise due to mutations
in the cl repressor gene (25). The plates were photographed
and the number of papillae in individual colonies was counted
for each reporter strain (see Supplementary Table S4 for
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genotypes). At least one hundred colonies were scored for
each genotype and the data were plotted as scatterplots us-
ing GraphPad Prism software, with each small vertical line
indicating the number of papillae found in a single colony.
Mean and standard deviation were calculated automatically
in Prism. Numerical data and statistics can be found in the
associated raw data file.

Results

Structure of bacteriophage A RexA reveals a
two-domain fold

The RexA dimer readily crystallized in two unique crystal
forms. Crystal form 1 was initially solved to 2.68-A reso-
lution by SAD phasing (40) using selenomethionine-labeled
protein (36). The resulting structure, however, was incom-
plete and was thus used as a search model for molecular re-
placement to solve crystal form 2, which refined to 2.05-A
resolution with an Rygu/Riee Of 20.6%/25.1%. The final
model shows a symmetric dimer that measures 95 A along
the longest axis. Each monomer contains a split globular do-
main (residues 1-139 and 248-279) comprised of a seven-
stranded antiparallel B-sheet flanked by «-helices that is di-
vided by a dimerization domain consisting of a four-stranded
antiparallel B-sheet with four «-helices localized on one face
(residues 143-234) (Figure 1A and B). These domains are
connected via two flexible linkers that we term the hinge
loop (140-142) and the swivel loop (235-247) (Figure 1B
and C). The B-sheets of the dimerization domain pack to-
gether to form a continuous eight-stranded anti-parallel plat-
form above which helices «6, «7 and n1 interdigitate (Figure
1D). These segments are primarily stabilized through exten-
sive hydrophobic interactions (Figure 1E) and a set of hydro-
gen bonds along the length of the $10-f10 interstrand in-
terface (Figure 1F), which together yield a total buried sur-
face area of 3059 A2. A few additional hydrogen bonds are
scattered across the dimer interface, including interactions be-
tween T176 and D204, D187 and K191, R196 and the back-
bone carbonyl of E181, and N208 and the backbone carbonyl
of L173 (Figure 1F). The remaining polar residues within
the dimerization domain are primarily oriented outward into
solution and interact with water molecules on the protein
surface.

The globular domains are situated below the dimerization
domains and have only minimal contact across the 2-fold sym-
metry axis via the C-terminus of the «8 helix. This helix kinks
at residues 261-263 and interacts with strand B11 of its af-
filiated dimerization domain, anchored by a salt bridge be-
tween D215 and R261 (Supplementary Figure S2A). A bound
sulfate and two cadmium ions from the crystallization solu-
tion provide further hydrogen bonding contacts in this re-
gion in monomer A (Supplementary Figure S3A and S3B,
panels I and II). Additional cadmium and sulfate ions asso-
ciate with the surface of the RexA dimer (Supplementary
Figure S3A), either binding to various pockets within each
monomer (Supplementary Figure S3B) or forming intermolec-
ular ionic interactions that mediate crystal lattice contacts
(Supplementary Figure S3C). The sandwiching of a cadmium
ion between two monomers at the two-fold symmetry axis
(Supplementary Figure S3C, panel I) produced a significant
change in packing relative to crystal form 1, which ultimately
yielded the high-resolution diffraction.
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Figure 1. Structure of RexA. (A) Structure of A RexA dimer. Split globular domain and dimerization domain are labeled in one monomer are colored green
and blue respectively. Second monomer is colored yellow for contrast. Dashed box highlights flexible loop connections (pink and red) between domains
(see panel C). (B) Topology diagram of RexA monomer. Pink circle indicates putative G140 hinge and asterisk denotes position of the kink present in the
C-terminal o8 helix. (C) Zoomed view of box in A showing conformations of the hinge loop (pink) and swivel loop (red). Pink sphere shows position of
putative G140 hinge. (D) Dimerization interface of RexA. Interdigitating helices are labeled. (E, F) Hydrophobic (E) and hydrogen bonding (F) interactions
stabilize the RexA dimer interface. Hydrophobic side chains are shown as spheres and hydrogen bonds are depicted as dashed black lines. Participating
side chains are labeled, with 'O" superscript denoting backbone carbonyl oxygen.

Structural homology with RdgC implicates a
conserved mode of DNA binding

Proteins with similar activities often evolve from a common
ancestor and share a conserved structural fold. Fold match-
ing and structural alignment are thus useful tools for deduc-
ing functional properties and identifying important structural
motifs in poorly characterized proteins (62). Initial sequence-
based fold prediction with Phyre2 (63) and I-TASSER (64)
failed to identify reliable structural homologs, likely owing
to the divided nature of the globular domain. Using the
Dali alignment algorithm (65), we identified the bacterial
recombination-associated protein RdgC as a structural rela-
tive of RexA (PDB: 20WL, Z-score 4.4, RMSD 2.7 A). E. coli
RdgC reduces RecA-catalyzed strand exchange, RecA ATPase
activity, and RecA-dependent cleavage of the SOS transcrip-
tional repressor LexA (66). Deletion of rdgC is toxic in ApriA

and ApriB strains, suggesting it also plays an important role in
PriA/PriB-dependent replication restart following repair and
processing of DNA damage (67,68). RdgC homologs form
ring shaped dimers (69-71) that bind DNA non-specifically
(67,70,72). Each RdgC monomer contains a base domain
consisting of a five-stranded anti-parallel B-sheet flanked by
four o-helices, a globular center domain, and a tip domain
comprised of two «-helices spliced between the 4 and BS
strands of the center domain (Supplementary Figure S4A
and S4B). The base and tip domains mediate dimerization
(69-71), acting as contact points that hold the ring together
(Supplementary Figure S4C). RexA’s split globular domain
and dimerization domain structurally align with the RdgC
central and base domains respectively (Figure 2A and B),
each sharing a similar topology (Figure 1B, Supplementary
Figure S4B).
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Dimerization

Figure 2. RexA shares structural homology with RdgC. (A) Superposition of RexA split globular domain (green) and RdgC center domain (beige). (B)
Superposition of RexA dimerization domains (blue) and RdgC base domains (pink). (C) Superposition of crystallized RexA dimer with crystallized RdgC
dimer. Structures aligned via the dimerization/base domains and individual domains are colored as in (A) and (B). (D) Structural alignment of individual

RexA domains onto RdgC dimer yields a modeled ‘open’ conformation.

Domains present in a bacterial nucleoside-diphosphate
sugar epimerase from Corynebacterium glutamicum, E.
coli Cas2, and the IML3 and CHL4 subunits of the
centromere-associated inner kinetochore complex from Sac-
charomyces cerevisiae also share structural homology with
RexA (Supplementary Figure SSA-F). IML3 was previously
shown to be a structural homolog of RdgC (73) and forms het-
erodimers with CHL4 (73-75). We find that the N-terminal
half of IML3 (residues 1-114) spatially aligns with RexA’s
globular domain while the C-terminal half (residues 115-
2435) aligns with RexA’s dimerization domain (Supplementary
Figure S5B and SSE). The corresponding N- and C-terminal
segments of CHL4 (residues 1-258 and 259-458) are also
built from the same basic scaffolds and thus superimpose with
RexA’s domains in the same general manner (Supplementary
Figure S5C and SSF). As with RexA and RdgC homod-
imers, IML3-CHL4 heterodimers are stabilized via an ex-
tended anti-parallel B-sheet that spans the dimer inter-

face (Supplementary Figure SSH). Despite significant struc-
tural overlap between the Cas2 fold and RexA’s dimeriza-
tion domain (Supplementary Figure S5D), Cas2 monomers
dimerize with the B-sheets sandwiched back-to-back (76,77)
(Supplementary Figure S5G) rather than side-by-side as in
seen in the other assemblies described here (Figure 1D and B,
Supplementary Figure SSH).

The RexA dimer contains an extensive basic patch that
stretches across the surface of the globular domains at the
dimer interface (Figure 3A). How this might be utilized to
bind negatively charged DNA remains unclear. Previous stud-
ies suggest that RdgC binds DNA in the central pore of its
ring-shaped dimer (69,71). Calculation of surface electrostat-
ics shows that this pore in RdgC is lined with basic residues
that can interact with the negatively charged DNA backbone
(Figure 3D). An analogous distribution of positive charges
is present along the inner surface of the IML3-CHL4 het-
erodimer that contacts centromeric DNA in the cryo-EM
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RdgC

Figure 3. Putative RexA conformational change suggested by RdgC and AlphaFold modeling. (A-D) Electrostatic surfaces of (left to right) crystallized
RexA dimer (A), modeled open RexA dimer based on RdgC homology (B), modeled RexA dimer predicted via AlphaFold-Multimer (78) (C) and RdgC
(PDB: 20WL) (D). Scale bar indicates electrostatic surface coloring from =3 K, T/&; to + 3 K, T/&.. (E-H) Domain organization of crystallized RexA dimer
(E), modeled open RexA dimer based on RdgC homology (F), modeled RexA dimer predicted from AlphaFold-Multimer (78) (G) and RdgC (H).
Structurally analogous domains are similarly colored to highlight their relative positions in each structure. Dashed circle shows the relative position of the
RdgC central pore in each structure based on superposition (see Figure 2C and D) through which DNA is thought to pass (71). (I-K) Distribution of
conserved residues on the crystallized (I), RdgC-modeled (J), and AlphaFold-modeled (K) RexA dimer structures. Coloring generated using the ConSurf

server (50) and the sequence alignment in Supplementary Figure S6.

structure of the budding yeast inner kinetochore—point cen-
tromere complex (75) (Supplementary Figure SSI). Superpo-
sition of RexA and RdgC shows that the orientation of the
globular domains in the crystallized RexA dimer occludes the
space beneath the dimerization interface, blocking the forma-
tion of an analogous pore and preventing DNA from associ-
ating in the same manner (Figures 2C, 3E and H). From the
observed homology between the individual domains (Figure
2A and B), however, we can model an open conformation for
RexA that adopts a horseshoe shape with a large open cav-
ity (Figures 2D, 3B and F) reminiscent of the DNA-bound
IML3-CHL4 heterodimers (Supplementary Figure SSH and
S51). The resulting arrangement of RexA domains places basic
side chains along the inner surface of the open cavity (Figure
3B). Consurf analysis (50) reveals that the most highly con-
served residues among putative RexA sequences also line this
cavity in the modeled open state while poorly conserved side
chains localize on the exterior of the structure (Figure 3I and
J, Supplementary Figure S6). Strikingly, an unbiased model
of the RexA dimer generated using AlphaFold-Multimer (78)
predicts a similar open conformation (Figure 3G) with com-
parable spatial arrangement of both surface charges (Figure
3C) and conserved residues (Figure 3K). Based on this mod-
eling, we predict RexA undergoes a major conformational
change that reorients the globular domains to facilitate DNA
binding.

Mutational analysis supports a DNA-dependent
conformational change in RexA

To test the functional significance of a putative DNA-
dependent conformational change, we introduced mutations
into the hinge loop, the swivel loop, and at residue D215
to alter the structural flexibility (Figure 1C, Supplementary
Figure S2A) and assessed by EMSAs how each substitu-
tion affected RexA DNA binding (Figure 4, Supplementary
Table S3). Point mutations at the glycine hinge (G140A and
G140P) have negligible effect whereas mutating the entire
hinge loop to alanines (G140-K143 > AAAA) impairs RexA’s
ability to bind DNA. Truncation of the swivel loop (A239-
244, Supplementary Figure S2A) strongly reduces DNA bind-
ing, presumably by restraining the movement of the glob-
ular domain. In contrast, D215W dramatically enhances
DNA binding. D215 lies at a key contact point between
the dimerization and globular domains, hydrogen bonding
with R261 in the crystallized conformation (Supplementary
Figure S2A). Substitution of a bulky tryptophan at this
site would introduce a major steric clash (Supplementary
Figure S2A), disrupting the interface between the domains
and likely pushing the structure toward an open conforma-
tion more readily. None of these changes affect RexA fold-
ing or stability (Supplementary Figure S7), suggesting that
globular domain movements are necessary to facilitate DNA
binding.
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Figure 4. RexA mutants alter DNA binding activity. EMSA analysis of DNA binding by wildtype and mutant RexA proteins. Binding was performed at
25°C for 30 min in a 20 pl reaction containing 500 nM of Rex_OR1-OR2 annealed double-stranded DNA with increasing concentrations of each RexA
protein construct (0, 0.1, 0.2, 0.5, 2, 8 and 12.5 uM; for R291A/K221A double mutant: 0, 0.1, 0.2, 0.5, 2, 8, 12.5, 15, 18.5, 20, 22.5 and 25 puM). Gels
were stained with SYBR Gold in 1x TAE buffer for 20 min at 25°C to visualize. See Supplementary Table S2 for substrate oligonucleotide sequences.
EMSA experiments were carried out a minimum of three times, each with independently purified batches of protein. Calculated Ky values can be found

in Supplementary table S3.

Several conserved basic residues line the internal surface
of the modeled open conformation of RexA (Figure 3B, C,
J and K). Among these, residues R219 and K221 at the bot-
tom of the dimerization domain would be oriented into the
central cavity, poised to contact DNA (Supplementary Figure
S2B). A double mutant substituting alanines at these posi-
tions (R219A/K221A) completely abolishes binding to the
Rex OR1-OR2 DNA substrate, even at higher concentrations
where complete binding is observed for the wildtype protein
(Figure 4, Supplementary table S3).

Limited proteolysis is a useful tool to study protein confor-
mational states in that it can define the unstructured and flexi-
ble regions of a polypeptide, identify discrete folded fragments
that are resistant to cleavage, and monitor changes in protease
accessibility as a protein carries out its biological or enzymatic

function (79). To further dissect the conformational changes
required for RexA DNA binding, we incubated wildtype and
mutant RexA constructs with trypsin in the absence or pres-
ence of DNA and visualized proteolysis by SDS-PAGE (Figure
5A). In the absence of DNA, wildtype RexA is almost com-
pletely digested by trypsin into small fragments (Figure SA,
lane 1 versus control lane C). Five major undigested fragments
appear when DNA is added, suggesting that trypsin’s access to
some cleavage sites is limited in this condition (Figure 5A, lane
2). The G140A and G140P mutants, which show no change
in DNA binding when analyzed by EMSA (Figure 4), exhibit a
pattern of proteolytic cleavage akin to wildtype RexA (Figure
SA, lanes 3-6). The swivel loop truncation (A239-344) and
R219A/K221A double mutant constructs are proteolyzed to
near completion in both conditions (Figure 5, lanes 7-8 and
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Figure 5. Biochemical and biophysical analyses of RexA mutants support a DNA-dependent conformational change. (A) Limited proteolysis of RexA
constructs in the absence (-) and presence (+) of 25 uM EMSA_02 (unlabeled) annealed double-stranded DNA. Samples were incubated with 50 pg/ml
of trypsin for 30 min at room temperature and then subjected to SDS-PAGE and Coomassie staining to visualize. Lanes are numbered below with ‘C’
denoting the untreated control sample (no protease, no DNA). Proteolysis experiments were carried out three times independently, each using a
different batch of purified protein. Representative experiment is shown. (B) Predicted distances between the K2C substitutions (red spheres) in the
crystallized (closed) and AlphaFold modeled (open) RexA dimer structures. Individual monomers are colored gray and light blue. (C, D) Time domain
signals and distance distributions from DEER spectroscopy of K2C RexA in the absence (C) or presence (D) of 20 uM EMSA_02 (unlabeled) annealed
double-stranded DNA.
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13-14), reflective of their severe DNA binding defects (Figure
4). Strikingly, we observe stable, undigested fragments with
the D215W mutant even when DNA is not present (Figure
5, lane 9). This argues that the proteolytic protection is not
simply a consequence of DNA binding and physically block-
ing access to trypsin sites but rather due to a DNA-induced
conformational change that alters protease accessibility and
is mimicked by the D215W substitution.

To complement these findings, we further examined DNA-
dependent domain movements using Pulse Dipolar ESR
Spectroscopy (PDS). PDS techniques are frequently employed
to assess different conformational states of proteins and can
provide quantitative distances and distance distributions with
high concentration sensitivity, yielding critical constraints that
can aid in structure refinement and modeling (53,80-82).
The most accessible of these approaches is double electron-
electron resonance (DEER) set up as the 4-pulse sequence (83).
Distance constraints in the range of ~1-10 nm can be ob-
tained by measuring the magnitude of the dipolar coupling
between the spins of unpaired electrons of nitroxide spin la-
bels and/or metal ions (80,84-86). Additionally, continuous
wave measurements (CW-ESR) can report on short distances
from 0.5 to 1.0 nm (87). To facilitate ESR experiments, we
mutated the native cysteines in RexA to serines (C258S and
C269S) and then introduced a cysteine mutation at lysine 2
(K2Q) in the globular domain for labeling with MTSL. These
mutations do not alter DNA binding activity iz vitro (Figure 4,
Supplementary Table S3). Because the RexA dimer is two-fold
symmetric, a single cysteine substitution is sufficient to gener-
ate a spin label pair. Structure modelling predicts the distance
between the K2C cysteine pair to be 5.43 nm in the closed con-
formation and 2.41 nm in the open conformation (Figure 5B).
DEER measurements are consistent with these values, show-
ing a moderate distance distribution centered around 5.8 nm
for apo K2C (Figure 5C) and a sharper peak at 2.0 nm in the
presence of DNA (Figure 5D).

As a control, we separately introduced a cysteine mutation
at residue D168 on the top of the dimerization domain into
the C258S/C269S construct. Modelling predicts that the dis-
tance between the D168C cysteine pair will be the same in
both the closed (apo) and open (DNA bound) conformations
(Supplementary Figure S8A). The proximity of the spin label
pairs in the MTSL-labeled D168C sample hindered the accu-
rate determination of distance measurements by conventional
DEER and produced large dipolar couplings that broadened
the underlying rigid-limit nitroxide spectrum ~2 mT when
analyzed by CW-ESR (Supplementary Figure S8B, green ver-
sus blue). The extent of this broadening estimates a narrow
separation on the order of 10-12 A since broadening is in-
versely proportional to the cubed distance between nitroxide
moieties. No visible changes were observed in the CW-ESR
spectra when DNA was added (Supplementary Figure S8B,
red), consistent with our conformational modeling. We did,
however, note further dipolar broadening and the appear-
ance of additional small shoulders in the CW-ESR spectra
when the D215W mutation was also included in this con-
text (Supplementary Figure S8B, cyan and magenta). These
spectral changes suggest that the conformational effects of the
D215W mutation can be sensed at the tightly interdigitated
region of the dimerization domain. Importantly, D215W does
not strictly lock RexA into the modeled open conformation
under the conditions of the ESR experiments, which may re-
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flect the intrinsic dynamics of the protein in solution. We thus
conclude that while these data support a DNA-dependent con-
formational change, a more thorough mapping of the A RexA
structure by PDS techniques in the future will be valuable and
necessary to delineate the globular domain movements more
explicitly and clarify how different mutations can affect dif-
ferent functional states.

RexA DNA binding does not correlate with T4rll
exclusion

We next examined how RexA DNA binding and the associ-
ated conformational rearrangements we observe iz vitro con-
tribute to the in vivo effects on T4rII phage exclusion and
modulation of the bistable switch. To study RexA functions in
vivo, we utilized a previously characterized Py Pr dual reporter
strain (LT1886) wherein the A immunity region was inserted
into the E. coli lac operon (21). In this prophage, the Pry
maintenance promoter drives expression of the temperature-
sensitive cI857 repressor and the wildtype rex genes, the Py
lytic promoter drives expression of cro and lacZ, and the
Py lytic promoter drives expression of the firefly luciferase
gene luc (Figure 6A). Additional reporter strains substitut-
ing the RexA R219A/K221A double mutant (LT2294) or
the A239-244 and D215W conformational mutants (LT2302
and LT2298, respectively) were generated as described in the
Materials and Methods (60,61) along with a control strain
where the rexA and rexB genes were absent (rexAB<>cat;
LT1892) (Supplementary Table S4).

Exclusion of T4rII mutant phages is a hallmark of Rex
function in A lysogens (88) and requires both RexA and RexB
(29,89,90). To study the ability of our reporter strains to ex-
clude this phage, wildtype T4, T4rII and A phages were spot-
ted onto bacterial lawns and the ability of each phage to grow
was determined by the formation of plaques arising from cell
lysis and death. All three phages generate plaques on wildtype
E. coli MG1655 control cells, where the reporter insert car-
rying the A immunity region is absent (Figure 6B, left). The
rexA*rexB* reporter strain, in contrast, excludes the T4rI1
phage due to Rex function and wildtype A due to the expres-
sion of the Cl repressor but permits wildtype T4 phage growth
(Figure 6B, center), consistent with the behavior of typical A
lysogens. The rexAB<>cat strain loses the ability to exclude
T4rIlI as the Rex proteins are absent but continues to prevent
growth of A as the cI857 repressor remains unchanged and
able to recognize operator sites in the superinfecting A phage
(Figure 6B, right). Exclusion of T4rII is similarly impaired in
strains harboring either the RexA R219A/K221A double mu-
tant (Figure 6C, left) or the A239-244 swivel loop deletion
(Figure 6C, center), both of which disrupt DNA binding in
vitro (Figure 4). Strikingly, we also observe a T4rII exclusion
defect in a strain carrying the D215W mutation (Figure 6C,
right). Unlike the other RexA mutants analyzed here, D215W
enhances DNA binding iz vitro (Figure 4). This argues against
a direct correlation between efficient DNA binding and T4r11
exclusion activity.

D251W promotes transition to the lytic state in vivo
We previously showed that RexA acts independently of RexB
to bias the A bistable switch toward the lytic state and in-
hibit lysogeny (25). Using our reporter strains, we investi-
gated whether the RexA conformational mutants A239-244
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Figure 6. Effects DNA binding and conformational mutants on RexA functions in vivo. (A) Genetic map of the P Pr dual reporter constructed by the
insertion of the A immunity region into the E. coli lac operon (21). Reporter strains contain the temperature-sensitive ¢/857 repressor with the Py lytic
promoter driving expression lacZ and the P lytic promoter driving expression of the firefly luciferase gene luc. (B, C) Plaque assays testing exclusion of
T4, T4rll, and Aimm phages (top, middle, and bottom rows on each plate, respectively) by P Pr dual reporter strains containing either wildype rexA (B) or

rexA mutants (C). Exclusion phenotypes of E. coli strains that either lack the dual reporter insertion (MG1655) or with the rex genes replaced with a
chloramphenicol resistance cassette (rexAB <> cat) are shown for comparison in (B). Note that wildtype A forms turbid plaques on MG1655 since
bacterial lysogens arise within these plagues whereas clear plagues are formed by the purely lytic phages T4 and T4rl/l. Strains are labeled as follows
(see Supplementary Table S4 for full details): MG1655, LT351, rexA*rexB*, LT732; rexAB <> cat, LT772; R219A/K221A, LT2294; A239-244, | .T2302;
D215W, LT2298. (D) Representative papillation from dual reporter strains containing either wildtype rexA (WT) or rexA mutants A239-244 and D215W,

respectively, in the context of either cro* (top row) or cro27 (bottom) alleles.

Strains are as follows (see Supplementary Table S4 for full details): LT1886,

rexA* cro*; LT1055, rexA* cro27; LT2302, rexA(A239-244) cro*; LT2303, rexA(A239-244) cro27; L.T2298, rexA(D215W) cro*; LT2299, rexA(D215W)
cro27. (E) Quantitation of red papillae in individual colonies for the six genotypes shown in (D). The data are plotted as scatterplots, with each small
vertical line indicating the number of papillae found in a single colony. At least 100 hundred colonies were scored for each genotype (WT cro*, n = 100;
A239-244 cro*, n = 109; D215W cro*, n = 104, WT cro27, n = 100; A239-244 cro27, n = 106; D215W cro27, n = 107). The error bars show the SD.
See Supplementary statistical analysis of papillation data for t-test results. In all cases, the number of papillae per colony observed with the rexA
mutants was significantly different from that found with the wildtype RexA strains.

and D215W, which have opposing effects on DNA binding
in vitro, could also affect lysogenic-to-lytic transitions iz vivo.
Single colonies of the wildtype and each mutant reporter strain
were grown on MacConkey Lactose agar at 32-34°C, where
they initially appear white but then develop red papillae af-
ter several days due to expression of lacZ from the Py lytic
promoter as cells shift to the lytic state (Figure 6D). The num-
ber of red papillae per colony was then scored for at least
100 colonies for each genotype (Figure 6E). For these exper-
iments, reporter strains carrying the non-functional missense
mutant allele cro27 (91) were also constructed and analysed
(Supplementary Table S4, Figure 6D and E) as Rex-dependent
effects on colony papillation have been shown to require a
functional Cro gene (25). While we observe a comparable dis-
tribution of papillation events for each strain in the cro* back-
ground, we find a marked increase in the number and fre-
quency of papillae per colony with the D215W mutant in the
context of cro27 allele compared to wildtype RexA and the
swivel loop deletion, both of which show markedly reduced
readout from the Py lytic promoter (Figure 6E). This result
suggests that the conformational state adopted by D215Wj,
which enhances RexA DNA binding iz vitro, can also pro-
mote transition to the lytic state iz vivo even when functional
Cro repressor is absent and the bistable switch is not locked
into the lytic configuration by Cro protein binding to OR3
and repressing Pry.

RexA homologs bind DNA non-specifically

Previous genetic studies identified rex-like genes in the temper-
ate Actinobacteriophages Sbash, CarolAnn and Butters that
can exclude a broad number of other viruses (92-94). An ex-
tensive BLAST search of the Actinobacteriophage Database
(37) revealed additional Rex homologs in phages Dumpster-
Dude, Toast, Rubeelu, Blino, and PCoral7 (Supplementary
Figures S9 and S10). For a subset of these phages (Dumps-
terDude, CarolAnn, Toast, Blino, and PCoral7), the genes en-
coding RexA and RexB homologs are localized in the genome
adjacent to a Cl-like immunity repressor and Cro-like tran-
scription factor in the same arrangement as they appear in
the A phage immunity region (Supplementary Figures S1A and
S9). The orientation of the Rex genes is inverted in other
phages (Sbash, Butters and Rubeelu) with an array of ad-
ditional genes separating them from the immunity repressor
(Supplementary Figure S9). Operator sequences, however, are
present between the immunity repressor and the Cro-like tran-
scription factor in these instances, suggesting that the bi-stable
switch governing lysogenic-lytic transitions may be similarly
regulated in each of these viruses.

To determine if the putative RexA-like proteins present
in Actinobacteriophage viruses share the same biochemical
properties as A RexA in vitro, we successfully cloned and pu-
rified three homologs: Sbash gp30, CarolAnn gp44 and Toast
gp42. Each of these, like A RexA, forms stable dimers in
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solution when analyzed by SEC-MALS (Supplementary
Figure S11). Furthermore, EMSAs reveal that each homolog
is also capable of binding DNA substrates containing A phage
OR1-OR2 operator sites, albeit with different affinities (Fig-
ure 7A, Supplementary Table S3). The overall binding profiles
do not change when the sequence of the DNA substrate is
scrambled (Figure 7B, Supplementary Table S3), mirroring the
behavior of A RexA in filter binding experiments with the same
DNA substrates (25). Sbash gp30, CarolAnn gp44 and Toast
gp42 also bind DNA substrates that contain their own op-
erator sequences (Figure 7C, Supplementary Figure S12, and
Supplementary Table S3). Thus, these data indicate that RexA
homologs also bind DNA non-specifically.

Discussion

Here, we have shown by X-ray crystallography that the
A RexA protein has a split, two-domain architecture that
shares structural homology with RdgC (Figures 1 and 2,
Supplementary Figure S4). Both proteins bind DNA non-
specifically, suggesting they may have derived from a common
ancestor that ultimately diverged into distinct lineages for spe-
cialized roles: RexA for phage biology, and RdgC for regu-
lation of recombination. This evolutionary trajectory could
explain why some orphan RexA homologs appear in bacte-
rial genomes without an adjacent RexB partner and/or out-
side the context of an integrated prophage, as is seen in She-
wanella khirikhana (KEGG ID: STH12_00053) and Salinis-
phaera sp. NP40 (IMG ID: 2790149281). RexA also shares
domain homology with the IML3 and CHL4 subunits of the
eukaryotic centromere-associated inner kinetochore complex.
IML3 and CHL4 form a stable heterodimer that interacts di-
rectly with centromeric DNA (Supplementary Figure SSI), fur-
ther illustrating how the conserved DNA-binding functions
associated with the RexA/RdgC/IML3/CHL4 fold has been
adapted across kingdoms.

The domain organization within the RdgC ring-shaped
dimer creates a positively charged central pore that is poised to
encircle DNA and contact the negatively charged phosphate
backbone (69,71) (Figure 3D). Horseshoe-shaped IML3-
CHLA4 heterodimers display a similar positively charged sur-
face on their DNA-binding face (Supplementary Figure S5I).
Despite a shared structural scaffold, RexA crystallizes in a
closed conformation that is not compatible with these modes
of DNA binding (Figures 2C and 3A). Structural superposi-
tion and AlphaFold modeling, however, suggest an alternative,
open conformation that would permit association with DNA
the same manner (Figures 2D and 3). A simple rigid body ro-
tation of the globular domains around G140 in the hinge loop
coupled to an unfurling and extension of the swivel loop could
facilitate the necessary structural reorganization. Consistent
with this, mutations that would constrain conformational
flexibility (e.g. G140-K143 > AAAA and A239-244) reduce
RexA DNA binding in vitro whereas the steric D215W substi-
tution designed to favor an open conformation enhances DNA
binding (Figure 4). We see additional evidence of these pre-
dicted changes by limited proteolysis and DEER spectroscopy
(Figure 5), which further supports a DNA-dependent confor-
mational change. An analogous rotation of the RdgC center
and tip domains has been proposed to enable ring opening
and loading of that dimer onto double stranded DNA (71).
Domain rotation thus appears to be a conserved mechanistic
step needed for DNA binding by both protein families.
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We previously established that RexA potentiates prophage
induction and can stabilize the lytic configuration of the A CI-
Cro bistable switch, reducing the tendency to return to the
immune state (25). Our in vivo observations here suggest that
RexA’s DNA binding activity and/or conformational state
may directly impact this function. Rex-dependent papillation
events, which provide a readout of expression from the lytic
Pr promoter in our reporter system, normally require a func-
tional Cro gene (25) (Figure 6D and E). The D215W mutant
partially overcomes this constraint, producing more colonies
with >10 papillation events per colony in the cro27 back-
ground (41/107) compared to wildype RexA (0/100) and the
A239-244 swivel loop deletion (1/100) (Figure 6E). Wildtype
Cro binds to OR3 with high affinity and at high concentra-
tions represses Pryv and prevents CI synthesis, which further
reinforces the commitment to the lytic state (19,95-97). The
cro27 allele, which has a null phenotype (98), contains a mis-
sense mutation (G—A) at A coordinate 38153 that converts an
arginine to a glutamine (R38Q) (99). This substitution likely
reduces Cro binding to operator DNA as R38 directly contacts
the phosphate backbone (100). We speculate that D215W’s
enhanced affinity for DNA may allow it to localize to oper-
ator sites more efficiently during periods of CI de-repression,
perhaps interfering with long-range looping (12), thereby pre-
venting re-establishment of a strongly repressed state.

D215W was engineered to create steric clashing between
the globular domains and dimerization domains and generate
a more open conformation (Figures 2D and 3, Supplementary
Figure S2A). It is also plausible that the conformational effects
associated with this mutation may alter key protein-protein
interactions that affect lysogenic-to-lytic transitions. RexB in-
teracts with RexA in vivo and antagonizes RexA’s modula-
tion of the bi-stable switch (25). Disruption of RexA-RexB
interaction would thus be beneficial for lytic transitions while
concomitantly preventing phage exclusion (see below). RexA
and RexB have both been shown to interact with CI and with
Cro in a bacterial two-hybrid and RexA has been shown to
form stable complexes with larger CI assemblies i vitro (25).
A more stable interaction with CI dimers might titrate away
the repressor and reduce its further oligomerization, which
is needed for DNA looping and strong CI repression. Simi-
larly, tighter association with the mutant cr027 protein prod-
uct could help stabilize it on DNA and restore disrupted Cro
repressor activity.

The Rex system’s association with anti-phage defense traces
back to Seymour Benzer’s initial observation that T4 7II mu-
tants fail to grow on E. coli K12 A lysogens (88). Wildtype
RexA and RexB together exclude T4rII, but not wildtype
T4 phage (29,88-90) (Figure 6B, center). D215W (enhanced
DNA binding), the A239-244 swivel loop deletion (impaired
DNA binding), and the R219A/K221A double mutant (DNA
binding abolished) all lose the ability to exclude T4rII despite
their radically different DNA binding properties iz vitro (Fig-
ures 4 and 6C). These data argue that RexA’s ability to bind
DNA is not a primary determinant of its role in phage exclu-
sion. The failure of these mutants to exclude T47II may in-
stead arise from indirect effects. For example, these mutations
may disrupt RexA’s physical association with RexB (24,25)
and/or could alter RexA localization, if DNA interactions are
needed to properly position it in the cell for anti-phage defense
activities.

Previous genetic studies identified rex-like genes in tem-
perate Actinobacteriophages and showed that they, too, can
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Figure 7. RexA homologs bind DNA non-specifically. EMSA analysis of Sbash gp30, CarolAnn gp44, and Toast gp42 binding to DNA substrates
containing A phage OR1-OR2 operator sites (A), scrambled sequences for A OR1 and OR2 operators (B) and analogous OR1-OR2-OR3 operator regions
specific to each phage (C). Binding was performed at 25°C for 30 min in a 20 wl reaction containing 500 nM of each DNA substrate with increasing
concentrations of each phage protein (0, 0.1, 0.2, 0.5, 2, 8 and 12.5 uM for experiments with Og1-Og2 substrates; 0, 0.1, 0.25, 0.5, 0.75, 1, 1.25, 2.5,
3.75, 7.5 uM for experiments with Og1-Og2-Or3 substrates). Gels were stained with SYBR Gold in 1x TAE buffer for 20 min at 25°C to visualize. See
Supplementary Table S2 and Supplementary Figure S12 for oligonucleotide sequences and detailed descriptions of each substrate. EMSA experiments
were carried out a minimum of three times, each with independently purified batches of protein. Calculated Ky values can be found in

Supplementary Table S3.

function as exclusion systems, conferring broad immunity
against a wide array of other viruses (92-94). Here we
demonstrated that purified RexA homologs from the My-
cobacterium phage Sbash (gp30) and Gordonia phages Car-
olAnn (gp44) and Toast (gp42) all form dimers in solution
(Supplementary Figure S11) and can bind double-stranded
DNA non-specifically (Figure 7). Although we presently
lack atomic-resolution structural data for these proteins, Al-
phaFold modeling of Toast gp42 predicts with high confidence
a two-domain architecture and an assembled dimer arrange-
ment that is reminiscent of our modeled RexA open confor-
mation (Supplementary Figure S13). We note that the genes
encoding these RexA-like proteins appear in their respective
genomes immediately upstream of a Cl-like repressor and a
Cro-like transcription factor (Supplementary Figure S9), or-

ganized into neighborhoods akin to the A immunity region
(Supplementary Figure S1A). This proximity, coupled with
the aforementioned structural and biochemical properties,
raises the tantalizing possibility that RexA homologs may also
modulate lysogenic-lytic transitions, perhaps independently of
their RexB-like partners.

In A lysogens, RexA’s fine tuning of phage development
helps orchestrate entry into the lytic state. T4rII exclusion
may be an unintended consequence of Rex protein expres-
sion despite its benefit to host fitness. It is unknown whether
the exclusion properties attributed to Rex homologs in other
prophages represent the true functions of these proteins or
are merely a byproduct of Rex effects on host metabolism.
Future studies will help us establish whether modulation of
the bistable switch and exclusion for phage defense are both
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generalized features of other temperate phages containing Rex
functions.

Data availability

The atomic coordinates and structure factors for the bacte-
riophage A RexA structure are deposited in the Protein Data
Bank with the accession number 8TWQ.

Supplementary data
Supplementary Data are available at NAR Online.
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