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Abstract 

Bacteria encode a wide array of immune systems to protect themselves against ubiquitous bacteriophages and foreign DNA elements. While 
these systems’ molecular mechanisms are becoming increasingly w ell kno wn, their regulation remains poorly understood. Here, w e sho w that 
an immune system-associated transcriptional repressor of the wHTH–WYL–WCX family , CapW , directly binds single-stranded DNA to sense 
DNA damage and activate expression of its associated immune system. We show that CapW mediates increased expression of a reporter gene 
in response to DNA damage in a host cell. CapW directly binds single-stranded DNA b y -products of DNA repair through its WYL domain, causing 
a conformational change that releases the protein from double-stranded DNA. In an Esc heric hia coli CB A SS system with an integrated capW 

gene, we find that CapW-mediated transcriptional activation is important for this system’s ability to prevent induction of a λ prophage. Overall, 
our data re v eal the molecular mechanisms of WYL-domain transcriptional repressors, and pro vide an e xample of ho w bacteria can balance the 
protective benefits of carrying anti-phage immune systems against the inherent risk of these systems’ aberrant activation. 
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acteria are constantly under threat from bacteriophages
phages), foreign DNA elements and environmental stresses,
nd have evolved a wide array of immune and stress-response
ystems to guard against these threats. In recent years, over
00 distinct immune systems have been identified that protect
acteria from infection by phages or transformation by plas-
ids ( 1–4 ). A typical bacterial genome encodes at least 5–10
istinct immune systems, often clustered in ‘defense islands’
 3 , 5 , 6 ). In general, these immune systems function either by
irectly targeting and destroying foreign DNA, slowing cell
rowth by inhibiting metabolism or depleting key metabo-
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lites, or by triggering cell death to prevent phage propagation
(termed abortive infection) ( 5 ). The molecular mechanisms of
many anti-phage and anti-plasmid immune systems are now
known, but whether and how their expression is regulated in
response to infection or other signals remains poorly under-
stood. 

Recently, two distinct sets of proteins have been identi-
fied that control the expression of diverse bacterial immune
systems. One set comprises the DNA-binding protein CapH
and the metalloprotease CapP. In unperturbed cells, CapH
binds to the promoter of its associated immune system and re-
presses transcription ( 7 ). In response to DNA damage, CapP
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becomes active and cleaves CapH, releasing it from DNA
to allow transcription ( 7 ). A second group comprises the
related transcription factors CapW and BrxR, which func-
tion as transcriptional repressors and are associated with a
broad set of anti-phage immune systems like BREX, CBASS,
restriction-modification systems and others ( 8–10 ). While a
CBASS-associated CapW was shown to mediate increased im-
mune system expression upon phage infection, the activating
signal and the molecular mechanism of de-repression in this
protein family are unknown ( 8 ). 

CapW and BrxR are part of a broad family of homod-
imeric transcriptional regulators with a common domain ar-
chitecture comprising an N-terminal wHTH (winged helix–
turn–helix) domain, a central WYL domain (named after
a highly–conserved tryptophan–tyrosine–leucine motif) and
a C-terminal WCX (WYL C-terminal extension) domain
( 11 ,12 ). Within this family, there are two distinct groups
that function either as transcriptional activators or as repres-
sors. WYL-domain transcriptional activators like PafBC and
DriD bind promoters and recruit RNA polymerase to activate
transcription when bound to single-stranded DNA (ssDNA)
through their WYL domain ( 13–15 ). In contrast, transcrip-
tional repressors like CapW and BrxR bind to promoters in
the absence of ligand to repress transcription ( 8–10 ). Biochem-
ical and genetic data suggest that these proteins also bind a
ligand through their WYL domain, then undergo a conforma-
tional change to release DNA and enable transcription ( 8–12 ).
However, these proteins’ ligands are not known. 

Here, we show that a CBASS-associated CapW transcrip-
tion factor binds ssDNA through its WYL domain in or-
der to respond to DNA damage. Using biochemical assays
and X-ray crystallography, we show that ssDNA binding to
CapW’s WYL domain causes a conformational change in the
CapW dimer that compromises double-stranded DNA (ds-
DNA) binding. Finally, we find that CapW-mediated expres-
sion of CBASS genes contributes to this system’s ability to pro-
tect against induction of a λ prophage. Overall, our data reveal
the molecular mechanisms of WYL domain transcriptional re-
pressors, and reveal one specific biological role for these pro-
teins in protection against lysogens. 

Materials and methods 

Strain verification 

Keio collection strains, including the parent strain (BW25113,
Horizon Discovery Biosciences product # OEC5042), �recB
(clone JW2788, product # OEC4987-200828046) or �recA
(clone JW2669, product # OEC4987-200827940) ( 28 ),
were verified by polymerase chain reaction (PCR) with
primer pairs designed to amplify 500 bp regions of ei-
ther the recA (forward: CTTGGGGCAGGTGGTCTGC, re-
verse: GA GGCGTA GAATTTCA GCGC) or recB (forward:
GGCAGTTCTGGA TCTT AA TGCTG; reverse: TGA TGTG-
GTGTTAACGTCGGTTC) genes. For diagnostic PCR, a
small amount of cells were lysed by boiling in 0.25% SDS for 5
min, then the resulting mixture was used as template for PCR.
Reactions were performed with Phusion DNA Polymerase in
Buffer HF (New England Biolabs). The PCR program included
30 cycles of (i) denaturation at 95 

◦C for 5 s; (ii) annealing at
70 

◦C for 15 s; and (iii) extension at 72 

◦C for 15 s. Products
were separated by agarose gel electrophoresis and visualized
by ethidium bromide staining. 
GFP reporter assays 

Green fluorescent protein (GFP) reporter plasmids were gen- 
erated as previously described ( 8 ). Briefly, a synthetic DNA se- 
quence encoding Esc heric hia coli upec-117 CapW, its associ- 
ated bidirectional promoter, and superfolder GFP was cloned 

into plasmid pBR322. CapW point mutants were generated by 
mutagenic PCR, and verified by full-plasmid sequencing. Vec- 
tors were transformed into E. coli strain JP313 ( 16 ) or Keio 

collection strains: parent strain BW25113, �recB or �recA .
Overnight cultures were diluted into fresh LB broth plus ampi- 
cillin and grown at 37 

◦C and shaking to an OD 600 of 0.25–
0.35. Cultures were treated with either 100 μg / ml zeocin or 
1 μg / ml mitomycin C. After treatment, cultures were grown 

at 30 

◦C with shaking. For each time point, 500 μl of culture 
was pelleted by centrifugation and resuspended in 50 μl of 
2 × SDS–PAGE loading buffer (125 mM Tris–HCl, pH 6.8,
20% glycerol, 4% SDS, 200 mM DTT, 0.02% bromophenol 
blue). Sample volumes were adjusted based on the culture den- 
sity at each time point. Samples were boiled for 5 min, then 

10 μl was loaded onto an SDS–PAGE gel. Proteins were trans- 
ferred to a PVDF membrane (Bio-Rad Trans-Blot Turbo), then 

the membranes were blocked with 5% nonfat dry milk and 

blotted for appropriate proteins. Blots were imaged using a 
Bio-Rad ChemiDoc system using filters to image horseradish 

peroxidase activity. Antibodies used: Mouse anti-GFP primary 
antibody (Roche) at 1:3000 dilution; Mouse anti-RNA poly- 
merase primary antibody (clone NT63; BioLegend #10019- 
878) at 1:3000 dilution; and Goat anti-mouse HRP-linked 

secondary antibody (Millipore Sigma) at 1:30000 dilution. 
GFP reporter plasmids were also transformed into the 

E. coli temperature sensitive λ lysogen strain JP858 ( 17 ).
Overnight cultures were diluted into fresh LB broth plus ampi- 
cillin and kanamycin and grown at 30 

◦C and shaking to an 

OD 600 of 0.45–0.55. Subcultures were then heat shocked in a 
42 

◦C water bath for 15 min. After heat shock, cultures were 
incubated at 37 

◦C with shaking. At indicated time points,
samples were collected and western blots performed as de- 
scribed above. 

Protein expression and purification 

A codon-optimized gene encoding the full-length CapW from 

E. coli upec-117 (NCBI #WP 001534693.1), was synthesized 

(Invitrogen / GeneArt) and cloned into UC Berkeley Macrolab 

vector 2BT (Addgene #29666) to generate a construct with 

an N-terminal TEV protease-cleavable His 6 -tag. The wild- 
type (WT) gene encoding the full-length CapW from Rhi- 
zobium leguminosarum (NCBI #WP 033184384.1) was also 

synthesized (IDT) and cloned into UC Berkeley Macrolab vec- 
tor 2BT (Addgene #29666). Point mutations were generated 

by PCR-based mutagenesis. 
Proteins were expressed in E. coli strain Rosetta 2 (DE3) 

pLysS (EMD Millipore). Cultures were grown at 37 

◦C to 

OD 600 = 0.6, then induced with 0.25 mM IPTG and shifted 

to 20 

◦C for 16 h. Cells were harvested by centrifugation and 

resuspended in buffer A (25 mM Tris–HCl, pH 8.5, 10% glyc- 
erol, 1 mM NaN 3 ) plus 300 mM NaCl, 5 mM imidazole and 5 

mM β-mercaptoethanol. Resuspended cells were lysed by son- 
ication (Branson Sonifier, 40 s at output control 5, 50–60% 

duty cycle), then cell debris was removed by centrifugation 

(Beckman Coulter JA-17 rotor and 17 000 RPM, 30 min, at 
4 

◦C). Proteins were purified by Ni 2+ -affinity (Ni-NTA agarose,
Qiagen) then passed over an anion-exchange column (Hitrap 
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 HP, Cytiva) in Buffer A plus 100 mM NaCl, 5 mM imida-
ole and 5 mM β-mercaptoethanol, collecting flow-through
ractions. 

For structural studies, His 6 -tags were cleaved with TEV
rotease ( 18 ). Briefly, 0.4 mg of His 6 -TEV protease S219V
utant [recombinantly expressed and purified in-house; see

 18 )] was added to 22.5 ml of purified CapW in buffer
 plus 100 mM NaCl, 5 mM imidazole and 5 mM β-
ercaptoethanol, and the mixture was incubated at 4C for
 days. Cleaved protein was passed over another Ni 2+ col-
mn (collecting flow through fractions) to remove uncleaved
rotein, cleaved tags and tagged TEV protease. The protein
as then passed over a size exclusion column (Superdex 200,
ytiva) in buffer GF [buffer A plus 300 mM NaCl and 1
M dithiothreitol (DTT)], then concentrated by ultrafiltration

Amicon Ultra, EMD Millipore) to ∼14 mg / ml and stored
t 4 

◦C. All point mutants showed equivalent migration on a
ize exclusion column compared to wild type. For biochem-
cal studies, TEV cleavage was not performed and proteins
ere directly passed over a size exclusion column following

he anion-exchange chromatography step, then concentrated
nd stored −80 

◦C. 

rystallization and structure determination 

or crystallization of Rl CapW bound to ssDNA, protein in
 buffer containing 20 mM Tris, pH 8.5, 75 mM NaCl and
 mM DTT [13 mg / ml protein with 1.5 × molar excess of a
mer poly-T oligonucleotide (IDT)] was mixed in a ratio of 2
rotein to 1 well solution with a buffer containing 0.2 M am-
onium sulfate, 0.1 M sodium acetate and 22% PEG 4000

n sitting drop format. Crystals were transferred to a cryopro-
ectant solution containing an additional 15% glycerol and
ash-frozen in liquid nitrogen. Diffraction data were collected
t the Stanford Synchrotron Radiation Lightsource beamline
-2 and processed with the autoxds script, which uses XDS
 19 ) for data indexing and reduction, AIMLESS ( 20 ) for scal-
ng and TR UNC ATE ( 21 ) for conversion to structure factors
 Supplementary Table S1 ). We determined the structure by
olecular replacement in PHASER ( 22 ), using separate mod-

ls of the protein’s wHTH, WYL and WCX domains gener-
ted by Alphafold 2 (entry A0A6M5ZVM6 at the AlphaFold
rotein Structure Database: https:// alphafold.ebi.ac.uk/ ) ( 23 ).
ne copy of the wHTH domain, two copies of the WYL do-
ain and two copies of the WCX domain were successfully
laced and used to calculate initial electron density maps.
he second wHTH domain was manually placed using sym-
etry and difference electron density. Both linker domains
ere manually built into difference density, using the Al-
haFold 2 model as a reference. Two copies of a 3-base ssDNA
ere placed into difference density by overlaying the WYL
omain with the ssDNA-bound WYL domain of Caulobac-
er crescentus DriD [PDB ID 8TP8; ( 15 )] and each DNA base
as mutated to thymine. The model was manually rebuilt

n COOT ( 24 ), then refined in phenix.refine ( 25 ) using po-
itional, B-factor and TLS refinement (separate TLS groups
or each chain’s wHTH + linker, WYL and WCX domains)
ith reference-model restraints supplied by the AlphaFold 2-
redicted structure ( Supplementary Table S1 ). 

luorescence polarization assays 

or dsDNA binding fluorescence polarization (FP) assays,
 30 bp dsDNA representing the preferred binding site
for E. coli upec-117 CapW (top strand sequence: 5 

′ -
T AAAAACTGA TCGT A T AA T AA TGCT ACGCT-3 

′ ) ( 8 ) was
produced by annealing complementary oligos, one of which
was 5 

′ -6-FAM labeled. FP reactions (30 μl) contained 25
mM Tris–HCl, pH 8.5, 5 mM MgCl 2 , 1 mM DTT, 5% glyc-
erol, 50 mM monopotassium glutamate, 0.01% nonidet p40
substitute, 50 nM DNA and the indicated amounts of pro-
tein. For competition assays, an unlabeled 7-nucleotide poly-
T ssDNA was added at the indicated concentrations. After
a 10 min incubation at room temperature, FP was read us-
ing a Tecan Spark plate reader, and binding data were ana-
lyzed with Graphpad Prism v.10.1.1 using a single-site bind-
ing model. For ssDNA binding FP assays, a 5 

′ -6-FAM labeled
7-nucleotide poly-T ssDNA was used. 

Prophage induction assays 

To measure phage escape after prophage induction, E. coli
strain JP858 ( 17 ) was transformed with a pLOCO2 plasmid
encoding the entire CBASS system from E. coli strain upec-
117 [bases 69 873–76 528 of NCBI accession # CP054230.1,
encoding proteins QKY44554.1 (Cap17; MTA / SAH nucle-
oside phosphorylase), QKY44555.1 (CapW), QKY44556.1
(CdnC), QKY44557.1 (Cap7; HORMA), QKY445558.1
(Cap6; TRIP13), QKY44559.1 (Cap18; 3 

′ -5 

′ exonucle-
ase) and QKY44560.1 (Cap19; 3-transmembrane protein)]
(gift from A. Whiteley) or the indicated mutants. As a neg-
ative control, we used the same pLOCO2 backbone encoding
LacI and sfGFP. A transformant was picked from a fresh LB
agar plate and grown at 30 

◦C in LB broth plus ampicillin and
kanamycin overnight. One hundred microliter of overnight
culture was added to 5 ml fresh LB broth plus ampicillin and
kanamycin and grown at 30 

◦C to an OD 600 of 0.45–0.55.
We heat shocked the cultures at 42 

◦C for 15 min then incu-
bated the cultures for 1.5 h at 37 

◦C. After incubation, phages
were harvested by passing 1 ml of culture over a 0.22 μM
filter. In parallel, top agar plates were prepared by growing
E. coli strain JP313 ( 16 ) overnight at 37 

◦C in LB broth, in-
oculating 50 μl of overnight culture into 5 ml fresh LB and
growing at 37 

◦C to an OD 600 of 0.15–0.25. 500 μl of this
culture was mixed with 4.5 ml of 0.35% LB top agar, then
poured onto LB plates. Plates were spotted with 3 μl of har-
vested bacteriophage solution diluted in phage buffer plus 1
mM CaCl 2 at six 10-fold dilutions. Plates were incubated at
37 

◦C for 18 h, imaged and scored for plaque formation. 

Results 

CapW responds to DNA damage 

We previously used a reporter plasmid with E. coli upec-
117 CapW ( Ec CapW) controlling the expression of GFP to
show that CapW is a transcriptional repressor, and that re-
pression is relieved upon bacteriophage infection (Figure 1 A)
( 8 ). To determine whether CapW responds to DNA damage,
we treated cells carrying this reporter plasmid with mitomycin
C or zeocin, both of which cause DNA double-strand breaks
( 26 ,27 ). We observed strong GFP expression within 30–60
min of treatment, indicating that CapW responds directly to
DNA damage (Figure 1 A). To further investigate CapW’s re-
sponse to DNA damage, we tested CapW-mediated GFP ex-
pression in E. coli strains lacking the key DNA repair pro-
teins RecB and RecA ( 28 ). In homologous recombination, the
RecBCD complex first resects DNA double-strand breaks to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://alphafold.ebi.ac.uk/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
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Figure 1. CapW activates transcription in response to DNA damage. ( A ) Top: Schematic of the E. coli upec-117 CB A SS operon. The capW gene is shown 
in y ello w , cdcC (CD-NTase) in orange, cap17 (TP AL S-PNP eff ector) in green and cap7 / cap8 (H ORMA and Trip13 regulators) in blue. P utativ e regulators 
cap18 and cap19 are shown in gray. The bidirectional promoter is indicated by two arrows. Bottom: Schematic of the capW GFP reporter construct. The 
intergenic region containing the bidirectional promoter is the same as in the native E. coli upec-117 CB A SS operon. ( B ) Western blot showing activation 
of GFP reporter expression upon treatment of log-phase E. coli cultures with DNA damaging agents mitomycin C (1 μg / ml, left) or zeocin (100 μg / ml, 
right). α-RNAP: anti-RNA polymerase loading control. ( C ) Top: Schematic of homologous recombination in E. coli . RecBCD resects DNA double-strand 
breaks to enable strand e x change b y R ecA. In �recA cells, the ssDNA products of resection are e xpected to accumulate, whereas ssDNA production is 
limited in �recB cells. Bottom: Western blot showing GFP reporter expression in E. coli strains lacking functional RecBCD ( �recB ) or RecA ( �recA ), in 
the absence of DNA damage (left) or 90 min after the addition of zeocin (right). ( D ) Top: Domain schematic of E. coli upec-117 CapW, with positions of 
WYL domain point mutations highlighted. Bottom: Western blot showing GFP reporter expression driven by CapW WYL domain mutants, in the 
absence of DNA damage (left) or 90 min after the addition of zeocin (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

expose single-stranded ends, which are then bound by RecA
to mediate DNA strand exchange ( 29 ). In an E. coli strain
lacking recB , we observed reduced expression of the GFP re-
porter compared to a WT control when cells were treated with
zeocin (Figure 1 C). In contrast, a strain lacking recA showed
high expression of GFP even in the absence of DNA dam-
age and showed a further increase in GFP expression upon
zeocin treatment (Figure 1 C). These data suggest that reaction
products of RecBCD, which include fragments of ssDNA, acti-
vate CapW. In the absence of RecA, RecBCD may show higher
overall activity due to a block in DNA strand exchange and
resulting persistence of DNA breaks. The low level of GFP ex-
pression observed upon zeocin treatment in recB -deleted cells
can likely be attributed to the resection activity of other heli-
cases and exonucleases in the cell. 

We previously showed that mutating conserved residues on
the surface of the CapW WYL domain eliminates its ability
to respond to bacteriophage infection. In particular, mutation
of Ec CapW S158 and R200 resulted in a complete loss of
detectable GFP expression upon infection with bacteriophage
λ ( 8 ). We tested the same mutants for their ability to respond
to DNA damage. We found that Ec CapW S158E and R200A
mutants were unable to drive GFP expression after treatment
with zeocin (Figure 1 D). Overall, these data suggest that a
byproduct of DNA repair, potentially ssDNA generated by
resection of DNA double-strand breaks, binds to the CapW
WYL domain to mediate increased expression of its associ- 
ated operon. 

CapW binds ssDNA to control dsDNA binding 

To directly test for ssDNA binding by CapW, we used a FP 

assay with purified Ec CapW and fluorescently labeled 7mer 
DNA oligonucleotides. We found that poly-thymidine, poly- 
cytosine and poly-guanosine bound CapW with K d ’s ranging 
from 7 to 13 μM, while poly-adenosine did not detectably 
bind CapW (Figure 2 A, Supplementary Figure S1 A). We also 

tested a 7mer poly-uracil single-stranded RNA, and did not 
detect binding to CapW ( Supplementary Figure S1 B). The two 

CapW point mutants that failed to respond to DNA damage in 

our reporter assays—S158E and R200A—did not detectably 
bind to ssDNA, suggesting that ssDNA binds to the CapW 

WYL domain (Figure 2 A). 
We next tested whether ssDNA inhibits dsDNA binding 

by CapW. We found that WT Ec CapW binds its palin- 
dromic dsDNA binding site with ∼3 μM affinity in the ab- 
sence of ssDNA, and that this binding is progressively dis- 
rupted by increasing concentrations of 7mer poly-T ssDNA 

( Supplementary Figure S1 C). dsDNA binding was nearly un- 
detectable in the presence of 0.5 mM ssDNA (Figure 2 B). The 
CapW WYL domain mutants S158E and R200A both bound 

dsDNA equivalently to WT CapW, but their binding to ds- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
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Figure 2. CapW–ssDNA binding inhibits dsDNA binding. ( A ) FP assay showing the binding of a 7mer poly-T ssDNA to E. coli upec-117 CapW 

(WT, circles; R200A, squares; and S158E, triangles). Data represent the mean ± standard deviation of triplicate samples, fit with a one-site binding 
model. K d values could not be determined for R200A and S158E mut ants. See Supplement ary Figure S1 A for CapW binding different 7mer ssDNAs, and 
Supplementary Figure S1 B for ssDNA versus ssRNA binding. ( B ) FP assay showing the binding of WT E. coli upec-117 CapW to its preferred palindromic 
binding site (30mer dsDNA), in the absence of ssDNA (solid circles and solid line) or in the presence of 0.5 mM 7mer poly-T ssDNA (open circles and 
dashed line). See Supplementary Figure S1 C for dsDNA binding in different concentrations of ssDNA. ( C ) FP assa y sho wing the binding of CapW R200A 

to dsDNA, in the absence of ssDNA (solid squares and solid line) or in the presence of 0.5 mM 7mer poly-T ssDNA (open squares and dashed line). ( D ) 
FP assay showing the binding of CapW S158E to dsDNA, in the absence of ssDNA (solid triangles and solid line) or in the presence of 0.5 mM 7mer 
poly-T ssDNA (open triangles and dashed line). 
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NA was only marginally affected by the presence of 0.5 mM
sDNA (Figure 2 C and D). Together with our prior data show-
ng that dsDNA binding is mediated by the CapW wHTH do-
ain ( 8 ), these data support the idea that the CapW WYL
omain binds ssDNA, and that ssDNA binding allosterically
nhibits dsDNA binding by the protein’s wHTH domain. 

tructure of a CapW–ssDNA complex 

o determine the structural basis for CapW ssDNA binding,
e performed crystallization trials with three CapW proteins

from E. coli upec-117, S. maltophilia and R. leguminosarum )
n the presence of 7mer poly-T ssDNA. We crystallized and
etermined a 2.77 Å resolution structure of ( Rl ) CapW using
olecular replacement ( Supplementary Table S1 ). Rl CapW

orms a homodimer with an overall structure similar to prior
tructures of CapW and BrxR ( 8–10 ), with an N-terminal
HTH domain (residues 1–70), a linker domain (residues 71–
36), a WYL domain (residues 137–193) and a WCX domain
residues 193–297). The linker domain contains two α-helices
hat pack between the wHTH and WYL domains, and the
imer-related linker domains cross one another to generate a
omain-swapped dimer with each protomer’s wHTH domain
acked against the opposite protomer’s WYL domain (Figure
 A). 
Based on Fo–Fc difference electron density, we identified

hree ordered DNA bases bound to the WYL domain of each
rotomer (Figure 3 A, Supplementary Figure S2 A). ssDNA in-
eracts with the CapW WYL domain in an essentially iden-
ical manner as that previously observed with the WYL do-
ain transcriptional activator DriD ( 14 ,15 ), despite that pro-

ein’s WCX domain adopting a different orientation relative
o its WYL domain than in CapW ( Supplementary Figure S2 B
nd C). In CapW, ssDNA binds the top surface of the WYL do-
ain in a deep, positively charged crevice created by the WCX
omains of both protomers (Figure 3 B and C). The 3 

′ end of
he ssDNA is docked against the WCX domain, while the 5 

′

nd extends outward away from the WYL domain. We ob-
erve additional density past the third ordered DNA base, sug-
esting that the additional bases of the 7mer DNA used for co-
rystallization are present but disordered in our structure. Sev-
ral highly conserved residues line the ssDNA-binding pocket,
ncluding S144 (equivalent to Ec CapW S158), R164 (equiv-
alent to Ec CapW R180), R168 (equivalent to Ec CapW
R184) and R184 (equivalent to Ec CapW R200). These
residues are conserved across CapW and BrxR homologs (Fig-
ure 3 D), suggesting that all WYL domain transcriptional re-
pressors bind ligands in a similar manner. 

Our biochemical data suggest that ssDNA binding to CapW
allosterically inhibits dsDNA binding. To determine the struc-
tural basis for this effect, we compared the structure of
ssDNA-bound Rl CapW to two related structures: a DNA-free
structure of S. maltophilia ( Sm ) CapW (PDB ID 7TB6; 35.7%
sequence identity to Rl CapW) ( 8 ) and a dsDNA-bound struc-
ture of Acinetobacter BrxR (PDB ID 7T8K; 29.4% sequence
identity to Rl CapW) ( 9 ). In the BrxR–dsDNA structure, the
dimer-related wHTH domains of BrxR bind the major groove
of a palindromic DNA sequence ∼20 bp in length, and induce
a gentle bend in the bound DNA ( Supplementary Figure S2 D).
The DNA-free structure of Sm CapW shows a near-identical
conformation of wHTH domains, with a C α r.m.s.d. of 1.7 Å
over both domains (136 C α atoms aligned) ( Supplementary 
Figure S2 E and F). Thus, the DNA-free structure of Sm CapW
likely represents the dsDNA-binding conformation of the pro-
tein. 

To understand global conformational changes induced by
ssDNA binding to CapW, we next overlaid the WYL domains
of ssDNA-bound Rl CapW with those of DNA-free S. mal-
tophilia CapW (Figure 4 A and B). While the individual do-
mains of Rl CapW and Sm CapW overlay closely [C α r.m.s.d.
of 0.8 Å for the wHTH domain (53 C α atoms aligned); 2.1
Å for the WYL domain (106 C α atoms aligned); and 1.5 Å
for the WCX domain (78 C α atoms aligned)], this analysis re-
vealed significant conformational differences between the two
proteins that are likely caused by ssDNA binding to the WYL
domain. The WYL domain is named after a three-residue
tryptophan-tyrosine-leucine (WYL) motif, which is positioned
on a β-strand adjacent to the ssDNA binding site ( 11 ,12 ).
In CapW / BrxR-like transcriptional repressors, the equivalent
residues are embedded in a highly-conserved RWHVR motif,
with WHV equivalent to the canonical WYL motif and the
surrounding arginine residues ( Rl CapW R164 and R168) on
the top face of the WYL domain and contacting ssDNA. The
conserved tryptophan residue of the RWHVR motif is posi-
tioned on the bottom face of the WYL domain, and packs
against the first α-helix of the linker domain (LH1; Figure

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
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Figure 3. Str uct ure of a CapW –ssDNA comple x. ( A ) Domain schematic of Rl CapW. ( B ) Side vie w of the ssDNA-bound Rl CapW dimer, with one 
protomer colored as in panel (A) with individual domains and N- and C-termini labeled; and the second protomer colored gray. ( C ) Top view of the 
ssDNA-bound Rl CapW dimer. Bound ssDNA is colored black and shown as sticks. Dotted box indicates the area shown in panels (D) and (E). ( D ) 
Closeup view of ssDNA binding to Rl CapW. Conserved amino acids that contact DNA are shown as sticks. See Supplementary Figure S2 A for Fo –Fc 
electron density at 3.0 σ from an omit map calculated without modeled DNA. ( E ) View as in panel (D), showing the electrostatic surface of CapW (red 
indicates negative charge and blue indicates positive charge). ( F ) Sequence alignment of the WYL domains of Rl CapW (IMG # 2631366338), Ec CapW 

(NCBI #WP_001534693.1), Sm CapW (IMG #2657 47 4953), E. fergusonii BrxR (UniProt ID B7L3Y3) and Acinetobacter sp. NEB 394 BrxR (UniProt ID 

A0A7H8SL41). Conserved residues that contact ssDNA are marked, and the conserved RWHVR motif is indicated. 

Figure 4. ssDNA binding induces conformational changes in CapW. ( A ) Str uct ure of the Sm CapW dimer, with domains colored as in Figure 3 . Bound 
DNA is modeled from a str uct ure of Acinetobacter BrxR bound to DNA (see Supplementary Figure S2 D–F) ( 9 ). ( B ) Ov erla y of Rl CapW bound to ssDNA 

(domains colored as in Figure 3 ) and Sm CapW (gray). ( C ) Closeup view of the Rl CapW RWHVR motif (yellow) contacting ssDNA (black), and 
conformational changes in the WYL (yellow), linker (white) and wHTH domains (blue) that result from ssDNA binding. Equivalent str uct ural elements of 
Sm CapW are shown in gray. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
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Figure 5. CapW aids CB A SS-mediated protection against lysogenic phage induction. ( A ) Schematic of experiment, showing E. coli cells carrying a heat 
shock-inducible λ prophage and a plasmid carrying either the full E. coli upec-117 CB A SS system (for panel B) or a GFP reporter plasmid (for panel C). 
Cells were heat-shocked to induce the lytic cycle, then the resulting phages were titered (panel B) or GFP reporter expression was measured by 
western blot (panel C). ( B ) λ phage titer produced by lytic induction in E. coli cells carrying an empty vector (EV), WT E. coli upec-117 CB A SS , or CB A SS 
with a catalytically dead CdnC (CdnC C.D.: D73N / D75N) or with CapW R200A or S158E mutations. Significance values of paired t -tests: 
EV versus WT ( P = 0.0153); EV versus CdnC C.D. (0.9734); EV versus CapW R200A (0.0045); and EV versus CapW S158E (0.0042). See 
Supplementary Figure S3 A for plaque data. ( C ) Western blot showing activation of GFP reporter expression ( α-GFP) controlled by WT CapW after heat 
shock, in cells either lacking a λ prophage (left) or carrying a λ prophage (right). The lane marked (+) is a positive control for cells expressing GFP. 
α-RNAP: anti-RNA polymerase loading control. ( D ) Western blot showing activation of GFP reporter expression ( α-GFP) controlled by CapW mutants 
(R200A or S158E) after heat shock, in cells carrying a λ prophage. The lane marked (+) is a positive control for cells expressing GFP. α-RNAP: anti-RNA 

polymerase loading control. 
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 B and C). When comparing the structures of DNA-free Sm
apW and ssDNA-bound Rl CapW, these tryptophan residues

hift subtly downward upon ssDNA binding, causing a rota-
ion of the LH1 helices and a coupled movement of the sec-
nd α-helix of the linker domain (LH2; Figure 4 B and C). The
ovements of LH1 and LH2, in turn, cause each wHTH do-
ain to rotate ∼13 

◦ outward, resulting in the two wHTH do-
ains shifting ∼13 Å away from one another in the Rl CapW–

sDNA structure relative to DNA-free Sm CapW (Figure 4 B
nd C). The two wHTH domains in ssDNA-bound Rl CapW
re therefore too far apart to bind the major groove of their
alindromic dsDNA binding site. Thus, our structure shows
hat subtle motions in the WYL and WCX domains of CapW
nduced by ssDNA binding are amplified through the linker
omain α-helices to rotate the wHTH domains into a confor-
ation unable to bind dsDNA. 

apW facilitates defense against prophage 

nduction 

apW / BrxR-family transcriptional regulators are associated
ith a variety of anti-phage immune systems, including
BASS, BREX, CRISPR / Cas and restriction / modification

 10 ). In the E. coli upec-117 CBASS system, mutation of
the CapW WYL domain to prevent transcriptional activation
does not compromise the system’s ability to protect against a
lytic bacteriophage λ infection ( 8 ). We theorized that one role
of CapW-mediated transcriptional activation could be to pro-
tect against induction of prophages integrated into the host
genome, which are often induced to enter the lytic cycle when
the host’s DNA is damaged ( 30 ). To test this idea, we trans-
formed an E. coli strain carrying a heat shock-inducible λ
prophage ( 17 ) with plasmids carrying the full E. coli upec-117
CBASS system, or mutant versions encoding the CapW WYL
domain mutants S158E or R200A (Figure 5 A). We grew liq-
uid cultures, induced prophage induction by heat shock and
measured the amount of λ phage produced by each strain.
We found that the WT CBASS system strongly protected
against prophage induction, with cells carrying CBASS pro-
ducing ∼100-fold fewer λ virions than cells without CBASS
(Figure 5 B, Supplementary Figure S3 ). This protection was
completely eliminated by mutation of the system’s CD-NTase,
and was strongly compromised by both CapW WYL domain
mutations (Figure 5 B). Thus, CapW contributes to protection
against λ prophage induction. 

We next used our reporter plasmid to directly measure
whether CapW drives increased expression of its associated
operon in response to prophage induction. We found that

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1101#supplementary-data
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Figure 6. Model for CapW-mediated CB A SS expression. In unperturbed cells, CapW binds the CBASS promoter to repress transcription. Upon DNA 

damage or another stress signal, lysogenic phages are induced (lower path), which contributes to the production of ssDNA fragments. ssDNA binds to 
the CapW WYL domains to induce a conformational change that leads to dissociation from the CB A SS promoter and increased CB A SS expression. In E. 
coli upec-117 CB A SS , the Cap17 effector depletes ATP to arrest growth and potentially cause cell death ( 36 ), preventing phages from escaping the cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WT CapW mediates strong induction of GFP expression
within 15–30 min of heat shock in the strain carrying the λ
prophage, but no expression upon heat shock in cells lacking
the prophage (Figure 5 C and D). The CapW WYL domain
mutants S158E and R200A were unable to drive GFP expres-
sion in response to prophage induction (Figure 5 D). Com-
bined with our data on λ virion production in the presence of
CBASS systems with WT versus mutant CapW, these data sug-
gest that E. coli upec-117 CapW mediates protection against
prophage induction by boosting the expression of its associ-
ated CBASS system genes. 

Discussion 

Here we show that CapW, a wHTH–WYL–WCX transcrip-
tional repressor, senses DNA damage by binding ssDNA. In
unperturbed cells, CapW binds the promoter region of its as-
sociated operon to repress transcription (Figure 6 ) ( 8 ). Upon
DNA damage, resection of DNA double-strand breaks re-
sults in the production of ssDNA that CapW binds through
its WYL domain. As a result of ssDNA binding, CapW un-
dergoes a conformational change that disrupts dsDNA bind-
ing by its wHTH domain, resulting in increased expression
of its associated immune system. Finally, we find that the
CapW-associated CBASS immune system of E. coli upec-
117 protects against λ prophage induction, and that CapW-
mediated induction of CBASS expression contributes to this
protection. 

Within the broad family of wHTH–WYL–WCX transcrip-
tional regulators, two distinct groups mediate either transcrip-
tion activation or repression. In the transcriptional activator
family, ssDNA binding by the WYL domain promotes dsDNA
binding by the wHTH domains, enabling promoter binding
and recruitment of RNA polymerase ( 13–15 ). In contrast,
CapW and other repressors including BrxR bind their asso-
ciated promoters in the absence of ligand to repress transcrip-
tion ( 8–10 ). Here, we find that ssDNA binding to the CapW
WYL domains triggers a conformational change that is trans-
mitted through the linker domains to cause rotation of the
wHTH domains and loss of dsDNA binding. Based on the
high sequence and structural conservation within the WYL-
domain repressor family, including the conservation of the
RWHVR motif, we hypothesize that all members of this fam-
ily bind ssDNA similarly to CapW. 
In addition to the ssDNA-bound Rl CapW discussed here,
we previously determined two DNA-free structures of CapW 

( 8 ). As noted above, the Sm CapW structure likely repre- 
sents the dsDNA-binding conformation of the protein, with 

its wHTH domains perfectly positioned to bind a palindromic 
dsDNA ( 8 ). The second structure, of P. aeruginosa CapW,
showed a dramatic ∼70 

◦ rotation of the wHTH domains com- 
pared to Sm CapW ( 8 ). Based on these data, we previously hy- 
pothesized that the P. aeruginosa CapW structure represented 

the ligand bound, non-dsDNA binding conformation of the 
protein ( 8 ). The structure of the ssDNA-bound Rl CapW sug- 
gests that ligand binding instead induces a relatively subtle 
rotation of the wHTH domains that nonetheless disrupts ds- 
DNA binding. Given these data, we propose that our prior 
P. aeruginosa CapW structure likely represents a crystallo- 
graphic artifact caused by the low-pH conditions used for 
crystallization of this protein ( 8 ). 

Our prior work on the CapW-associated E. coli upec-117 

CBASS system showed that this system robustly protects host 
cells against a lytic λ phage infection ( 8 ). Curiously, this pro- 
tection does not depend on CapW-mediated induction of high- 
level expression, since the CapW S158E and R200A mutants 
do not compromise CBASS-mediated protection ( 8 ). This find- 
ing suggested that the low-level expression of CBASS pro- 
teins present in unperturbed cells is sufficient to mediate pro- 
tection against lytic λ phage. Consistent with this idea, our 
GFP reporter assay showed relatively slow and weak CapW- 
mediated gene expression in response to lytic λ phage (at a 
multiplicity of infection of 10), with peak expression 90–120 

min after lytic infection, likely too slow to mount a strong 
defensive response ( 8 ). In contrast, we now find that CapW- 
mediated CBASS expression is important to protect host cells 
against induction of λ prophage, and our GFP reporter as- 
say shows strong expression by 30 min after heat shock (Fig- 
ure 5 ). While the reasons for these differences are unclear, it 
is possible that induction of a λ prophage results in faster 
and more extensive DNA damage than lytic infection, result- 
ing in stronger CapW-mediated CBASS expression. Overall,
our data show that cellular stress—likely in the form of DNA 

damage—can serve as a signal to boost immune system ex- 
pression when needed. 

While our data show that CapW can contribute to de- 
fense against prophage induction, CapW / BrxR is often as- 
sociated with systems that are unlikely to protect against 
prophage induction, such as restriction-modification systems 



Nucleic Acids Research , 2024, Vol. 52, No. 22 13731 

a  

g  

u  

s  

b  

w  

t  

a
 

t  

h  

r  

f  

a  

s  

s  

e  

t  

m  

i  

s  

i  

e  

W  

u  

D  

t  

T  

w  

f  

t  

t  

F  

l  

b  

i

D

F  

C  

D  

d  

b  

o

S

S

A

T  

A  

c

F

N  

G  

a

 

 

 

 

 

nd the anti-plasmid Wadjet system ( 10 ). This correlation sug-
ests that stress-induced immune system expression is likely
seful in a variety of contexts. We suggest that tight tran-
criptional control over immune system expression can help
acteria balance the protective benefits of immune systems
ith the potential burden of carrying multiple such sys-

ems, especially those that could cause cell death if aberrantly
ctivated. 

Despite the burgeoning knowledge of bacterial immune sys-
ems and their molecular mechanisms, our understanding of
ow these systems are regulated is still in its infancy. Bacte-
ial immune systems that immediately counteract phage in-
ection or plasmid transformation, such as the Shedu nucle-
se family ( 31 ,32 ) or the Wadjet anti-plasmid system ( 33–35 ),
hould be constitutively expressed to be maximally respon-
ive against external threats. At the same time, constitutive
xpression of abortive infection systems like CBASS is poten-
ially dangerous for the cell, given the risk that these systems
ight activate and cause cell death outside the context of an

nfection. We find that many bacterial immune systems are as-
ociated with DNA damage-responsive transcription factors,
ncluding CapH / CapP and CapW, that likely enable cells to
xpress these immune systems only in specific circumstances.
e anticipate that CapW / BrxR is only one of an array of reg-

lators that control immune system expression in response to
NA damage and other stress signals, enabling bacteria to ac-

ivate specific immune systems when circumstances warrant.
he benefits of this tight control must in some fashion out-
eigh the obvious drawbacks, including the time delay arising

rom activating transcription and translation upon stress, and
he risk that phage-mediated hijacking of transcription and / or
ranslation may reduce expression of immune system proteins.
uture work will be needed to measure the relative short- and

ong-term benefits and drawbacks to individual bacteria and
acterial communities of constitutive versus stress-inducible

mmune system expression. 
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inal refined coordinates and structure factors for the Rl
apW–ssDNA structure have been deposited in the Protein
ata Bank ( https://rcsb.org ) under accession code 9C5G. Raw
iffraction images for the Rl CapW–ssDNA structure have
een deposited in the SBGrid Data Bank ( https://data.sbgrid.
rg ) under dataset ID 1112. 
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