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Supplementary Table S1. X-ray data collection and refinement statistics.

RexA SeMet RexA SeMet
Crystal form 1 Crystal form 2
PDB: STWQ
Data collection
Space group P322 1 P322 1
Cell dimensions
a,b,c(A) 56.4,56.4,326.22 55.65, 55.65, 322.12
a, B,y (°) 90, 90, 120 90, 90, 120
Resolution (A) 108.74 —2.68 (2.81 —2.68) 161.06 —2.05 (2.11 —2.05)
Rsym O Rmerge 0.127 (0.913) 0.118 (0.931)
Rumeas 0.132 (0.997) 0.128 (1.010)
CCi2(%) 0.997 (0.634) 0.998 (0.595)
1/ol 14.2 (1.7) 13.4 (1.9)
Completeness (%) 100.0 (100.0) 99.9 (100.0)
Redundancy 8.9 (8.0) 6.8 (6.6)
Phasing
Initial F.O.M. 0.3
Number of sites 14
Refinement
Resolution (A) 53.69 —2.05
No. reflections 37768 (3651)
Rwork / Rfree (%) 0.2063/0.2512
No. atoms 4637
Protein 4367
Ligand/ion 49
Water 221
B-factors 37.46
Protein 37.24
Ligand/ion 58.93
Water 37.18
R.m.s deviations
Bond lengths (A) 0.0009
Bond angles (°) 1.04
Ramachandran statistics
Favored (%) 92.86
Allowed (%) 6.04
Outliers (%) 1.10

*Values in parentheses are for highest-resolution shell. Each dataset was derived from a single

crystal.



Supplementary Table S2.

Sequences of oligonucleotide substrates.

Oligonucleotide

Sequence

EMSA_02_US 5’- CCACTGGCGGTGAT -3
EMSA_02*_US 5’- (6-FAM) — CCACTGGCGGTGAT -3’
EMSA _02_LS 5’- ATCACCGCCAGTGG -3

Rex_Or1-Or2_US

5'- CATTATCACCGCCAGAGGTAAAATAGTCAACACGCACGGTGTTAGAT -3’

Rex_Or1-Or2 LS

5'- ATCTAACACCGTGCGTGTTGACTATTTTACCTCTGGCGGTGATAATG -3’

Rex_Or1-Or2_Scram_US

5'- CATGCCAGGATATTCGCTACAAATAGTACGTGATACGACATCGCGAT -3

Rex_Or1-Or2_Scram_LS

5'- ATCGCGATGTCGTATCACGTACTATTTGTAGCGAATATCCTGGCATG -3’

Toast_Ogr1-Or2-Or3_US

5
CACCGACCCGGCTACCGCTTAACGCGTGTCGTGTCGCACCTGCCGTCTAC
CAATGACTACCGGGGATTGTGCCTCATATCCGCAGGCTGCGGAACTACAG
GGCTGTAATTTCTTGACGAGCGTCTACCTGCTGCGGAAGAATCATCCGCA
GCCTATTGACACCACCCCGTCTACCAGGAGAGACTCATG -3

Toast_Ogr1-Or2-Or3_LS

5-
CATGAGTCTCTCCTGGTAGACGGGGTGGTGTCAATAGGCTGCGGATGATT
CTTCCGCAGCAGGTAGACGCTCGTCAAGAAATTACAGCCCTGTAGTTCCG
CAGCCTGCGGATATGAGGCACAATCCCCGGTAGTCATTGGTAGACGGCA

GGTGCGACACGACACGCGTTAAGCGGTAGCCGGGTCGGTG -3

Sbash_Or1-Or2-Og3_US

5-
CATACGTCGAGTCTGACAGAAACATTCGGCAAACTTTCGAACTGGGTGGC
AAACATCATCAGTGTAATTTCCTCCGACTATTGGGTCTTAGGTCAAGAAAC
CCCTGGTAGTCCAGGTTTGCCGTTTTAGGAAAAGTTTCGGCATGTCGGTTT
GCCGACCCGAATCTACGGTGTATCTTCGGGGATATG -3

Sbash_Or1-Or2-Or3_LS

5
CATATCCCCGAAGATACACCGTAGATTCGGGTCGGCAAACCGACATGCCG
AAACTTTTCCTAAAACGGCAAACCTGGACTACCAGGGGTTTCTTGACCTAA
GACCCAATAGTCGGAGGAAATTACACTGATGATGTTTGCCACCCAGTTCG
AAAGTTTGCCGAATGTTTCTGTCAGACTCGACGTATG -3’

CarolAnn_Or1-Or2-
ORr3_US

5
CATGGATTGAGGTTCAACCGCCCGTCCTTCGGCACGCAACGCGCAACGG
AACCTATGCGGTTACCGCGTTTGCTCGCTCCGGCTTCCTTCTCCGTGTAC
CAACTTGTCCCCCGGATTGTGCCGCATACACGCAGGCTGCGGAACTACCG
CCGTGTAATTCATTGCCATGCGTGTACCCACCATGCAAGAATCATACGCAG
TTGCTTGACACCCAGCCGGTTACCGAGGAGGATCAATGGCGAGCTACACA
CGCTGGCCGAAGGGAAGTTGGATG -3’

CarolAnn_Ogr1-Or2-Or3_LS

5
CATCCAACTTCCCTTCGGCCAGCGTGTGTAGCTCGCCATTGATCCTCCTC
GGTAACCGGCTGGGTGTCAAGCAACTGCGTATGATTCTTGCATGGTGGGT
ACACGCATGGCAATGAATTACACGGCGGTAGTTCCGCAGCCTGCGTGTAT
GCGGCACAATCCGGGGGACAAGTTGGTACACGGAGAAGGAAGCCGGAGC
GAGCAAACGCGGTAACCGCATAGGTTCCGTTGCGCGTTGCGTGCCGAAG
GACGGGCGGTTGAACCTCAATCCATG -3’




Supplementary Table S3. Dissociation constants from EMSA experiments

Kq (app) uM +/- Std. Dev.
Figure 4
WT 1.25 0.068
G140A 0.93 0.10
G140P 0.86 0.1
G140-K143>AAAA ND ND
A239-244 7.94 0.48
D215W 0.14 0.0028
R219A/K221A ND ND
C258S/C269S/K2C 1.80 0.0095
Figure 7A — Lambda Operator (top row)
Sbash30 3.50 1.80
CarolAnn44 7.02 1.00
Toast42 9.25 2.88
Figure 7B — Scrambled Lambda Operator (middle row)
Sbash30 5.89 1.28
CarolAnn44 8.84 0.88
Toast42 10.10 2.80
Figure 7C — Cognate Operator (bottom row)
Sbash30 0.68 0.19
CarolAnn44 0.24 0.0079
Toast42 0.85 0.024

All values represent the average of three independent EMSA experiments (see MATERIALS AND
METHODS for details on Kd measurement and calculation). The oligonucleotide substrates used
in each experiment are described in the respective figure legends with the sequences shown in
Supplementary Table S2. ‘ND’ signifies ‘'not determined’ due to incomplete saturation within the

data acquisition range.



Supplementary Table S4. E. coli K12 strains used for exclusion and papillation assays.

Strain Relevant Genotype Reference/construction
LT351 MG1655 From B. Bochner
cavrry | MO Zﬁ;’;’f]gZ;f;j‘,fj;g;’;j? rexB Thomason et al., (2019) (1)
Rl e e
oss | MO duebbanlic ol b et tomaen at, 202
LTisss | MO16% Alac;};cg];; i’:}l\é ZLI‘;LC;ZB rexd” c1837 Thomason et al. (2021) (2)
LT1892 MG1655 A(I:llagr 5[-7](]?12(%0;\;6@?]]: lgr(f;l; AilexA)<>cat Thomason et al. (2021) (2)
LT | ROISAKIILE) 857 piol v eltlacz VA" This work
112298 oA (D315W) 1857 pRoR erot 2V A" This work
LT2299 |, d0015W) clas) pRoR eved? el inc2tA" This work
| NI kb ettt
LT2303 MG1655 Alacl-kan luc-N pLoL rexB* rexA(A239- This work

244) 1857 pRoR cro27 cll-lacZYA*




Supplementary statistical analysis of papillation data

For the data plotted in Figure 6E, t-tests were performed with GraphPad Prism software. 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. For the Cro™ strains, both rexA mutants
give fewer papillae than do wildtype RexA, while for the cro27 strains, both rexA mutants give
more papillae than does the wildtype RexA. When the two rexA mutants are compared to each
other, in the Cro™ case there is no significant difference between them; however, for the cro27
case, the two mutants are significantly different with D215W having more papillae/colony in a

subset of the colonies. t-test values are as follows:

The difference in papillae/colony between LT1886 Cro™ RexA* (M = 17.13; SD = 3.59) and LT2302
Cro* rexA A239-244 (M = 13.32; SD = 4.42) was significant (t (207) = 6.804; p < <0.0001).

The difference in papillae/colony between LT1886 Cro* RexA* (M = 17.13; SD = 3.59) and LT2298
Cro* rexA D215W (M = 14.56; SD = 4.78) was significant (t (202) = 4.332; p < 0.0001).

The difference in papillae/colony between LT1055 cro27 RexA* (M = 3.71; SD = 1.80) and LT2303
cro27 rexA A239-244 (M = 4.613; SD = 2.253) was significant (t (204) = 3.167; p < 0.0018).

The difference in papillae/colony between LT1055 cro27 RexA™ (M = 3.71; SD = 1.80) and LT2299
cro27 rexA D215W (M = 9.234; SD = 7.313) was significant (t (205) = 7.347; p < 0.0001).

The difference in papillae/colony between LT2302 Cro™ rexA A239-244 (M = 13.32; SD = 4.42) and
LT2298 Cro* rexA D215W (M = 14.56; SD = 4.78) was not significant (t (211) = 1.962; p = 0.051).

The difference in papillae/colony between LT2303 cro27 rexA A239-244 (M = 4.613; SD = 2.253)
and LT2299 cro27 rexA D215W (M = 9.234; SD = 7.313) was significant (t (211) = 6.219; p < 0.0001).
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Supplementary Figure S1. Organization and regulation of the A immunity region. A. Diagram
of the A immunity region. The positions of the P, Prm and Pr promoters and neighboring genes
are labeled. Associated operator sites are marked by gray boxes. In the lysogenic state, Cl dimers
(blue) are bound cooperatively to OL1 and OL2 and OR1 and OR2 operators to repress the lytic
promotors P. and Pg, respectively, and direct transcription from the maintenance promoter Pru

via RNA polymerase (RNAP, orange) (3, 4). Long-range DNA looping mediated by the further



oligomerization of Cl repressor molecules bound to the left and right operators results in stronger
repression. Domain organization of Cl is shown on the bottom right. B. Prophage induction and
lytic activation. Cellular signals like DNA damage and the SOS response activate the RecA protein
(RecA*), which promotes proteolytic cleavage of the Cl repressor (5). This permits transcription
from P. and Pr lytic promoters. C. Model for RexA modulation of the A bistable switch. In the
absence of RexB, RexA can associate with both the Cl repressor (by binding its CTD) and DNA.
These protein—protein and protein—-DNA interactions may destabilize Cl repression and activate

the lytic state (2).



239-244

Supplementary Figure S2. Location of RexA mutants. A. Zoomed inserts denote locations of
the D215 (blue) and residues 239-244 in the swivel loop (red) that are deleted in the A239-244
construct. Modeled D215W mutation (gray) is also shown, with red circles denoting expected
steric clashes associated with this substitution. RexA monomers are colored in as in Figure 1. B.

Location of R219 and K221 side chains in the dimerization domain.
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Supplementary Figure S3. Structural coordination of bound ions and sulfates. A. Location of
ordered sulfates (SO4) and cadmium (Cd) ions associated with the RexA dimer following
crystallization. lons are numbered for reference (see B and C). RexA dimer is colored as in Figure
1. B. Zoomed views intramolecular ionic interactions. Interacting side chains are labeled with
hydrogen bonds shown as dashed black lines. Superscripts “N” and “O" denote backbone nitrogen
and carbonyl oxygens, respectively. Associated water molecules (red spheres) are shown where
applicable. C. Zoomed views of intermolecular ionic interactions mediating crystal contacts.

Symmetry-related molecules are colored gray.
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Supplementary Figure S4. Structure and topology of E. coli RdgC. A. Domain architecture of
E. coli (Ec) RdgC. B. Topology diagram of E. coli RdgC monomer with coloring as in B. C. Structure
of E. coli RdgC dimer (PDB: 20WL). The center, tip, and base domains are colored beige, purple,
and cyan respectively in one monomer with accompanying residue numbering. Second monomer

is colored the same but rendered partially transparent for contrast.
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Supplementary Figure S5. Additional structural homologies identified by Dali. A-F,
Superposition of A RexA with a nucleoside-diphosphate sugar epimerase from Corynebacterium
glutamicum (olive, PDB: 30H8, Z-score 4.1, RMSD 4.4 A), Saccharomyces cerevisiae IML3 (teal) and
CHL4 (pink) (PDB: 80VW, Z-score 4.1, RMSD 5.1 A), and E. coli Cas2 (purple, PDB: 5DLJ, Z-score 4,
RMSD 3 A) illustrating structural homologies that are shared with RexA's globular (green) and
dimerization (blue) domains, respectively. G. Orientation of Cas2 dimerization within Cas1-Cas2
dual-forked DNA complexes (PDB: 5DLJ) involved in CRISPR spacer acquisition. Cas 2 monomers
are colored purple and ruby, respectively. H. The C-terminal segments of IML3 (teal) and CHL4
(pink) heterodimerize within the centromere-associated inner kinetochore (CCAN) complex (PDB:
80VW) in a manner that creates an extend anti-parallel B-sheet across the dimer interface. I.
Electrostatic surface of Saccharomyces cerevisiae IML3-CHL4 heterodimer. Scale bar indicates
electrostatic surface coloring from -5 Ky T/ec to +5 Ky T/ec. Centromeric DNA from the bound CANN

complex (PDB: OVW) is shown.
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Supplementary Figure S6. Sequence alignment of putative RexA homologs. Sequence
alignment of RexA homologs with the secondary structure of the bacteriophage A RexA mapped
above. Colored bars beneath the alignment denote structural segments as follows: globular
domain, green; dimerization domain, blue; hinge loop, magenta; swivel loop, red (see Figure 1).
Positions of conformational mutations are marked below (see Figures 4 and 5, Supplementary
Figure S2). Red text bounded by blue border denotes 70% sequence conservation. Abbreviations
are as follows with accompanying NCBI accession numbers or KEGG IDs (6) : BPA, bacteriophage
A RexA (vg:3827058); BPSfl, bacteriophage Sfl gp47 (vg:24722216); Pbs, Paenibacillus sonchi
(psonJ1735_34930), EcK12, Escherichia coli K-12 BW2952 (ebw:BWG_3702), Kp, Klebsiella
pneumoniae (WP_117261707.1); Cd, Cedecea davisae (WP_202303730.1); Kl, Klebsiella
multispecies (WP_071995728.1); Ga, Gilliamella apicola (WP_065635067.1); Seef, Salmonella
enterica subsp. enterica FNW19H96 (EDW1732907.1); Er, Erwinia sp. S38 (WP_200545456.1); Yr,
Yersinia ruckeri (WP_234057212.1); Mo, Morganellaceae multispecies (WP_154640079.1); Ec1,
Escherichia coli (WP_253764069.1); Ko, unclassified Kosakonia multispecies (WP_200133690.1);
Op, Obesumbacterium proteus (WP_234559868.1); Ye, Yersinia enterocolitica (WP_050128085.1);
la, Izhakiella australiensis (WP_096777782.1); Ec2, Escherichia coli (WP_197940034.1); Seec,
Salmonella enterica subsp. enterica serovar Cubana (seec:CFSAN002050_11670); Sees, Salmonella
enterica subsp. enterica serovar Saintpaul (ECA2934630.1); Cw, Citrobacter werkmanii
(WP_085048607.1); Ae, Arsenophonus endosymbiont of Apis mellifera (aet:LDL57_11880); Pmz2,
Proteus mirabilis (WP_143474652.1); Pm1, Proteus mirabilis (WP_206081156.1); Mm, Morganella
morganii (WP_049246396.1); Pc, Photorhabdus cinerea (WP_166310405.1); Xb, Xenorhabdus
bovienii (WP_038244014.1); As, Alteromonas stellipolaris R10SW13 (aaw:AVL56_04330); Vm, Vibrio
mimicus (vmi:AL543_00300); Fa, Frateuria aurantia (fau:Fraau_1963); Wc1, Wohlfahrtiimonas
chitiniclastica (WP_213398763.1); Wc3, Wohlfahrtiimonas chitiniclastica (WP_094493134.1); Ig,
Ignatzschineria sp. HR5S32 (ign:MMGO00_12050); Wc2, Wohlfahrtiimonas chitiniclastica
(WP_213405574.1); Sk, Shewanella khirikhana (skh:STH12_00053); Ab, Acinetobacter baumannii
BJABO715 (abab: BJABO715_02483); Sa, Salinisphaera sp. (MBS61511.1); Ap, Abyssibacter profundi
(WP_109719971.1); Ha, Halomonas sp. 3F2F (WP_226930571.1); Gm, Gallaecimonas mangrovi



(WP_115720386.1); Pf, Pseudomonas fragi (pfzzAV641_12615); Ps, Pseudomonas syringae
(WP_198722127.1).
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Supplementary Figure S7. SEC-MALS analysis of RexA mutants. Black line denotes differential
refractive index and blue line denotes measured mass across each peak. Dashed red lines indicate

the predicted molecular weight of a RexA monomer and dimer.
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Supplementary Figure S8. ESR spectroscopy measurements for D168C. A. Predicted distances
between the D168C substitutions (red spheres) in the crystallized (closed) and AlphaFold modeled
(open) RexA dimer structures. B, Integrated CW-ESR spectra of D168C (green); D168C/DNA (red);
D168C/D215W (cyan); and D168C/D215W/DNA (magenta) spin-labeled RexA mutants. The rigid-
limit unbroadened nitroxide spectrum (blue) was plotted as a reference. All D168C spectra show
large dipolar broadening ~2 mT corresponding to ~1 nm distance between spin labels. Spectral
features caused by nitroxide labels not having partners were subtracted out. There is no visible

effect of DNA but D215W mutation adds shoulders to the spectra.
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Supplementary Figure S9. Gene neighborhoods surrounding RexA-like genes in
Actinobacteriophages. Genomic organization around RexA-like genes in Sbash, DumpsterDude,
Butters, Rebeelu, CarolAnn, Blino, Toast, and PCoral7 phages generated via Phamerator (7).
Individual genes are depicted as boxes with the gene name inside the box and the Phamily
designation and number of Pham members (in parentheses) shown below each box. Genes
corresponding to RexA (purple), RexB (green), a Cl-like immunity repressor (blue), and Cro-like

transcription factor (red) are colored and labeled.
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Supplementary Figure S10. Sequence alignment of unique RexA-like proteins present in

Actinobacteriophage viruses. Alignment includes unique RexA homologs present in the

Actinobacteriophage Database (PhagesDB) (8). Sequences for Blino gp45, PCoral7 gp42, and

Rebeelu gp30 are omitted as they are each 100% identical to CarolAnn gp44, Toast gp42, and

Butters gp30, respectively. Sequence shading indicates conservation: white text on black

background, 100% conserved; white text on dark gray background, 80% conserved; black text on

light gray background, 60% conserved.
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Supplementary Figure S11. SEC-MALS analysis of purified RexA homologs. Black line denotes
differential refractive index and blue line denotes measured mass across each peak. Dashed red

lines indicate the predicted molecular weight of a monomer and dimer for each homolog.
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Supplementary Figure S12. Comparison of operator sequences used in binding
experiments. Alignment of the genomic region encompassing the operator sites Or1, Or2, and
Or3 in phages A, CarolAnn, Toast, and Sbash. Sequence shading indicates conservation: white text
on black background, 100% conserved; white text on dark gray background, 80% conserved; black
text on light gray background, 60% conserved. DNA substrates containing A OR1 and OR2 were
used for EMSAs, limited proteolysis, and ESR experiments (Figures 4, 5, and 7) while substrates
containing OR1, OR2, and OR3 were only used for EMSAs with individual RexA homologs (Figure

7C). See Supplementary Table S2 for sequences of each individual substrate.
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Supplementary Figure S13. AlphaFold model of Toast gp42 and comparison to RexA. A.
Superposition of top 5 Toast gp42 models generated with AlphaFold-Multimer (9) viewed in



stereo. Predicted aligned error plots are shown below. B. Side view of Toast gp42 model colored
according to the predicted local distance difference test (pLDDT) score (0-100), with values greater
than 90 indicating high confidence and values below 50 indicating low confidence. Scale bar
denotes per residue confidence coloring for pLDDT scores ranging from 45 to 100. C. Comparison
of Toast gp42 AlphaFold model (left) with the RexA AlphaFold model (center, predicted open
conformation) and crystallized RexA structure (right, closed conformation). Side and top views are
shown for each. Coloring as follows: Toast gp42 dimerization domains, light orange; Toast gp42
globular domains, sky blue; RexA dimerization domains, violet purple; RexA globular domains,
smudge. D. Superposition of the dimerization domains (left) and individual globular domains

(right) from the Toast gp42 AlphaFold model and the crystallized RexA coordinates.
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