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Bacterial type II toxin—antitoxin (TA) systems exhibit high
specificity within each pair to ensure precise recognition of the
toxin by its cognate antitoxin to inhibit toxicity of the free
toxin. Despite high structural similarity among some TAs,
crosstalk between noncognate TA pairs is rare. To determine
how the Escherichia coli RelB antitoxin suppresses its cognate
RelE toxin, we engineered C-terminal truncations of RelB and
tested their functional effects on toxin suppression in E. coli.
We find that removal of the long C-terminal o3 and connecting
loop 4 of RelB prevents RelE suppression. Quantitative binding
assays of RelE and RelB variants support a reduced affinity
upon removal of the RelB C terminus. Disrupting these in-
teractions between RelB and RelE also led to a significant
decrease in transcriptional repression at the relBrelE DNA
operator (relO), underscoring the requirement for RelE binding
to RelB for optimal repression at DNA repressor elements.
Comparison to other structurally homologous TA systems,
such as E. coli DinJ-YafQ, reveals key differences in the mo-
lecular mechanisms of both toxin suppression and DNA
repressor activity highlighting the diversity in TA regulation
and function.

Toxin—antitoxin (TA) systems are two-component genetic
elements found throughout bacteria with many species
encoding dozens of pairs (1-3). Discovered originally on
plasmids and in prophages, these gene pairs are also found on
chromosomes and were more recently identified adjacent to
and contributing to CRISPR activity (4-9). After several de-
cades of research identifying these unique modules, TAs are
now classified into eight different types, distinguished by how
the antitoxin suppresses its cognate toxin (3). In contrast to
colicins, which are excreted to eradicate neighboring bacteria
(10), TAs function within the host bacterial cell and are
thought to regulate growth in a protective manner and to
survive conditions of stress. Type II TA systems are the most
abundant and well-characterized TAs, and a hallmark of these
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systems is that the antitoxin can function as transcriptional
autorepressors, which control their expression in response to
antitoxin proteolysis. This proteolysis causes toxins to accu-
mulate, and their actions limit essential cellular processes and
growth.

In type II TA systems, the ability of antitoxin proteins to
recognize their cognate toxins is required to suppress toxic
activity (3). Since there may be dozens of TA systems in each
host organism, these TA interactions need to be specific and
the binding between the pairs needs to occur with high affinity
to sufficiently suppress the toxic phenotype of the toxin. In
type II systems, in many cases, TAs exhibit low sequence
identities (~8-12%) especially among toxin proteins but can
adopt similar tertiary structures. For example, the Escherichia
coli DinJ-YafQ and RelB-RelE TA systems have ~12%
sequence identity between the YafQQ and RelE toxins and ~25%
identity between their antitoxins, yet are structural highly
similar (11) (Fig. 1). RelB—RelE is activated during amino acid
starvation during the bacterial stringent response, whereas
DinJ-YafQ is activated during oxidative and temperature
stress (12—16). Both RelE and YafQQ toxins are ribosome-
dependent ribonucleases that cleave mRNA for degradation
in the context of a translating ribosome to halt protein syn-
thesis (17-20). In addition to the individual similarities be-
tween the RelE-YafQ toxins and RelB-Din] antitoxins, both
the RelB-RelE and DinJ-YafQ TA complexes adopt similar
heterotetrameric architectures with each antitoxin C-terminal
domain suppressing its cognate toxin by direct engagement
(Fig. 1). RelB and Din] antitoxins also contain ribbon—helix—
helix motifs that recognize DNA repressor elements located
within their own promoters, and antitoxin binding causes
transcriptional repression during normal growth (11, 21-23).

The C terminus of Din] wraps around the YafQ toxin
interacting with YafQ at multiple sites to suppress YafQ
toxicity (Fig. 2, A and B) (11, 23). Surprisingly, only the last
nine amino acids of Din] are required to fully suppress YafQ
(24). Since the RelB antitoxin interacts with the RelE toxin in a
very similar way, we tested the effect of RelB C-terminal
truncations on its ability to bind and suppress its cognate RelE
toxin. We find that, in contrast to the DinJ-YafQ TA complex,
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Figure 1. Comparison of the Escherichia coli DinJ-YafQ and RelB-RelE toxin-antitoxin systems. A, structure of the DinJ-YafQ heterotetrameric
complex with the ribbon-helix-helix (RHH) motif and the toxin suppression domains of DinJ labeled and the active site of YafQ highlighted by a gray oval
(Protein Data Bank [PDB] code: 4Q2U). B, structure of the RelB-RelE heterotetrameric complex with the RHH domain and toxin suppression domains of the
RelB are labeled and the active site of RelE highlighted by a gray oval (PDB code: 4FXE). C, comparison of the RelE (white) (PDB code: 4FXI) and YafQ (purple)

(PDB code: 4MI2) toxins with the toxin active site highlighted with a gray oval.

more extensive C-terminal truncations of RelB are required to
decrease its interactions with RelE. In contrast to the DinJ—
YafQQ system, we also find that RelE binding to RelB is
required for optimal transcriptional autorepression providing
additional support for regulation of the relBrelE locus by a
mechanism called conditional cooperativity (21, 22, 25, 26).
Furthermore, assessing the protease accessibility of two loop
regions in the RelB C terminus reveals these regions to be
accessible in vivo in the context of the RelB—RelE TA complex,
a similar finding in the DinJ-YafQ system (24). Together, these
studies provide insights into differences between how struc-
turally similar type II antitoxins suppress their cognate toxins
and transcriptionally regulate their own expression.
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Results

The C terminus of RelB is required to suppress RelE toxicity

The structure of the E. coli RelB—RelE complex revealed that
the RelB antitoxin contains an N-terminal ribbon-helix—helix
DNA-binding domain and a C-terminal domain that wraps
around the RelE toxin, presumably to inhibit toxin function
(21, 22, 27) (Fig. 1B). The complex exists as a heterotetramer
with two RelE toxins and an obligate RelB dimer (RelB,—
RelE,). Both RelB and RelE exhibit high structural homology to
the E. coli Din] antitoxin and YafQ toxin, respectively. Com-
parison of YafQ and RelE toxins (Protein Data Bank codes:
4Q2U and 4FXI) results in a Dali Z-score of 9.2 with an
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Figure 2. The RelB C terminus is essential for toxin suppression in vivo. A, Escherichia coli DinJ and RelB antitoxin sequence alignment with B-sheets and
a-helices indicated with identical residues shown in white with a black rectangle and DinJ and RelB truncation residues shown in bold and in color. B, the
DinJ-YafQ structure showing the YafQ toxin (gray) with the C-terminal toxin suppression domain of DinJ shown (blue; PDB code: 4Q2U). DinJ C-terminal
truncations are indicated from a prior study (22). The YafQ active site is shaded gray. C, the RelB-RelE structure showing the RelE toxin (gray) with the toxin
suppression domain of RelB shown (green; PDB code: 4FXE). RelB C-terminal truncations are indicated. The RelE active site is shaded gray. D, bacterial
growth assays of E. coli BW25113 expressing RelB-RelE or RelE toxin only (left) and C-terminal truncated RelBA70-79-RelE or RelBA66-79-RelE variants.
Shaded region represents mean + SD of two experiments with three technical replicates each. E, E. coli BW25113 expressing RelB-RelE, RelBA70-79-RelE,
RelBA66-79-RelE, or RelE toxin alone plated on LB supplemented with 0.2% arabinose (inducer). Agar growth represents efficiency of plating for a 10-fold
dilution series of saturated culture. LB, lysogeny broth; PDB, Protein Data Bank.
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alignment RMSD of 2.1 A (Co atoms), indicative of high
structural similarity despite their low 12% sequence identity
(11) (Fig. 1C). Both YafQ and RelE toxins adopt microbial
ribonuclease folds and are ribosome-dependent ribonucleases
that cleave mRNA actively undergoing protein synthesis on the
ribosome (Fig. 1C) (17-20). Din] and RelB antitoxins (Protein
Data Bank codes: 4Q2U and 4FXE) are also structurally similar
with a Dali Z-score of 5.1 and RMSD of 4.2 A (Ca. atoms) but
have a higher sequence identity of ~25% (11) (Fig. 2A). Similar
to RelB—RelE, the DinJ-YafQ complex also adopts a hetero-
tetrameric architecture with two YafQ toxins and an obligate
Din] dimer (DinJ,—YafQ,) (Fig. 1A). Both Din] and RelB an-
titoxins inhibit their cognate toxins through interactions
mediated by their C-terminal domains. Truncation of as few as
nine amino acids of the DinJ C terminus inhibits DinJ-YafQ
complex formation (Fig. 2, A and B) (24). Because of the
structural similarity between the C termini of Din] to RelB, we
first designed analogous RelB truncations at solvent-accessible
loop regions (Fig. 2, A-C). Free toxin from overexpression
studies results in a bacterial growth defect, which we see when
we overexpress RelE (Fig. 2D). Expression of both the RelE
toxin and RelB antitoxin allows the antitoxin to suppress the
toxin by direct binding, and normal growth resumes as seen
for the RelB—RelE complex (Fig. 2D) (12, 25, 28-30). If trun-
cated RelB is still able to bind to RelE, growth will continue,
whereas any RelB truncations that disrupt this interaction will
lead to inhibition of cell growth.

We truncated RelB at Lys70, which removes loop 4 (L4) and
the terminal B-strand (RelBA70-79; Fig. 2, A and C). Removal
of these nine C-terminal amino acids resulted in normal
bacterial growth, similar to overexpression of RelB—RelE,
indicating that the RelB-RelE interaction is retained
(Fig. 2D). This result is in contrast to corresponding Din]
truncations where a comparably conservative truncation of
Din] disrupted interactions with the YafQ toxin, leading to
impaired bacterial growth (24). We next removed L4 imme-
diately after a3 by the insertion of a stop codon at Leu66
(RelBA66-79; Fig. 2, C and D). With this RelBA66—79 variant,
growth is impaired but not as severely as when RelE alone is
overexpressed (Fig. 2D). These strains had normal growth in
the absence of inducer indicating that the growth phenotype
was due to the inability of the RelBA66—79 variant to suppress
RelE (Fig. S1A). To assess whether the RelB truncations led to
its instability and thus a protein expression defect, we FLAG-
tagged RelB—RelE, RelBA70-79—RelE, and RelBA66-79—RelE
at the antitoxin N termini and performed immunoblot anal-
ysis. FLAG-RelBA70-79-RelE and FLAG-RelBA66—79—RelE
are expressed comparably to FLAG-tagged RelB—RelE
(Fig. S2). We also attempted other truncations at RelB resi-
dues 42, 43, 46, 57, and 75 in the context of the RelB—RelE
construct, but these RelB variants have protein expression
defects as assessed by immunoblot analysis, so we did not
pursue these further.

We next compared the impact of RelBA70-79-RelE and
RelBA66—79—RelE variants on cell viability via a spot dilution
assay. When induced, RelB-RelE exhibits robust viability,
indicating that RelE is suppressed by RelB; meanwhile,
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overexpression of RelE alone impairs growth almost
completely (Fig. 2E). The RelBA70-79—RelE variant also ex-
hibits robust viability, suggesting that an RelB—RelE complex
still forms. The more extreme truncation of RelB,
RelBA66-79-RelE, exhibits a severe impact on viability
(Fig. 2E). E. coli harboring RelB—RelE, RelBA70-79-RelE, and
RelBA66—79—RelE show normal growth in the absence of in-
duction (Fig. S1B). Also, overexpression of RelBA70-79 and
RelBA66-79 variants alone show normal growth indicating
that expression of the RelB variants is not the cause for inhi-
bition of growth (Fig. S1C). These studies indicate that L4 in
RelB is likely important for stability of a3 (Fig. 2C), which
directly contacts RelE. However, the absence of L4 could allow
for more flexibility of the long 3, which could influence and
reduce interactions between RelB and RelE. These results
point to a more nuanced role of RelB suppression of RelE,
which contrasts with what was previously observed in the
structurally homologous DinJ-YafQ TA complex (11, 24).

RelB a3 and L4 mediate high-affinity RelE binding

We next sought to quantitatively characterize the impact of
the RelB C-terminal A70-79 and A66-79 truncations on
binding to RelE. TA complexes typically possess extremely
tight binding affinities among cognate binding partners to
suppress toxic activity from free toxin (2). For example, the
Streptococcus pneumoniae PezA—-PezT (31), Mycobacterium
tuberculosis VapB—VapCl11 (31), and E. coli RelB—RelE (26)
TA pairs bind with subnanomolar affinities with K,; values of
0.065, 0.6, and 0.33 nM, respectively. To determine how the
RelBA70-79 and RelBA66-79 truncations impact binding to
RelE, we used a spectral shift approach to measure the change
in emission fluorescence of the labeled RelE toxin simulta-
neously at two wavelengths upon binding with RelB variants.
Although this approach has the advantage of requiring a small
amount of protein for analysis, the lowest concentration of
fluorescently labeled RelE, which could be detected, was
10 nM because of the detection limit of the instrument.
Because this concentration is above the anticipated K for the
RelB-RelE complex observed from prior published studies
(26), we report our results as ECsgs rather than K s. We find
that wildtype RelB binds to labeled RelE with an ECsq value of
2.6 nM indicating an extremely tight binding interaction
(Fig. 34; Table 1; confidence intervals [Cls] of 1.4-7.9 nM).
Removal of the last nine amino acids of the RelBA70-79
variant, which removes the terminal B-strand, resulted in an
ECso of 880 nM, a >300-fold reduction in binding as
compared with the wildtype RelB—RelE interaction (Fig. 3B;
Table 1; CIs of 490-1600 nM). While the binding affinity
between the RelBA70-79 variant and RelE is reduced, sup-
pression of RelE toxin activity in vivo by RelBA70-79 is still
observed as assessed by both growth assays and spot dilutions
(Fig. 2, D and E). Removal of the last 13 C-terminal amino
acids of RelB (RelBA66-79), which in addition removes L4
immediately after a3, further reduced binding to an ECs, of
24 pM, which is a >9000-fold reduction as compared with
wildtype RelB-RelE interaction (Fig. 3C; Table 1; ClIs of
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Figure 3. Essentiality of the RelB C terminus for binding to RelE. Spectral shift assays were used to determine the binding affinity of wildtype RelB,
RelBA70-79, or RelBA66-79 to labeled RelE. A-C, fitted curves and calculated binding ECsos are shown. Error bars represent the SD of two technical

replicates from two different protein preparations.

13-400 puM). These data show a significant reduction in
binding between RelBA66 and 79 to RelE and are consistent
with a significant decrease in cell growth and viability with the
interpretation being that RelE is no longer suppressed by
RelBA66-79. Collectively, these data indicate the importance
of the RelB L4 in potentially tethering the long 0.3 helix to RelE
resulting in its suppression. In the absence of L4, a3 may
exhibit more flexibility that significantly reduces RelE binding.

Requirement of RelE binding to RelB for optimal
transcriptional repression at relO

Type II TA complexes like RelB—RelE bind at operator re-
gions that overlap with their promoter to repress transcription
during normal growth (21, 25, 26). RelB transcriptionally re-
presses relBrelE expression by binding at a single relBrelE
DNA operator (relO), which overlaps with the -10 region of
the promoter (Fig. 4A). This regulation is modulated by
varying molar ratios of RelB and RelE via a mechanism termed
conditional cooperativity (2, 25, 32—-34). While the RelB dimer
alone can bind at relO, the strength of binding relO is
increased upon RelE toxin binding to RelB (25, 30). However,
excess RelE toxin binding at RelB-relO has been proposed to
cause a conformational change of the TA complex that re-
duces its affinity for relO and causes derepression (22, 30, 35).
To understand how RelBA70-79-RelE and RelBA66—79—RelE
variants affect this transcriptional regulatory mechanism as a
function of the strength of the RelB-RelE complex, we per-
formed reporter assays. Transcriptional fusions using
B-galactosidase (B-gal) and GFP as reporter fusions are

commonly used to study the effects of TA complexes on
transcriptional repression in vivo (11, 24, 36—39). The relBrelE
promoter including re/O where RelB—RelE binds was cloned
before lacZ into pOU254, a low copy, promoter-less plasmid
previously used in TA biology (25, 40). E. coli BW25113 were
cotransformed with pOU254—relO and either RelBA70-79—
RelE or RelBA66-79-RelE constructs, similar to the con-
structs used in growth and spot dilution assays (Fig. 2, D and
E). We used the RelE-R81A variant, which was shown to
reduce RelE toxicity in an attempt to reduce the effect of RelE
toxicity on cell growth (30, 41) (Fig. S3A). We find that the
RelE-R81A variant does not display a growth defect within the
time frame of the reporter assay (Fig. S3A).

Using the transcriptional reporter assay, we find that RelB—
RelE-R81A display low levels of fB-gal activity, indicating
transcriptional repression at relO by their binding (Fig. 4B;
Fig. S3B). We report this as 100% transcriptional repression at
relO, and all subsequent B-gal experiments are normalized to
RelB-RelE-R81A (Fig. 4B). Expression of RelBA70-79—RelE—
R81A also shows robust transcriptional repression similar to
RelB-RelE-R81A (Fig. 4B). Truncating RelB at L4 (ie.,
RelBA66-79—RelE-R81A) results in ~2.3-fold decrease in
Miller units, which corresponds to ~26% transcriptional
repression as compared with RelB-RelE-R81A (Fig. 4B).
These results indicate that tight RelE binding to RelB con-
tributes to repression at relO. We further verified the levels of
the lacZ transcripts by RT—quantitative PCR (qPCR) (Fig. 4C).
In E coli BW25113 expressing only pOU254-relO, we
observed robust levels of lacZ, an ~11-fold increase as

Table 1
Binding interactions (ECso) of RelB and RelB C-terminal truncations to RelE

Variant ECs5o Fold change CI (M) Hill slope
RelB 2.6 x 1077 M (2.6 nM) 14 x 107°-7.9 x 10~ (1.4-7.9 nM) 1.0
RelBA70-79 8.8 x 1077 M (880 nM) 338 4.9 x 1077-1.6 x 107° (490-1600 nM) 24
RelBA66-79 24 x 10°° M (24 pM) 9230 1.3 x 107°-4.0 x 10™* (13-400 pM) 1.9

The binding affinity of wildtype RelB or RelB C-terminal truncations to labeled RelE was determined via spectral shift. ECs, Cls, and the Hill slope for each reaction were
determined from two technical replicates of two different protein preparations. Fold change comparing the binding interaction between RelB C-terminal truncations and RelE to

the binding interaction between full-length RelB and RelE was determined.
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logical replicates with three technical replicates each. Significance in log, fold change was determined by an unpaired t test (p < 0.001). ** represents

p < 0.05 and *** represents p < 0.001. B-gal, f-galactosidase.

compared with E. coli BW25113 expressing wildtype RelB—
RelE-R81A (Fig. 4C). Consistent with our [-gal assays, both
RelB-RelE-R81A and RelBA70-79-RelE-R81A expressed
low levels of lacZ because of transcriptional repression. We
also observed that lacZ expression when RelBA66—-79—RelE—
R81A is expressed causes a ~2-fold increase in lacZ transcript
levels as compared with RelB—RelE-R81A. These results show
that preventing RelE binding to RelB by severely truncating the
RelB C terminus directly prevents transcriptional repression at
relO and causes derepression.

RelB loops L3 and L4 are accessible to proteolysis in vivo

One possible mode of activation of type II toxins is the
proteolysis of solvent-accessible regions in the antitoxin by
specific cellular proteases (12, 24, 26, 42). Loops 3 and 5 (L3
and L5) in Din] are accessible to proteolytic cleavage, and L5 is
an in vitro substrate of Lon protease, a protease that degrades
Din]J and RelB in vivo (19, 24, 26). Guided by these results that
show L3 and L5 of Din] are accessible to proteolysis by tobacco
etch virus (TEV) protease, we sought to determine if L3 and L4
of RelB are also accessible to cellular proteases. We introduced
the TEV protease recognition sequences into L3 or L4 and
coexpressed either RelB-L3-TEV—-RelE or RelB-L4-TEV—-RelE
variants with a plasmid encoding TEV protease (Fig. 5).
Expression of TEV, RelB-L3-TEV-RelE, or RelB-L4-TEV-
RelE alone do not result in a growth defect (Fig. S4). Expres-
sion of both RelB-L4-TEV-RelE and TEV protease results in a

SASBMB

slight reduction in growth (Fig. 5B). Further inhibition of
growth is seen in the RelB-L3-TEV-RelE variant when coex-
pressed with TEV (Fig. 5B). These data suggest that both L3
and L4 in RelB are cleaved by TEV resulting in free RelE that
reduces growth with L3 appearing to be more accessible
because this variant exhibits a further reduction in growth. We
further verified that TEV overexpression results in cleavage of
RelB-L4-TEV and RelB-L3-TEV using mass spectrometry
(Fig. S5). TEV proteolysis does occur at L3-TEV or L4-TEV,
but proteolysis is not complete, consistent with the minor
growth defect. These data suggest that RelB L3 and L4 may be
substrates for cellular proteases that act on RelB to activate
RelE and further underscore the importance of &3 in RelB for
RelE suppression.

Differences in predicted structures of DinJ-YafQ-DinJ DNA
repressor element and RelB-RelE-relO DNA repressor element

Structures of TA complexes bound to DNA operators have
provided important insights of structural rearrangements that
may need to occur upon DNA binding (43). However, no
structures exist of the DinJ—YafQ-dinJ complex or the RelB—
RelE-relO complex. We used AlphaFold 3 (AF3) (44) to pre-
dict the structures of DinJ-YafQ and RelB—RelE bound to
single inverted repeats (IRs) of din/ and relO, respectively
(Fig. 6A). The predicted DinJ-YafQ-IR1 complex reveals little
to no conformational changes of DinJ-YafQ upon recognition
of din/ as compared with the apo DinJ-YafQ structure (11, 23)
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determine accessibility of RelB loops to TEV protease. RelB (green) with TEV protease recognition sequence at RelB L3 (blue) and L4 (purple). C, bacterial
growth assays of Escherichia coli BW25113 expressing TEV and RelB-RelE, RelB-L3-TEV-RelE, RelB-L4-TEV-RelE, or RelE only. Overexpression was induced at
time 0, and TEV expression or RelE was induced at 1.5 h. Shaded regions are mean =+ SD of two experiments with three technical replicates. TEV, tobacco etch

virus.

(Fig. 64; Fig. S6). The AF3 ranking score of DinJ—-YafQ-din/ is
0.94 revealing high confidence in this model. For the RelB—
RelE-relO prediction, we obtained two different predicted
structures, both of which differ significantly from the free
RelB-RelE complex (Fig. 6, B and C; Fig. S6) (22). The AF3
ranking scores for these two models are lower (model 1—0.54;
model 2—0.68) revealing lower confidence in both models.
Both predicted models show substantially different confor-
mational changes of the RelB—RelE complex as compared with
free RelB—RelE complex. An additional difference between
these two models is in the orientation of the long @.3. In model
1, a3 is closer to relO, and the two RelEs are predicted to
interact with each other (Fig. 6B). In model 2, a3 is oriented
away from relO, and RelE interacts with both RelB and relO
(Fig. 6C).

A

Discussion

To determine how two structurally homologous TA pairs
form complexes capable of suppressing toxin activity and
permits optimal transcriptional repression at their DNA
repressor elements, we studied the E. coli RelB—RelE TA sys-
tem and directly compared our findings to the DinJ-YafQ
complex (24). We anticipated that removal of a short
segment of the C terminus of RelB would prevent RelE bind-
ing, similar to what we observed with Din] C-terminal trun-
cations (24). However, despite the very similar structures of
these two TA complexes, a significantly larger RelB truncation
is needed to ablate its interaction with RelE in vivo: removal of
the analogous last nine amino acids in RelB (RelBA70-79) to
that of the Din] (DinJA77-86) sustained bacterial growth
indicating that the RelB—RelE complex was maintained and

Figure 6. AF3 models of DinJ-YafQ-dinJ and RelB-RelE-relO. A, AF3 model of DinJ-YafQ (PDB code: 4Q2U) interacting with a single inverted repeat of
dinJ (ranking score of 0.94). B and C, two AF3 models of RelB-RelE (PDB code: 4FXE) interacting with a single inverted repeat of relO differ in how they
interact with relO. Ranking score for AF3 model 1 is 0.54 and for model 2 is 0.68. AF3, AlphaFold 3; PDB, Protein Data Bank.
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thus RelE was suppressed. Quantitative binding studies be-
tween RelBA70-79 and RelE indicate that while the interac-
tion strength is decreased by more than 300-fold (from 2.6 to
880 nM), the strength of the binding interaction remains
sufficiently high enough so that there is still RelE toxin sup-
pression by the RelBA70-79 variant in vivo. In contrast,
removal of the RelB L4 (RelBA66-79) results in a significant
decrease in cell growth and viability and a >9000-fold decrease
in binding affinity (24 pM). Therefore, the four residues of L4
seem to be especially important in mediating specific in-
teractions between RelB and RelE, in contrast to the DinJ—
YafQ system where the C-terminal 04 of Din] is the main
mediator of the interactions with the YafQ toxin.

In the context of binding the YafQ toxin, the C-terminal o4
of Din] buries many hydrophobic residues that likely stabilizes
this interaction (Fig. S7). We previously predicted that this six-
residue hydrophobic patch was important for stabilizing these
interactions in the DinJ-YafQ complex, but these studies
lacked quantitative binding assays to confirm this (24).
Although a similar buried hydrophobic patch exists between
RelB (Val72, Val74, Leu76, and Leu79) and RelE (Leu5, Pro7,
Leul2, Leu30, and Val31) (Fig. S7), this hydrophobic interac-
tion does not seem to be as critical for the RelB—RelE complex
because removal of these contacts (RelBA70-79) still results in
both in vivo toxin suppression and a sufficiently high-affinity
binding interaction. Thus, other RelB components could also
provide additional contributions to the recognition and bind-
ing of RelE. One type II TA system that contains many mul-
tiple TA surfaces that result in partial toxin suppression is the
Salmonella enterica serovar Typhimurium TacT-TacA system
(45). In this system, there appears to be one primary antitoxin
binding interface that is sufficient for cognate toxin neutrali-
zation, but other interfaces distant from the TacT-TacA
interface were found to partially compensate when the main
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binding interface was disrupted as assessed by bacterial growth
(45). This system seems to be distinct from the RelB—RelE
system because multiple TacA antitoxins bind to a single
TacT toxin, whereas there appears to be one primary interface
in the RelB—RelE system with only one RelB antitoxin binding
to one RelE toxin.

Potential reasons for the differences in toxin suppression
between the DinJ-YafQQ and RelB-RelE TA systems are the
length of the loop that connects the N and C termini of both
the RelB and DinJ antitoxins and the resulting width of the
complexes (Fig. 7). In RelB, the L3 that connects its N and C
terminus is shorter than the L3 in Din] (five versus nine resi-
dues), which restricts the orientation of its long 3. We predict
that this restriction stabilizes a3 packing against RelE. Com-
parison of the angle between the N and C termini of RelB and
the corresponding angle in Din] reveals a significant increase
(60° versus 37°), which widens the overall RelB—RelE tetramer
(Fig. 7B). This widening has mechanistic implications because
it influences how the RelB—RelE complex interacts with relO
and how the system is responsive to excess RelE toxin binding
(22) (Fig. 7B). Binding of additional free RelE toxin is predicted
to result in steric clashes between two RelEs bound at RelBy—
relO, which, in turn, induce conformational changes that cause
derepression (22). The RelB—RelE tetramer is wider than the
DinJ-YafQ tetramer (77.7 A versus 64.2 A), which we propose
influences how each TA system engages its DNA repressor
element to regulate transcriptional repression. Since the DinJ—
YafQQ system does not appear to be regulated by excess YafQ
toxin via conditional cooperativity (11, 20, 24), this may be
because the DinJ-YafQ footprint is smaller than RelB—RelE,
and this smaller footprint then prevents clashing between
other DinJ-YafQ complexes bound at an adjacent DNA
operator site. Interestingly, AF3 modeling of RelB—RelE-relO
and DinJ-YafQ-din/ predicts striking differences in how each

64.2 A

77.7 A

Figure 7. Structural differences of DinJ-YafQ and RelB-RelE that likely influence its interactions with its DNA repressor element. A, comparison of
DinJ-YafQ (PDB code: 4Q2U) and RelB-RelE (PDB code: 4FXE) (B) highlight differences in loop 3 (L3; red) that likely influences the Iocatipn of the a3 in both
DinJ and RelB. Both L3 and @3 influences the overall TA complex. In DinJ-YafQ, these elements narrow the overall complex (e.g., 64.2 A) as compared with
the RelB-RelE complex, which is widened (e.g., 77.7 7\). PDB, Protein Data Bank; TA, toxin-antitoxin.
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TA likely interacts with its DNA repressor element, which we
predict may lead to the key differences seen in transcriptional
regulation (Fig. 6).

Transcriptional repression at TA loci including re/O can be
mediated by potential changes of TA levels, which has been
described by a conditional cooperativity model (21, 22, 25, 26).
Another key functional difference between RelB—RelE and
DinJ-YafQ is that while there is substantial evidence of con-
ditional cooperativity regulation at relO, din/ is not regulated
by cooperative binding of Din]J-YafQ complexes at adjacent
operator repeats with DinJ alone capable of transcriptionally
repressing in the absence of YafQ (11). Furthermore, tran-
scription of dinfJyafQ is repressed by DinJ dimer or DinJ-YafQ
binding to a single IR, whereas full transcriptional repression
of relBrelE requires binding of two RelB,—RelE, complexes to
both IRs (11, 23). We find that truncations in the RelB C
terminus that disrupt its ability to bind RelE reduce tran-
scriptional repression at relO providing supporting its regu-
lation by conditional cooperativity. Since AF3 models suggest
structural differences between how each TA recognizes its
operator (Fig. 6), it will be important to reconcile how each TA
specifically recognizes its operator using experimental struc-
tural biology approaches.

To activate TA systems, cellular proteases degrade anti-
toxins, which then allows for free toxin to inhibit cellular
processes (3). The (p)ppGpp alarmone is known to activate
proteases providing some connection to how the RelB anti-
toxin may be selectively degraded (14, 46). We identified that
L4 and L5 in RelB are accessible to proteases, and we predict
that these regions could serve as targets for cellular proteases,
thus leading to RelE toxin accumulation. We show that pro-
teolysis at L3, which removes all a3, L4, and 04, results in a
more severe growth defect. Furthermore, proteolysis at L3 and
L4 was not complete indicating that these loops are not
completely accessible. In the case of DinJ-YafQ, TEV recog-
nition sites at both L5 and L3 show a growth defect reflecting
the identification of only nine Din] C-terminal residues
contributing to suppression of YafQ (11). This difference may
be due to additional RelB—RelE binding interfaces that could
contribute to its stability beyond the 0:4—L4 interface. Recent
studies have highlighted the role of conformational change of
either the DNA repressive operator proposed to be required
for transcriptional repression or the conformational change of
the TA complex itself in the case of conditional cooperativity
and even toxin activation (39, 45, 47-50). This work builds on
these studies to identify different regions of antitoxins that are
important for both sequestering its cognate toxin and tran-
scriptional repression and that could mediate conformational
changes required for conditional cooperativity.

Experimental procedures
Strains and plasmids

E. coli BL21(DE3) were used for expression of Hisg-RelB,
Hise-RelBA70-79, Hisg-RelBA66—79, and Hisg-RelBA19—21—
RelE. The Hiss-RelBA19-21-RelE variant was previously
described where the RelBA19-21 variant is thought to reduce
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the affinity between RelB and RelE and allow for their separate
purification (51) (Table S1). E. coli BW25113 were used for all
growth assays, J-gal assays, and immunoblots. The pBAD33.1-
RelB-RelE or pBAD33-FLAG-RelB-RelE plasmids served as a
template for all mutagenesis experiments for RelB and RelB—
RelE variants used in growth assays, 3-gal assays, and immu-
noblots (Table S2). All point mutations were verified by Sanger
sequencing. The pRK793 plasmid encoding TEV protease with
kanamycin resistance was previously described (24).

Growth assays

E. coli BW25113 transformed with either pBAD33.1-RelB—
RelE, pBAD33.1-RelB—RelE, or pBAD33.1-RelE variants were
grown in Lysogeny broth (LB) supplemented with 25 pug ml™
chloramphenicol at 37 °C. For growth curves, overnight cul-
tures were used to inoculate (1:100 dilution) 2 ml of LB sup-
plemented with 25 pig ml™' chloramphenicol and either 0.2%
L-arabinose or equivalent volume of milliQ water. The
resulting cultures were grown in a 24-well plate sealed with a
gas permeable sealing membrane (Breathe-Easy), incubated
with shaking at 37 °C for 5 h in a BioTek Cytation5, and the
absorbance was measured at 600 nm every 10 min.

For spot dilution assays, E. coli BW25113 transformed with
pBAD33.1-RelB—RelE, pBAD33.1-RelB—RelE, or pBAD33.1-
RelE variants were grown overnight in LB supplemented
with 25 pg ml™' chloramphenicol at 37 °C until saturation
(absorption of at least 1 at 600 nm). Each culture was split in
half, pelleted by centrifugation, and washed with sterile 1x
PBS. After three washes, the cell pellet was resuspended in 1x
PBS to an absorbance of 1 at 600 nm. Each resuspension was
serial diluted 1:10 in 1X PBS and spotted on M9 agar plates
supplemented with 0.1% casamino acids, 2 mM MgSO,,
0.1 mM CaCl,, 0.2% arabinose, 25 fig ml™" chloramphenicol,
and 0.4% glycerol (for induction). All were incubated at 37 °C.

For growth assays to determine accessibility of RelB L3 and
L4 to TEV protease, E. coli BW25113 cotransformed with either
pBAD33.1-RelB-L3-TEV-RelE, pBAD33.1-RelB-L4-TEV-RelE,
pBAD33.1-RelB-RelE, or pBAD33.1-RelE and pRK793-MBP-
TEV were grown in LB supplemented with 25 pig ml™" chlor-
amphenicol and 50 pug ml™' kanamycin at 37 °C overnight with
shaking. Fresh LB (2 ml) supplemented with antibiotic was
inoculated (1:100 dilution) with overnight cultures. The
resulting cultures were added to a 24-well plate and grown at
37 °C with shaking until an absorbance of ~0.18 at 600 nm in a
BioTek Cytation5. Expression was induced with either 0.2%
L-arabinose or equivalent volume of milliQ water as a control.
Cultures were grown at 37 °C with shaking for 1.5 h, expression
of TEV was induced with 1 mM IPTG or equivalent volume of
milliQ water as a control. The 24-well plate was sealed with a
gas permeable sealing membrane (Breathe-Easy) and incubated
with shaking at 37 °C for 9 h in a BioTek Cytation5, and the
absorbance at 600 nm was measured every 10 min.

RelE, RelB, and RelB variant purification

To purify RelB, RelBA70-79, and RelBA66—79 proteins, we
used a construct from the Strobel laboratory where the
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initiator start codon of RelE was mutated to isoleucine (51).
E. coli BL21 Gold (DE3) transformed with pET22b-HisgRelB—
RelE-M1I (51), pET22b-HiscRelBA70-79-RelE-M11, or
pET22b-HisgRelBA66-79-RelE-M1I were grown in LB at
37 °C and induced with 1 mM IPTG at midlog phase. After
3 h, cells were harvested by centrifugation and the cell pellet
was resuspended in lysis buffer (50 mM NaH,PO,, pH 8,
300 mM NaCl, 10 mM imidazole, 5 mM [-mercaptoethanol
[B-Me], 0.1 mM PMSF, 0.5 mM benzamidine) and lysed via an
Emulsiflex. The lysate was cleared by centrifugation, filtered
through a 0.45-um membrane filter, and loaded onto a 1 ml
HisTrap HP Ni**-Sepharose column equilibrated with binding
buffer (50 mM NaH,PO, pH 8, 300 mM NaCl, 35 mM
imidazole, and 5 mM [B-Me), and the protein was eluted with a
linear gradient of 35 to 500 mM imidazole. Fractions con-
taining protein were pooled and dialyzed into storage buffer
(50 mM NaH,PO,, pH 8, 150 mM NaCl, 20% glycerol, 7 mM
MgCl,, and 1 mM DTT), concentrated, flash-frozen in liquid
nitrogen, and stored at -80 °C.

For RelE purification, E. coli BL21 Gold (DE3) transformed
with pET22b-RelBA19-21-RelE were grown in LB at 37 °C
and induced with 1 mM IPTG at midlog phase. After 3 h, cells
were harvested by centrifugation. The cell pellet was resus-
pended in lysis buffer (50 mM NaH,PO, pH 8, 300 mM
NaCl, 10 mM imidazole, 5 mM B-Me, 0.1 mM PMSF, and
0.5 mM benzamidine) and lysed via an Emulsiflex. The lysate
was cleared by centrifugation, filtered through a 0.45-pm
membrane filter, and applied to a 5 ml HisTrap FF Crude
Ni**-Sepharose column equilibrated with binding buffer
(50 mM NaH,PO,, pH 8, 300 mM NaCl, 35 mM imidazole,
and 5 mM (-Me). The RelBA19-21-RelE complex was eluted
from the column via a linear gradient of 35 to 500 mM
imidazole, and the fractions containing the protein were
pooled and dialyzed into binding buffer. The complex was
then reapplied to a 5 ml HisTrap FF Crude Ni**-Sepharose
column equilibrated with binding buffer, and a linear gradient
of 0 to 6 M guanidine—HCl was applied to elute RelE from the
complex. Fractions containing RelE were pooled and dialyzed
in refolding buffer A (50 mM bicine [pH 8.4] and 6 M gua-
nidine-HCl) for 3 h and dialyzed in refolding buffer B
(50 mM Tris—HCI, pH 7.5, 70 mM NH,CI, 300 mM KClI,
7 mM MgCl,, 1 M guanidine-HCI, and 1 mM DTT) for an
additional 3 h. RelB was then refolded on the column with a
reverse linear gradient of 6-0 M guanidine—HCI and eluted
with a 35 to 250 mM imidazole linear gradient. Refolded RelB
and RelE were dialyzed into storage buffer (50 mM Tris—HCl,
pH 7.5, 70 mM NH,CI, 300 mM KCl, 7 mM MgCl,, 20%
glycerol, and 1 mM DTT), concentrated, flash frozen in liquid
nitrogen, and stored at —-80 °C.

RelB-RelE and RelB variants—RelE binding assays

Covalent labeling of lysine residues of RelE (RelE has 11)
was performed using the Protein Labeling Kit RED-NHS 2nd
Generation from NanoTemper. Purified RelE was buffer
exchanged into PBS-P (1X sterile PBS supplemented with
0.01% Pluronic F-127) and diluted to a final concentration of

SASBMB

RelE toxin suppression by the C terminus of RelB

20 uM. A sixfold molar excess of dye was resuspended in PBS-
P and incubated with 20 UM RelE for ~45 min in the dark at
room temperature. Unreacted dye was removed using the
provided B-column, a small size-exclusion column. Protein
concentration was measured at 280 and 650 nm. Degree of
labeling was calculated, and initial fluorescence scans were
performed on the Monolith Instrument (NanoTemper). RelE
with greater than 50% labeling was used in binding assays.
Labeled RelE was further diluted to a working concentration
of 20 nM in assay buffer (1X sterile PBS supplemented with
0.01% Pluronic F-127). The concentration of ligand varied
depending on the RelB variant, and the final concentration of
labeled RelE was 10 nM. Each dilution series was incubated for
at least 30 min in the dark before loading into premium cap-
illaries to be read on the Monolith. Spectral shift measure-
ments were performed at 25 °C. Ratios of fluorescence
intensities at 670 and 650 nm were calculated within the
Monolith MO control software. Negative controls included
testing fluorescently labeled RelE in buffer alone and fluo-
rescently labeled RelE incubated with an excess of unlabeled
RelE, both of which showed no changes in fluorescence.
Exported data were plotted in GraphPad Prism (GraphPad
Software, Inc), and ECs, values were calculated with a binding
model of agonist versus response variable slope. Each ECs,
value was calculated from a total of four technical replicates
from two separate protein preparations and labeling reactions.

Transcriptional repressor assays

[-gal activity assays were performed as previously described
(52). E. coli BW25113 transformed with pOU254-relO or
cotransformed with pOU254-relO and either pBAD33.1-
RelB-RelE-R81A or pBAD33.1-RelB-RelE-R81A variants
were grown in LB supplemented with 25 pig ml™* chloram-
phenicol and 30 pug ml™ ampicillin at 37 °C overnight with
shaking. The next morning each strain was diluted 1:100 in LB
supplemented with 25 g ml™* chloramphenicol, 30 pg ml™
ampicillin, and 0.2% arabinose and grown with shaking at
37 °C. After 2 h, 1 ml of cells were permeabilized with 30 pl
0.1% SDS, 40 pl chloroform, and 830 ul Z-buffer. Upon ortho-
nitrophenyl-B-p-galactopyranoside ~ addition,  ortho-nitro-
phenyl-B-p-galactopyranoside hydrolysis was measured every
1.25 min over a total of 45 min. Miller units were calculated
and normalized based on the number of cells determined by
absorbance at 600 nm. Degree of repression was calculated as a
percentage by calculating the decrease in Miller units from
cells carrying plasmid-encoded RelB (or its variants) and RelE
compared with cells lacking any plasmid-encoded RelB—RelE
proteins (e.g., pOU254—relO).

Transcriptional repression via RT-qPCR

RNA was prepared from E. coli BW25113 transformed with
pOU254—relO alone or cotransformed with pOU254—relO
and either pBAD33.1-RelB-RelE-R81A or pBAD33.1-RelB-
RelE-R81A variants grown in LB supplemented with
25 ug ml™" chloramphenicol and 30 pg ml™' ampicillin and
0.2% arabinose at 37 °C for 2 h. RNA was extracted as
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described by New England Biolabs Monarch Total RNA
miniprep kit for TRIzol-extracted samples. Extracted RNA
was treated with Turbo DNase for 20 min at 37 °C, and then
phenol—chloroform was extracted. Complementary DNA was
generated following the ProtoScript II Reverse Transcriptase
protocol and treated with RNase H. RT—qPCR was performed
with primers to lacZ, and rpoD was the internal control
(Table S2). Relative levels of RNA were calculated using the
AACT method relative to construct with wildtype RelB—
RelE-R81A expression. Data are the averages from three in-
dependent biological replicates + SD.

Immunoblot analysis of RelB and RelB variants

E. coli BW25113 transformed with either pBAD33-FLAG-
RelB-RelE wildtype or pBAD33-FLAG-RelB—RelE variants
were grown in LB supplemented with 25 pig ml™* chloram-
phenicol at 37 °C overnight with shaking. Overnight cultures
were diluted 1:100 in fresh LB supplemented with 25 g ml™*
chloramphenicol and 0.2% vr-arabinose. Cultures were grown
at 37 °C with shaking for 3 h, the absorbance at 600 nm was
measured, cultures were pelleted via centrifugation, and flash
frozen in liquid nitrogen.

Cell pellets were resuspended in lysis buffer (20 mM Tris—
HCI, pH 7.5, 250 mM KCl, 0.1% Triton X-100, 5 mM B-Me,
0.1 mM benzamidine, and 0.1 mM PMSF) to an absorbance at
600 nm of 0.5. Resuspended cells were lysed via 10 cycles of
freeze and thaw. After lysis, cells were pelleted by centrifuga-
tion with the lysate in the soluble fraction. Total protein con-
centration in the soluble lysate was determined via Bradford
assay. Total protein (5 pg) was mixed with 2X Laemmli buffer
(40% glycerol, 125 mM Tris—HCl, 4% SDS, 0.05% bromophenol
blue, and 0.05% B-Me) and loaded on an 8 to 16% Invitrogen
Novex Tris—Glycine Mini Protein Gel. Proteins were resolved
and then transferred to a nitrocellulose membrane. Membrane
was blocked with 5% milk in 1X Tris-buffered saline with 0.1%
Tween-20 for 1 h at room temperature with shaking. Mem-
brane was probed with 1:5000 dilution of Sigma-Aldrich
Monoclonal anti-FLAG M2 for 30 min and subsequently
incubated with 1:15,000 dilution of anti-mouse—conjugated to
horseradish peroxidase (HRP). Membrane was incubated with
room temperature Immobilon Classico Western HRP sub-
strate, and chemiluminescence was detected by a BioRad
ChemiDoc. As a loading control, the membrane was then
probed for maltose-binding protein (MBP) with a 1:5000
dilution of rabbit anti-MBP for 30 min and subsequently
incubated with 1:15,000 dilution goat anti-rabbit secondary
conjugated to HRP. Membrane was incubated in room tem-
perature with Immobilon Classico Western HRP substrate, and
chemiluminescence was detected by a Bio-Rad ChemiDoc.

Identification of proteolyzed RelB

E. coli BW25113 cotransformed with either pBAD33.1-His-
RelB-L3-TEV-RelE or pBAD33.1-Hiss-RelB-L4-TEV-RelE
and pRK793-MBP-TEV were grown overnight in LB at 37 °C
with 25 pig ml™" chloramphenicol and 50 pg ml™" kanamycin.
Overnight cultures were diluted 1:100 in fresh LB
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supplemented with 25 pg ml™" chloramphenicol, 50 pig ml™
kanamycin, and 0.2% L-arabinose. After 2 h, cells were induced
with 1 mM IPTG, grown for 1.5 h, and harvested by centri-
fugation. The pellet was resuspended in lysis buffer (20 mM
Tris—HCI, pH 7.5, 250 mM KCl, 0.1% Triton X-100, 5 mM
B-Me, 0.1 mM benzamidine, and 0.1 mM PMSF) and lysed via
10 cycles of freeze and thaw. After lysis, cells were pelleted by
centrifugation, and the lysate was applied to a equilibrated
NEBExpress Ni** Spin Column and purified following the NEB
Express Ni** Spin Column Quick Start Protocol, with two
minor changes. These changes are that the lysate was incu-
bated with resin for 5 min at 4 °C with agitation, and resin was
washed five times with wash buffer. Eluted proteins were
mixed with 2X Laemmli buffer (40% glycerol, 125 mM Tris—
HCI, 4% SDS, 0.05% bromophenol blue, and 0.05% B-Me)
and run on a 20% SDS-PAGE and stained with Coomassie G-
250. Bands corresponding to TEV-proteolyzed RelB-L4-TEV
or RelB-L3-TEV were gel extracted. Proteins were extracted
by destaining with destaining solution (50% acetonitrile), fol-
lowed by gel dehydration with 100% acetonitrile, and an
overnight incubation of dehydrated gel with extraction buffer
(50% formic acid, 25% acetonitrile, and 15% isopropanol) at
37 °C with agitation. The next morning, mixtures were
centrifuged and the supernatant containing extracted protein
was isolated. Extracted protein was buffer exchanged into 0.1%
formic acid.

Chromatographic separation was performed using a
Thermo Fisher Scientific Vanquish Neo UHPLC system
coupled with an EASY-Spray HPLC column (ES907,
150 mm x 150 pm, 4 pm particle size, polystyrene—
divinylbenzene packing material; Thermo Fisher Scientific).
The column temperature was maintained at 60 °C to optimize
protein elution and ensure stable spray performance, as rec-
ommended for EASY-Spray columns. A 10 min linear gradient
was employed, with mobile phase A consisting of 0.1% formic
acid in water and mobile phase B consisting of 0.1% formic
acid in 80% acetonitrile. The gradient ranged from 5% to 55%
B over 10 min at a flow rate of 2 pul min, suitable for the
capillary flow design of the ES907 column. The injection vol-
ume was 15 U, corresponding to 100 mM of protein loaded
onto the column. A 2 min column re-equilibration at 1% B was
included postgradient.

Intact protein analysis was conducted on a Thermo Fisher
Scientific Orbitrap Exploris 480 mass spectrometer equipped
with an Easy Spray lonization source, optimized for the EASY-
Spray column’s integrated fused-silica emitter. The instrument
was operated in positive ion mode with the following source
parameters: spray voltage, 1.8 kV; on transfer tube tempera-
ture, 32 °C. Full mass spectrometry scans were acquired in the
m/z range of 500 to 2000 at a resolution of 240,000 (at m/z
200). The automatic gain control target was set to 3e6 ions
with a maximum injection time of 100 ms. Raw mass spectra
were processed using Thermo Fisher Scientific Free Style
software (version 1.8). Deconvolution of the intact protein
mass spectra was performed using freestyle. The resulting
deconvoluted spectra were manually inspected to confirm the
presence of the expected molecular weight.
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AF3 structure predictions

Amino acid sequences of RelB, RelE, DinJ, and YafQ were
obtained from Kyoto Encyclopedia of Genes and Genomes.
The relBrelE DNA operator site (relO) and the dinJyafQ DNA
operator site (din]) were previously determined (11, 25). Using
AF3 (44), 3D complex structures of the RelB—RelE hetero-
tetramer bound to re/O containing a single IR (12 nts) and the
DinJ-YafQ heterotetramer bound to din/ containing a single
IR (9 nts) were assessed.

Data availability

Most data are available in the article. The mass spectrom-
etry proteomics data have been deposited to the Proteo-
meXchange Consortium via the Pride[l] partner repository
with the data identifier PXD065338.

Supporting information—This article contains supporting informa-
tion (24, 25, 51, 53, 54).
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