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Abstract

Type | toxin-antitoxin (TA) systems typically consist of a protein toxin that imbeds in the

inner membrane where it can oligomerize and form pores that change membrane permeability,
and an RNA antitoxin that interacts directly with toxin mRNA to inhibit its translation. In
Escherichia coli, symE/symR is annotated as a type | TA system with a non-canonical toxin.
SymE was initially suggested to be an endoribonuclease, but has predicted structural similarity
to DNA binding proteins. To better understand SymE function, we used RNA-seq to examine
cells ectopically producing it. Although SymE drives major changes in gene expression, we

do not find strong evidence of endoribonucleolytic activity. Instead, our biochemical and cell
biological studies indicate that SymE binds DNA. We demonstrate that the toxicity of symE
overexpression likely stems from its ability to drive severe nucleoid condensation, which disrupts
DNA and RNA synthesis and leads to DNA damage, similar to the effects of overproducing the
nucleoid-associated protein H-NS. Collectively, our results suggest that SymE represents a new
class of nucleoid-associated proteins that is widely distributed in bacteria.
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The conserved protein SymE from Escherichia coli was originally thought to be a toxin of a

type | toxin-antitoxin system that cleaves RNA. However, our biochemical and cell biological
studies indicate that SymE instead binds DNA and can, when overexpressed, drive severe nucleoid
condensation. This condensation, similar to that observed with H-NS, disrupts bulk DNA and
RNA synthesis, and produces double-strand breaks. We propose that SymE represents a new class
of nucleoid-associated protein.

Introduction

Toxin-antitoxin (TA) systems are typically composed of a relatively stable toxic protein and
a more labile antitoxin. These systems are widespread in bacterial genomes, with a single
species often harboring multiple systems. TA systems have been suggested to participate in
a wide variety of physiological processes, though the functions of most TA systems remain
unknown or poorly understood. The first characterized TA systems were plasmid borne and
found to help maintain plasmids within a population of cells (1-3). Chromosomally encoded
TA systems have been suggested to participate in various stress responses and persistence,
but a growing body of work suggests that many TA systems may protect their hosts from
phage infection (4-7).

Seven different types of TA system have been identified, with the type defined by the
nature of neutralization by the antitoxin (8). Type I antitoxins are small RNAs encoded
antisense to or nearby their cognate toxin. These RNA antitoxins interact directly with toxin
MRNA to occlude the ribosome binding site, promote degradation of the toxin/antitoxin
RNA complex, or both (9). Almost all type | toxins reported to date are small (< 100 amino
acids), single-domain proteins that are thought to oligomerize within the cell membrane,
causing membrane depolarization and permeabilization (10). Though discovered soon after
type 1l TA systems, type | systems are not nearly as well studied.
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The E. coli MG1655 genes symE and symR are currently annotated as a type | TA system
(Figure 1A). Expressing sym£E at high levels blocks cell growth, while symR expression

can prevent SymE translation (11). symFR encodes a small RNA that is transcribed largely
within and antisense to the 5’ end of symE. The symR RNA is transcribed at ~10-fold higher
levels than symE and likely occludes ribosome binding when bound to sym£E RNA. The
expression of symE is also controlled at the transcriptional level by the LexA repressor,
making it part of the SOS regulon (11-13). Though induced in the SOS response, there is
limited evidence of a role for SymE in recovery from DNA damage. AsymE mutants show
no growth difference in most DNA damaging conditions except for a modest defect when
treated with styrene oxide (11, 14).

In cells overexpressing symeE, viability drops ~10-fold within 90 minutes, with a
concomitant drop in global translation (11). Cells overproducing SymE also show decreases
in the levels of several transcripts, including recA and ompA, with possible RNA
degradation products observed in the case of ompA. These observations suggested that
SymE may be an endoribonuclease. However, SymE is a 113 amino-acid protein with
structural similarity to AbrB and MazE family proteins that feature a DNA-binding,
swapped hairpin fold (15, 16). Most AbrB-like proteins control the expression of a

specific set of genes, although the recently described Sso7c4 from the archaeon Su/folobus
solfataricus binds DNA non-sequence specifically and may function primarily to control
DNA compaction (17). Among the AbrB family of proteins, SymE is most similar to the
DNA-binding domain of MazE, the antitoxin of the type Il TA system mazEF (Figure 1B).
Our phylogenetic analyses indicated that SymE homologs are found in all bacterial phyla
except actinobacteria and cyanobacteria, but only in 357 of ~9,000 representative species. As
in E. coliMG1655, symE homologs are often encoded near restriction-modification systems,
especially mcrBC systems. Nearly half of the species with symE have a paralogous copy,
with up to 41 copies in a single species.

To further examine the molecular function of SymE, we used a previously developed
RNA-seq method to test how SymE impacts £. colitranscripts. Although the levels of
many RNAs change after inducing sym£, we find no evidence of endoribonuclease activity.
Instead, ChlP-seq and electrophoretic mobility shift assays using purified SymE indicate
that SymE binds DNA /n vivoand in vitro. Further, using fluorescent microscopy, we find
that high levels of SymE drive nucleoid compaction. Such compaction was not seen when
overproducing other known toxins, but is similar to that seen after overexpressing /ns, which
encodes a nucleoid-associated protein (18). Similarly, we find that overexpressing either
symeE or hns leads to double strand breaks in DNA. Our results indicate that SymE binds

to and compacts the nucleoid in a way that disrupts both DNA replication and transcription,
as well as producing double strand breaks in DNA. Taken together, our findings support the
notion that SymE is not a canonical type | TA toxin and instead represents a novel DNA
binding protein.
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SymE homologs are widespread and frequently co-located with restriction modification

systems

We first sought to reexamine the conservation and phylogenetic distribution of symE
homologs in bacteria (11, 16, 19). Using £. co/i MG1655 SymE as a query, we searched

the Progenomes representative bacterial genomes database (20) and found homologs in all
bacterial phyla except for Actinobacteria and Cyanobacteria (Figure 2A) (see Methods).
Note that our search was based solely on sym£, and that we did not search for antisense
symR homologs. Although sym£E is widespread in bacteria, we found homologs in only
357 of the approximately 9,000 queried species. An alignment of SymE sequences from
representative species revealed a conserved 34 amino acid core that is located within the

E. coli SymE AbrB domain, predicted here using PSIPRED (Figure 2B) (21). The most
conserved positions featured small, hydrophobic residues (G, I, L, V) or aromatic residues
(F, W). In many Proteobacteria and some Firmicutes, symE was encoded in genomes
immediately adjacent to or near restriction-modification (RM) systems, especially mcrBC-
like systems (Figure 2A). This co-location with RM systems might indicate that SymE plays
a role in defense against foreign DNA, as phage defense systems often cluster together (22),
but we were unable to identify a coliphage that sym£E protects against.

Strikingly, we found that sym£is often highly duplicated within certain species (Figure
2A). The degree of duplication was variable; about half of the species harbor only a single
symE with the other half containing 2 to 41 copies (Figure 2C). Ten species encode > 11
different SymE homologs (Figure 2D). Paralogs of symE were especially prevalent in the
Enterobacterales. When we analyzed the promoters of the sym£E paralogs in a given species,
we found that not all contained LexA binding sites based on consensus sequences from
different bacterial phylum and classes (23).

Inducing SymE does not produce a signature of endoribonuclease activity in vivo

Given the wide distribution of symEhomologs, we sought to better understand its function.
SymE was initially suggested to be an endoribonuclease (11), but its activity has not been
well characterized. To examine whether SymE drives RNA cleavage /n vivo and to map its
potential specificity as a nuclease, we used a previously developed, paired-end RNA-seq
method for mapping cleavage events transcriptome-wide following SymE induction (24). A
schematic of this technique is shown in Figure 3A using data from the well characterized
RNase MazF. In this method we calculate a “‘cleavage ratio’, which is the ratio of the read
counts for each nucleotide within a transcript in cells producing a potential endoribonuclease
compared to cells harboring an empty vector. Large dips or “valleys” in the plot of

cleavage ratio across a transcript indicate sites that were likely cleaved. In £. coli, 3’-to-5’
exonuclease activity can drive additional loss in fragment density and low cleavage ratios in
regions immediately 5’ of a cleavage site. To identify cleavage events and reduce noise from
3’-to-5" exonuclease activity, we calculated the slope of the cleavage ratio across a transcript
in sliding 30 nucleotide windows. Local maxima in this slope indicate putative cleavage
sites.
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To determine whether SymE cleaves mRNA /n vivo, we used a strain consisting of symE
on a plasmid under the control of an arabinose inducible promoter in £. coli MG1655 also
harboring the PCP18-ara£’ mutation that enables relatively homogeneous expression from
the P, promoter (11, 25). Prior to induction, cells harboring the plasmid with sym£ had
viability comparable to an empty vector control strain (Figure 3B). However, after adding
arabinose, cells producing SymE exhibited a substantial loss in viability, consistent with
prior work on sym£E (11). We took samples 0, 30, and 90 minutes after induction and used
our paired-end RNA-seq method to look for potential RNA cleavage.

We first inspected ompA and recA, which were previously examined by Northern blotting

in cells overexpressing sym£E (11). We found no evidence of endoribonuclease activity, with
the cleavage ratio profiles remaining flat, and cleavage ratio slopes close to 0 throughout
each transcript (Figure 3C). To evaluate cleavage events globally, we assessed the maximum
cleavage ratio slope value in each transcript and then plotted these values in a histogram
(Figure 3D). The histograms of slope maxima after 30 minutes and 90 minutes of sym£
expression clustered tightly around 0, similar to that seen when comparing two empty vector
samples to one another. In contrast, when we performed the same analysis on similar,
previously generated data for MazF, there was a clear skewing of the histograms to the right
after 5, 30, and 60 minutes of mazF expression, indicating that many transcripts had been
cleaved (Figure 3D) (24). These results indicated that SymE is not detectably cleaving RNA.

Although we did not detect cleavage within transcripts, we did detect changes in the
expression levels of many genes. (11). Analysis of the entire transcriptome revealed
significant increases and decreases in hundreds of transcripts after 30 and 90 minutes of
symE induction (Figure 3E). However, there was no obvious or detectable enrichment of
specific classes or functionally related sets of genes (Table S1) (26). Many of the down-
regulated genes at both time points examined were related to metabolism. Up-regulated
genes have even less in common and were mostly uncharacterized or putative in nature,
though many are encoded on prophages and may reflect a general stress response following
SymeE induction (27). There was also an induction of the SOS regulon, as discussed below.

SymE binds DNA in vivo and in vitro

Given its predicted structural similarity and homology to AbrB family proteins (Figure

1B), we hypothesized that SymE binds DNA (15, 16). To test this possibility /n vivo, we
performed chromosome immunoprecipitation sequencing (ChlIP-seq) following expression
of C-terminally SPA-tagged SymE or, as a control, untagged SymE in £. col/i MG1655 cells
growing in LB. The SPA tag has previously been shown to not significantly affect Symg
toxicity (11). The tagged and untagged SymE were each induced and ChIP-seq performed
on samples taken 30- and 60 minutes post-induction. Figure 4A summarizes the enrichment
of tagged SymE relative to the untagged control across the £. coli chromosome. SymE-SPA
showed high occupancy relative to the untagged control sample at a broad range of genomic
positions at both 30- and 60-minute time points. Peaks in the ChIP data were called using
the MACS algorithm, and additional fold enrichment and maximum background thresholds
were applied using MochiView (28, 29) (see Methods). A total of 61 peaks exceeded the
thresholds set in both the 30- and 60-minute time points. These peaks were highly variable
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in their width and where within genes they occurred. We sorted them into five general
categories based on the genomic region spanned: (1) from an intergenic region into the 5’
end of a coding region, (11) from the 3’ end of a coding region into an intergenic region,
(1) from within one coding region into an adjacent coding region, (IV) 90% of one or more
coding regions and, (V) not overlapping with any coding region (Figure 4B—C). Category
I and IV were the most common, comprising > 68% of the total. On average, peaks were
466 + 343 bp wide. We also searched for sequence motifs both within the entire set of 61
peaks, and within the subsets of peaks, but no obvious common motif nor a significant AT
skew emerged (30). To assess the reproducibility of our ChIP-seq analyses, we performed
two additional biological replicates of the 30-minute time point. A majority of the 61
peaks initially found were again identified by MACS; 52 of the 61 peaks were called in

at least three of the four total experiments, and 47 of the 61 peaks were called in all four
experiments (Table S2). The representative peaks shown in Figure 4C are shown again in
Figure S1A, with all four replicates displayed.

To determine whether the 61 SymE-SPA peaks correlated with the genes whose expression
changed the most in our RNA-seq analysis of symE overexpression, we replotted our RNA-
seq data, highlighting genes with overlapping or upstream ChlP-seq peaks (Figure 4D). The
genes associated with ChIP-seq peaks were slightly more likely to be downregulated than
other genes after 30 minutes of SymE induction (Figure S1B). However, there were many
regions of the genome bound by SymE whose expression did not change, suggesting that
SymE is not a specific transcription factor. We therefore considered whether SymE localizes
to regions of the genome that are simply more accessible, such as genes that are highly
transcribed (31). To test this idea, we compared our SymE-SPA ChIP data to available o0
and RNA polymerase ChIP datasets and found that the regions harboring SymE ChIP-seq
peaks had significantly higher /% and RNA polymerase occupancy than 61 randomly
chosen locations that were size matched to the SymE peaks (Figure 4E) (32, 33). This trend
held for o70 even if we relaxed our peak calling thresholds (Figure S1C). These findings
indicate that SymE may have some preference for binding to actively transcribed regions of
the genome. It is also important to consider that this ChIP experiment, as with most of our
experiments and the prior study, was done using the ectopic expression of symE such that
SymeE is likely present at high concentrations. This high abundance likely means that high
and low affinity binding sites for SymE cannot be distinguished.

To test whether SymE directly binds DNA, we used electrophoretic mobility shift assays
(EMSAS). For these experiments, we purified Hisg-TEV-SymE and then cleaved off the
Hisg tag to produce untagged SymE. Gel filtration analysis of this purified SymE revealed
a single dominant peak at ~57 kDa. Given the molecular weight of a SymE monomer
(~12 kDa), this result suggests that SymE oligomerizes, possibly forming a tetramer,
which would be consistent with other AbrB-family proteins that form various oligomeric
complexes (Figure S2) (15). We first performed an EMSA for SymE binding to a 444 bp
fragment of DNA corresponding to the ChlP peak identified within the /o/7 and aas coding
regions (Figure 5A). The /p/T-aas band decreased in intensity at ~0.5 pM SymE and then
was completely lost at 1.0 uM SymE. Notably, the Jo/7-aas probe did not form discrete,
lower mobility bands with increasing concentrations of SymE. Instead, no DNA was seen,
suggesting that the DNA-SymE complexes were no longer entering the gel. To rule out
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possible DNase contamination in our SymE preparation or that SymE itself is a DNase, we
repeated the experiment, but added SDS to each reaction immediately before loading the gel.
In this case, all of the DNA entered the gel, indicating that it had not been degraded.

An EMSA with another probe, this one corresponding to the ChlP-seq peak found within
VIfL, was almost identical to that of Jo/7-aas (Figure 5A). We also tested SymE binding

to sheared ~200 bp fragments of £. coli genomic DNA. We found that SymE bound the
sheared DNA with similar apparent affinity as the DNA corresponding to ChlP peaks. This
result suggests that SymE does not strongly prefer to bind DNA /n vitro corresponding to the
ChIP peaks we tested and also that SymE has no preference for methylated genomic DNA
over unmethylated PCR product. Finally, we performed an EMSA on closed circular DNA
(the plasmid pUC19) and again found that the probe first showed diminished intensity at
~0.5 uM SymeE and then was fully retained within the wells at higher concentrations.

Next, we assessed whether SymE is localized to the nucleoid /in vivo. To this end, we used
a sucrose gradient to separate the nucleoid from the cytoplasm in extracts taken from cells
producing a SPA-tagged copy of SymE at its native locus. This strain also has mutations

in the symR promoter which prevent expression of symR antisense RNA and increase
SymeE levels to aid in detection (11). Cells were treated with the DNA damaging agent
mitomycin C (MMC), which is known to induce sym£E expression (11). After 90 minutes of
treatment with MMC, we loaded gently lysed cells onto a sucrose gradient and centrifuged.
Fractions corresponding to the cytoplasm or nucleoid were identified and isolated based on
their position in the gradient and absorbance at 260 and 280 nm (Figure 5B). A Western
blot for the FLAG portion of the SPA tag indicated that SymE-SPA is found in both the
cytoplasm and the nucleoid (Figure 5C). We re-probed the blot with antibodies against
GroEL, a chaperone, and RpoA, the alpha subunit of RNA polymerase (Figure 5D). GroEL
was localized only to the cytoplasm, as expected, whereas RpoA was found in both the
cytoplasmic and nucleoid fractions, similar to SymE-SPA. Thus, SymE-SPA localizes to the
nucleoid in a manner comparable to RpoA, which is known to associate with the nucleoid.

We conclude that SymE directly binds DNA, consistent with its predicted structural
similarity to AbrB-family proteins. The shifting of bound DNA to a form that could not
enter the gel in our EMSAS likely reflects the oligomerization of SymE. Whether the bound
complex represents a single tetramer of SymE bound to DNA or involves higher-order
assemblies is not clear. The binding of SymE was generally non-specific /n vitro, consistent
with its apparent lack of sequence specificity in our ChlP-seq analyses and the notion that
DNA accessibility may be a major determinant of SymE binding /in vivo.

symE expression leads to nucleoid condensation

To further probe SymE function and elucidate the mechanistic basis of its toxicity when
overexpressed, we performed time-lapse microscopy and examined changes in nucleoid
structure and cell morphology (Figure 6A). To visualize nucleoid structure in living cells, we
used an £. coli MG1655 strain producing GFP-tagged HupA, a subunit of the histone-like,
nucleoid-associated protein HU, from its native chromosomal location (34). We introduced
into this strain a plasmid for expressing symE from an arabinose-inducible promoter or

an empty vector. To quantify condensation, we calculated the percentage of the total
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area of cells taken up by their nucleoid, as measured by HU-GFP staining, at each time
point (Figure 6B). Cells with an empty vector grew and divided normally with nucleoids
occupying a large percentage of the cell, as expected. In contrast, for cells expressing symeE,
the nucleoids were condensed within 30 minutes of induction and remained condensed
throughout the 180-minute time course.

The nucleoid condensation in cells expressing syméE did not always happen in a synchronous
manner within a given cell. While the nucleoids in some cells condensed all at once, in many
cells certain regions condensed first, seemingly at random. It is possible that two nucleoids
existed prior to SymE accumulation and then condensed separately from one another. These
condensed domains or nucleoids could then aggregate with each other (Figure 6C-D).
Additional examples of this behavior are illustrated in Figure S3A. As the nucleoids were
condensing after overproducing SymE, some cells finished a round of cell division, but

no subsequent divisions were seen. Once condensed, the nucleoids were never seen to
decondense.

Nucleoid condensation like that seen with SymE has also been reported for cells
overproducing H-NS, a nucleoid-associated protein in £. co/i (18). High levels of H-NS
are lethal, and cause nucleoids to condense into highly compact spheres, halting bulk
transcription and translation. To directly compare SymE to H-NS, we overexpressed /ns
from a plasmid in the strain producing HU-GFP. Note that sym£ was expressed from a
plasmid with a higher copy number and stronger RBS (pBAD24) than the vector which
hnswas on (pBAD30) (35). The growth of cells in both strains stopped at comparable

time scales as seen by microscopy indicating a similar amount of toxicity between the

two strains. The nucleoid compaction caused by H-NS looked remarkably similar to that
seen when overproducing SymE (Figure 6A-B, Figure S3B) except that H-NS appeared to
compact nucleoids in a more uniform, coordinated fashion than SymE did; and two regions
that initially condensed separately, could fuse into one uniform mass (Figure 6C-D). When
expressed from the lower copy vector pBAD30, SymE did eventually condense the nucleoid,
but it took longer to halt cell growth (Figure S3C).

We also compared cells overexpressing symeE or /insto those overexpressing toxins

from TA systems and to cells treated with chloramphenicol, which has been reported to
trigger nucleoid condensation (Figure 6A, Figure S3D) (36). Inducing MazF, a ribosome-
independent endoribonuclease toxin of the MazEF system, caused nucleoids to become
relaxed and continue to fill most of the cell, even as cell division was disrupted. RelE, a
ribosome-dependent endoribonuclease of the RelBE system, caused a modest condensation
of the nucleoid, though not to the degree seen with SymE or H-NS. Additionally, the

RelE nucleoids retained the capacity to fully decondense (Figure S3E). The nucleoids from
cells treated with chloramphenicol behaved like those expressing re/E. Finally, nucleoids in
cells expressing the SOS-induced type | toxin #isB retained a relatively constant size and
remained static within the cytoplasm, likely due to the rapid onset of cell death in these
cells. Overall, none of these toxins, nor chloramphenicol, caused a nucleoid compaction
phenotype comparable to H-NS or SymE. We conclude that, as with H-NS, SymE is directly
compacting the nucleoid.
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Double strand breaks form in the DNA of cells expressing symE or hns, and symE inhibits
bulk DNA and RNA synthesis

DNA-protein roadblocks can cause stalled replication forks and DNA damage associated
with that stalling, including double strand breaks (37). We hypothesized that if excessive
amounts of SymE binding to DNA was sufficient to drive nucleoid compaction, it may

also disrupt DNA replication and produce a signal of DNA damage. In support of this
hypothesis, we found that SymE induction triggered the expression of many DNA damage
inducible SOS response genes in our RNA-seq data (Figure 7A) (38). This up-regulation
was statistically significant when comparing the SOS genes to the same number of randomly
selected genes at both 30- and 90-minutes post sym£E induction (Figure S4).

To assess whether SymE induction leads to double strand break (DSB) formation, we
performed time-lapse fluorescent microscopy on strains producing GFP-tagged Gam. Gam
is a protein derived from phage Mu that binds to the ends of double stranded DNA,

and GFP-tagged Gam forms visible puncta in cells upon the creation of DSBs (39). We
examined Gam-GFP puncta formation in cells expressing either high or low levels of symE,
hns, or relE, and compared each to a strain with an empty vector (Figure 7B). In cells
harboring the empty vector, we saw very few puncta as cells grew and divided over the
course of 180 minutes, with the percentage of cells having at least one focus remaining
relatively low throughout (Figure 7C). The occasional breaks seen are likely stochastic and
expected during normal cell growth (39). In cells producing high levels of SymE, many
more Gam-GFP puncta were seen, suggestive of increased DNA damage. At lower levels

of symE expression, there were initially fewer Gam-GFP puncta than with higher SymE
levels. However, by 180 minutes, there were many more Gam-GFP puncta than seen with
higher sym£E expression. The lower expression of symE may lead to less initial nucleoid
condensation and allow for more DNA replication to occur; as SymE gradually accumulated
in these cells, it likely produced the extensive DNA damage suggested by the abundant
Gam-GFP foci. In contrast, higher levels of SymE may cause a more rapid cessation of DNA
replication, limiting the number of replication forks and subsequent Gam-GFP foci that can
accumulate. As with SymE, when the nucleoid was condensed by overexpressing /ns, most
cells had at least one Gam-GFP focus by 180-minutes of expression (Figure 7B-C). In
contrast, most cells expressing re/E did not have Gam-GFP foci, with the percentage of cells
having at least one focus only slightly higher than the empty vector control (Figure 7C).

As RelE causes nucleoids to modestly condense via a mechanism other than direct DNA
binding, this result suggests that condensation of the nucleoid alone does not necessarily
cause DSBs to form and that the more significant nucleoid condensation, like that driven by
SymeE, is necessary to produce DSBs.

Our findings indicate that high levels of SymE drive nucleoid condensation, which likely
blocks both DNA replication and bulk transcription. To directly test this hypothesis, we
performed [3H]-thymidine and [3H]-uridine incorporation assays in which we monitored
uptake of radiolabeled thymidine or uridine over time after sym£ induction (Figure 7D).
Indeed, we found that the ectopic overexpression of symE caused a rapid and significant
decrease in the incorporation of both thymidine and uridine over time when compared to an
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empty vector control, indicating that SymE inhibits DNA replication and transcription, likely
by compacting the nucleoid.

Discussion

SymeE is a nucleoid-associated protein in E. coli

SymE was originally hypothesized to be an endoribonuclease as the abundance of several
transcripts decreases upon SymE induction. Using RNA-seq and [3H]-uridine incorporation
assays, we also found that transcript levels decreased significantly after inducing SymE, but
found no evidence of cleavage throughout the transcriptome. Instead, our results collectively
indicated that SymE binds DNA, consistent with its predicted structural similarity to AbrB
family proteins. Our ChlP-seq and EMSAs both indicated that SymE can bind DNA without
apparent sequence specificity across the genome, similar to the AbrB-fold protein Sso7c4
from Sulfolobus solfataricus (17). However, SymE did form discrete peaks within the
genome. What drives SymE to these particular locations of the genome is not yet clear.
SymE binding was often associated with highly expressed genes and recent work has
suggested that such regions of the genome may get localized to the periphery of the nucleoid
(31), possibly making them more available to and readily bound by SymE. Alternatively, or
in addition, there may be sequence features or structural elements of the genome that we
could not identify that promote SymE binding.

We found that SymE can oligomerize and cause DNA to be retained in very high molecular
weight complexes in EMSAs. The jump from DNA being mostly unbound at ~0.25 uM
SymE to mostly bound at ~0.5 pM SymE may indicate some degree of cooperativity in
SymE binding. The oligomerization of SymE may give it multivalency that could promote
crosslinking of DNA fragments, thereby inhibiting large DNA-protein complexes from
entering the agarose gel matrix. Based on the large and highly variable sizes of our ChIP-
peaks, it is also possible that SymE oligomers can spread across DNA, or interact with other
key binding partners in the cell. The precise nature and stoichiometry of the high molecular
weight SymE-DNA complexes seen /n vitrois not yet clear, but they seem likely to underpin
the nucleoid compaction capabilities of SymE. A similar aggregation of protein and DNA
likely occurs when symE is expressed in vivo. Indeed, when overproduced, SymE triggered
nucleoid condensation within 30 minutes, with relatively small, tight nucleoids persisting
over the duration of our time-lapse studies. In some cases, the entire nucleoid condensed at
once, but in others it occurred non-uniformly with some regions of the nucleoid condensing
first and then aggregating later with other condensed regions. Overproducing H-NS, a
well-studied nucleoid-associated protein, caused a similar degree of condensation as SymE
on a comparable time scale at levels of expression that enable both proteins to stop cell
growth. However, unlike SymE, H-NS almost always caused the nucleoid to condense into a
symmetric sphere.

High levels of SymE are toxic, inhibit DNA and RNA synthesis, and induce double-strand
breaks

In addition to driving nucleoid condensation, overproducing SymE also led to substantial
changes in gene expression. However, there were no obvious patterns or functionally related
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sets of genes that changed, and there was little correlation between the genes whose
expression changed and those to which SymE bound in our ChiP-seq. We also saw that bulk
RNA synthesis was inhibited upon SymE induction. Thus, we favor the notion that many

of the gene expression changes we observed stem from SymE forming protein “roadblocks”
on the DNA or disrupting chromosome accessibility that then non-specifically disrupts
transcription and translation, consistent with prior reports showing decreases in transcription
and bulk translation following SymE induction (11, 37, 40).

SymE-dependent obstructions on DNA and the prolonged condensation of the nucleoid
likely also cause DNA damage by blocking replication forks. In E. coli, DNA replication
can initiate from oriC multiple times per cell cycle. If two independent forks moving in

the same direction collide after encountering SymE directly or due to the condensation

of the nucleoid, it may produce double-strand breaks. We found that cells overproducing
SymE accumulated multiple Gam-GFP foci, and had increased expression of SOS induced
genes, consistent with this model. SymE is unlikely to be directly cleaving DNA as we saw
no DNase activity /n vitroduring our EMSASs and it harbors homology to DNA-binding
proteins, not nucleases. Although E. coli cells can tolerate some double-strand breaks, using
homologous recombination to drive repair, we speculate that the excessive number of DSBs
caused by SymE overproduction contributes to the observed loss in viability, in addition to
its effects on transcription and DNA replication.

Functions of SymE

The functions and a physiological role for SymE remain unclear. Although often classified
as a type | TA system, the evidence to support this assertion is limited. While symE/symR
bears some similarity to type | TA systems given that sym£Eis toxic when overexpressed
and is regulated by an antisense RNA, cells engineered to not express symR are viable, even
after SOS induction (11). For canonical type | TA systems, eliminating the antitoxin RNA
typically leads to activation of the toxin and cell death (2, 41, 42). The viability of the symR
mutant could reflect a requirement for additional signals that promote SymE accumulation.
As noted, symE is under SOS control and prior work showed that the Lon protease may
drive SymE degradation (11). However, AsymRAlon cells treated with the DNA damaging
agent MMC, which express and accumulate SymE, grew comparably to AsymERAlon cells
in the same conditions (11). Additionally, unlike canonical type | TA systems, the antitoxin
symR is more stable than the toxin SymE (11).

Regardless of its categorization as a TA system or not, a physiological role for SymE
remains unclear. All of the experiments performed here were done in cells overexpressing
symE and conditions in which SymE accumulates to such levels are not known. Under some
conditions SymE is likely to have a critical function, as homologs are widely prevalent in
bacteria and found in most bacterial phyla. Prior work showed that sym£ is under LexA
control, and it was shown early on to be DNA damage-inducible (receiving the designation
of dinL) and part of the SOS regulon (12, 13). One recent study found that a AsymER strain
has a modest growth defect after treatment with the alkylating agent styrene oxide (14), but
SymE is not required to survive other DNA damaging agents such as mitomycin C (11).
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One potential hint of SymE’s function comes from our phylogenetic studies in which

we found that sym£E often colocalizes with restriction-modification systems in bacterial
genomes, specifically the mcrBC system. As systems that protect against foreign DNA often
colocalize with one another in so-called defense islands (22, 43), it is possible that SymE
protects against phage or plasmids. SymE could also function in restriction alleviation, a
phenomenon in which unmodified regions of the genome, e.g. newly synthesized DNA
following DNA repair, are protected against a restriction enzyme by compacting the genome
(44). Such a function has been suggested previously for the nucleoid-associated protein
StpA, a paralog of H-NS (45). Whatever the case, our work strongly supports the notion
that SymE’s function will involve the DNA-binding and possibly the nucleoid compaction
capabilities documented here.

Strains, plasmids, and oligos

All strains, plasmids and oligos used are listed in Tables S3, S4, and S5, respectively.

Plasmid construction

pMKT26 was made by first removing the maltose binding protein coding sequence from
plasmid ML333 via round-the-horn PCR, leaving in the 6x-His tag and TEV cleavage site

5’ of the protein coding region to generate pMKT25. pMKT25 was then PCR linearized

and the syméE coding sequence was PCR amplified out of the £. co/i MG1655 genome

and inserted directly 3’ of the TEV cleavage site via Gibson assembly. To make pMKT57,
pBAD30 was PCR linearized and the syméE coding sequence was PCR amplified out of the
E. coliMG1655 genome and inserted 3’ of the arabinose promoter. pMKT59 and pMKT91
were made in a similar fashion, with the #sB and /ns coding sequences being PCR amplified
from the £. coliMG1655 genome and inserted into the pBAD30 backbone via Gibson
assemble, respectively.

Growth conditions

For cloning, strain maintenance, and ChlIP-seq, £. co/iwas grown in LB medium at

37 °C. Cells for RNA-seq and microscopy were grown in M9 minimal media (6.4 g/L
NayHPO4-7H50, 1.5 g/L KH5POy, 0.25 g/L NaCl, 0.5 g/L NH4CI medium supplemented
with 0.05% casamino acids, 0.4% glycerol, 0.1 mM CaCly, 1 mM MgSQy, and 1 pg/mL
thiamine) at 37 °C. Protein expression was performed in 2x YT (16 g/L tryptone, 10

g/L yeast extract, 5 g/L NaCl). Unless otherwise specified the following concentrations
of antibiotics were used for plasmid maintenance and strain selection (liquid; plate):
carbenicillin (50 pg/mL; 100 pg/mL), chloramphenicol (20 pg/mL; 30 pg/mL), or
kanamycin (30 pg/mL; 50 pg/mL)

Bioinformatics

To generate a phylogeny of the AbrB family, distant SymE homologs were identified using
HHPred (46). Hits with probability > 80 were used as seeds for individual HMMER
searches (e value cutoff = 0.01). Hits were pooled and highly similar sequences were
eliminated using CD-HIT (0.6 cutoff, word length = 4). The resulting 1,219 sequences
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were aligned using MUSCLE (2 iterations) (47). Best model (WAG) was selected using
ModelTest-NG and the tree was built using Fasttree (48, 49). The final tree was pruned to
remove poorly supported branches.

To determine the distribution of SymE across bacteria, a bacterial species tree was generated
based on a concatenated alignment of 27 ribosomal protein genes. HMMER was used

to identify and align orthologs of these genes from the ProGenomes Database. The
concatenated alignment was manually trimmed to remove positions represented in < 50% of
sequences and positions with < 25% conservation, and a tree was generated using FastTree,
and rooted on Cyanobacteria (49). SymE homologs in these species were identified and
aligned using JackHMMER (5 iterations, query threshold 10). LexA boxes were identified
within intergenic regions upstream of each SymE (23). McrB homologs were identified
using JackHMMER, and classified as near SymE if they were within 10 genes of SymE in
the gene annotation.

RNA-sequencing

Sample preparation, RNA extraction, library preparation and sequencing were performed in
triplicate.

Sample preparation—E. coli MG1655 PCP18-arak cells harboring either pPBAD24 or
pBAD24::symE were grown overnight in M9 media containing carbenicillin and then back
diluted into fresh M9 carb to ODggg 0.02. Cultures were then grown to ODggg 0.5 and
0-minute time point samples were collected. At every time point, ODggg Was measured

and samples were taken to monitor cell survival post induction and to extract RNA. Cells
were then induced with arabinose at 0.02%. Further samples were taken after 30- and 90-
minutes of induction. To measure cell survival, 200 uL of culture at each time point was
taken and then a log dilution series from 100 to 107> was made. 5 pL of each dilution

was then spotted on LB carbenicillin agar plates. For RNA samples, at each time point 1350
pL of culture was added to a tube that contained 150 uL of stop solution (95% ethanol, 5%
acid-buffered phenol). Tubes were inverted to mix and then spun down for 30 seconds at
13,000 rpm in a tabletop centrifuge. Supernatant was removed and pellets were flash frozen
in liquid nitrogen and then stored at =80 °C until ready for use.

RNA extraction—To extract RNA, 400 uL of Trizol reagent (Invitrogen) pre heated to

65 °C was added to pellets, vortexed and then placed on a thermomixer (Eppendorf) at

65 °C for 10 minutes at 2000 rpm. Samples were then frozen at =80 °C for at least 10
minutes. Samples were then thawed at RT and spun for 5 minutes at 13,000 rpm in a
tabletop centrifuge. Supernatant was removed and added to 400 pL of ethanol. Samples were
then applied to a Zymo DirectZol spin column and centrifuge for 30 seconds at 10,000 rpm
in a tabletop centrifuge. Columns were washed 2x with 400 uL of PreWash buffer and 1x
with 700 puL of RNA Wash Buffer. After discarding flow through, samples were centrifuged
for an additional 2 minutes to remove residual wash buffer. 90 uL of DEPC treated water
was added to the column matrix and the column was incubated at RT for 2 minutes, then
centrifuged and collected. 10 puL of 10x Turbo DNase buffer (Invitrogen) was added the
sample and then 2 pL of Turbo DNase | was added and samples were incubated at 37 °C
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for 20 minutes. Samples were then brought to 200 uL with DEPC water, then 200 uL of
acid-phenol:chloroform IAA, pH 4.5 (Invitrogen) was added and samples were vortexed for
1 minute. They were then centrifuged at 13,000 rpm in a tabletop centrifuge for 10 minutes.
The top (aqueous) layer was extracted and precipitated with 20 uL of 3 M NaOAc, 2 uL
glycogen and 600 pL ice cold ethanol. Samples were then incubated at —20 °C for at least

1 hour. Samples were then centrifuged at 13,000 rpm in a table top centrifuge at 4 °C for
30 minutes. Pellets were washed with 500 puL 70% ice cold ethanol and centrifuged for

an additional 5 minutes. This wash step was repeated. Pellets were then air dried for 5
minutes and resuspended in 35 pL of DEPC water. Concentration and integrity of the RNA
samples were assessed with a Nanodrop and by running out the samples on 6% TBE-Urea
acrylamide gels.

Library preparation—RNA-seq libraries were prepared as described in Culviner et al
(24). rRNA was removed either using the Ribo-Zero rRNA Removal Kit for Bacteria
(IMlumina) or with a method recently described in Culviner et al (50). For samples prepared
with Ribo-Zero, 225 pL of provided magnetic beads were washed with 225 pL of DEPC
water twice and resuspended in 65 pL of provided resuspension solution and 1 uL of
RiboGaurd RNase inhibitor was added. Then, 2.5-5 pg total RNA was mixed with 4 pL
provided reaction buffer, 10 pL rRNA Removal Solution and brought to 40 L total volume
with DEPC water. This reaction was incubated for 10 minutes at 68 °C followed by 5
minutes at RT. These reactions were mixed with the previously prepared magnetic beads by
pipetting followed by vortexing, and allowed to incubate for 5 minutes at RT. Bead mixtures
were then vortexed briefly and incubated at 50 °C for 5 minutes. Reactions were placed on
a magnet and the now rRNA depleted supernatant was transferred to a new tube. Samples
were brought to 180 L total volume with DEPC water and precipitated with 18 pL of 3 M
NaOAc, 2 uL glycogen and 600 pL ice cold ethanol. Samples were then incubated at —20 °C
for at least 1 hour. Samples were then centrifuged at 13,000 rpm in a tabletop centrifuge at
4 °C for 30 minutes. Pellets were washed with 500 uL 70% ice cold ethanol and centrifuged
for an additional 5 minutes. This wash step was repeated. Pellets were then air dried for 5
minutes and resuspended in 10 pL of DEPC water.

To fragment RNA, 1 pL of 10x RNA fragmentation buffer (Ambion) was added to 9 pL

of the resuspended RNA. Samples were mixed briefly by vortexing and spun down then
incubated at 70 °C for 8 minutes. Samples were then placed on ice and 1 L of RNA
fragmentation stop solution (Ambion) was added. Reactions were then brought to 20 pL
volume with DEPC water and precipitated with 2 uL of 3 M NaOAc, 2 L glycogen and 600
uL ice cold ethanol. Samples were incubated at —20 °C for at least 1 hour then centrifuged
at 13,000 rpm in a tabletop centrifuge at 4 °C for 30 minutes. Pellets were washed with 200
pL of 70% ethanol and centrifuged for an additional 5 minutes, then allowed to dry and were
resuspended in 6 uL of DEPC water.

First strand synthesis was performed using 1 uL random primers (Invitrogen) added to 6
pL of fragmented RNA. Reactions were heated to 65 °C for 5 minutes then placed on ice
for 1 minute. 4 pL 5x first strand synthesis buffer (Invitrogen), 2 pL of 100 mM DTT,

10 mM dNTPs, 4 uL DEPC water and 1 pL of Superase-In was added to each reaction
and allowed to sit at RT for 2 minutes. 1 uL of Superscript 11 (Invitrogen) was added to
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reactions which were then heated to 25 °C for 10 minutes, 50 °C for 1 hour, 70 °C for 15
minutes and then held at 4 °C. Reactions were then brought to 200 pL with DEPC water.
200 pL of phenol-chloroform isoamyl alcohol pH 8 was added and reactions were vortexed
for 1 minute then centrifuged for 10 minutes at 13,000 rpm in a tabletop centrifuge at 4 °C.
~200 uL of the top (aqueous) layer was extracted and then precipitated with 2 uL glycogen,
18.5 uL NaOAc, 600 pL ice cold ethanol, and incubated at —20 °C for 1 hour. Samples were
then spun at 4 °C for 30 minutes at 13,000 rpm in a tabletop centrifuge. Pellets were washed
2x with 500 pL of ice-cold ethanol, then air dried and resuspended in 104 uL of DEPC
water. Second strand synthesis was done by adding 30 pL 2x second strand synthesis buffer
(Invitrogen), 4 uL 10 mM dNTPs (with dTTP replaced by dUTP), 4 uL 5x first strand buffer
and 100 mM DTT to the 104 pL first strand reaction. Samples were then placed on ice for

5 minutes. After incubation on ice, 1 uL of RNase H (NEB), 1 pL of E£. co/i DNA Ligase
(NEB), and 4 UL of £. coliDNA Pol | (NEB) was added to each reaction which were then
mixed and incubated at 16 °C for 2.5 hours.

To clean up the second strand reactions, 100 uL of Ampure XP beads per reaction were
placed in a magnetic rack and supernatant was replaced with 450 puL of PEG 8,000 20%/2.5
M NaCl. The PEG/bead mix was then added to each second strand synthesis reaction and
samples were mixed by pipetting and vortexing briefly and then allowed to incubate at

RT for 5 minutes. Samples were then placed on a magnetic rack and allowed to clear.
Supernatant was removed and beads were washed 2x with 500 pL of 80% ethanol. All
ethanol was carefully removed and beads were allowed to dry completely. Beads were then
resuspended in 50 pL of elution buffer (10 mM Tris-Cl, pH 8.5).

End repair was done by adding 10 uL T4 DNA ligase buffer (NEB), 4 pL 10 mM dNTPs, 5
pL T4 DNA polymerase (NEB), 1 pL Klenow DNA polymerase (NEB), 5 uL T4 PNK
(NEB) and 25 uL. DEPC water to the 50 pL resuspended beads. Samples were then
incubated at 25 °C for 30 minutes. After incubation, 300 uL PEG 8,000 20%/2.5 M NaCl
was added to each reaction which were then mixed and allowed to incubate at RT for 5
minutes. Samples were placed on a magnetic rack and allowed to clear. Supernatant was
removed and beads were washed 2x with 500 pL 80% ethanol. All ethanol was carefully
removed and beads were allowed to completely dry. Beads were then resuspended in 32 pL
elution buffer.

3’ Adenylation was done by adding 5 uL. NEB buffer 2, 1 uL 10 mM dATP, 3 uL Klenow 3’
to 5 exo- (NEB) and 9 uL DEPC water to the 32 pL resuspended beads from the previous
step. Reactions were then incubated at 37 °C for 30 minutes. 150 pL of PEG 8,000 20%/2.5
M NaCl was added to each reaction which were then incubated at RT for 5 minutes. Samples
were then placed on a magnetic rack and allowed to clear. Supernatant was removed and
beads were washed 2x with 80% ethanol. All ethanol was carefully removed and beads were
allowed to completely dry. Tubes were then removed from the magnetic rack and beads were
resuspended in 20 pL of elution buffer and allowed to incubate at RT for 5 minutes. Tubes
were then placed back on the magnetic rack and allowed to clear. 10 pL of supernatant was
removed and stored in case of downstream failure. The beads were then resuspended in the
remaining supernatant and the bead/library mixture was used in the next steps.
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Next, paired end sequencing adaptors were ligated onto the library. To do that, adaptors were
annealed to each other by mixing 50 uL of each 200 uM adaptor stock and then heating
them to 90 °C in a PCR machine and cooling by 2 °C/minute for 30 minutes. Reactions were
then placed on ice and diluted with 100 uL DEPC water to make 50 uM stocks. Working
stocks of adaptors were made by diluting stocks to 5 uM. 1 uL of 5 uM adaptor mix and

10 pL of Blunt/TA ligase master mix (NEB) was added to the bead/library mixture from the
previous step and reactions were incubated at 25 °C for 20 minutes. Then 60 uL of PEG
8,000 20%/2.5 M NaCl was added to reactions and they were further incubated at RT for

5 minutes. After incubation, sample tubes were placed in magnetic racks and the solution
was allowed to clear. Supernatant was removed and beads were washed 2x with 500 pL of
80% ethanol. All ethanol was then carefully removed and beads were allowed to completely
dry. Tubes were removed from magnetic racks and beads were resuspended in 19 pL of 10
mM Tris pH 8.0, 0.1 mM EDTA. Samples were incubated at RT for 5 minutes then returned
to the magnetic rack and allowed to clear. Supernatant containing the library was carefully
removed and stored for later, and beads were discarded. The second strands of the libraries
containing dUTP were removed by taking 19 pL of library dsDNA and adding 1 pL of
USER enzyme (NEB). Reactions were then incubated at 37 °C for 15 minutes then at 95 °C
for 5 minutes.

Libraries were amplified by mixing 10 pL of library template, 2 pL of global primers, 2

uL of barcoded primers, 11 uL. DEPC treated water, and 25 L 2x KAPA master mix and
running them through the following PCR procedure: 98 °C for 45 seconds, 98 °C for 15
seconds, 60 °C for 30 seconds, 72 °C for 30 seconds and 72 °C for 1 minute, with steps 2—4
repeating for 9-12 cycles. Cycle number was determined based on trial amplifications run
using 10 pL reactions.

To select for the desired size of 200 to 350 bp, two sets of Ampure beads were first prepared
per sample. The first 100 L of beads were placed on a magnetic rack, supernatant was
removed and beads were resuspended in 120 pL of 20% PEG 8,000/2.5 M NaCl. The second
100 pL of beads was placed on a magnetic rack, supernatant was removed and beads were
resuspended in 40 pL 20% PEG 8,000/2.5 M NaCl. 50 pL of amplified library was brought
to 200 pL volume with 150 pL water. The now 200 pL of library reaction was added to the
beads resuspended in 120 uL of PEG solution which was then vortexed and incubated at

RT for 5 minutes. Tubes were then placed on a magnetic rack and the solution was allowed
to clear. The library will now be located in the supernatant. The supernatant was removed
and added to the beads prepared in 40 uL of 20% PEG 8,000/2.5 M NaCl, samples were
vortexed and incubated at RT for 5 minutes. Tubes were then placed in a magnetic rack

and the solution was allowed to clear. Supernatant was removed and beads were washed 2x
with 500 uL of 80% ethanol. All ethanol was carefully removed and beads were allowed

to completely dry. Beads were then resuspended in 11 pL of elution buffer and allowed to
sit for 5 minutes at RT. Tubes were then returned to magnetic racks and allowed to clear.
Supernatant, now containing the appropriately sized library, was removed and submitted for
paired-end sequencing performed on an lllumina NextSeq500 at the MIT BioMicroCenter.
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Cleavage and gene expression analysis

ChlP-seq

RNA-seq read mapping and calculation of cleavage ratios of sym£E:empty vector and
mazF.empty vector were done as described previously (24). Briefly, paired end reads

were mapped to the £. col/i MG1655 genome using Bowtie2 (51). For each fragment
defined by a read pair a single count was added to all bases crossed. Samples were
normalized by sequencing depth in coding regions as in (24), and the mean of the log-
transformed replicates were plotted or used to calculate cleavage ratio slopes. For empty
vector:empty vector cleavage ratios, we calculated the cleavage ratio directly on two empty
vector samples. Cleavage ratio slopes were calculated by a least-squares-fit of the log-
transformed cleavage ratio across 30 bases; slopes were plotted at the 5’-end of this region.
Transcriptome-wide cleavage ratio slope maxima were also summarized by histograms.
Here, we identified all local cleavage ratio slope maxima after applying a Gaussian smooth
to the data (sigma = 5). To remove noise associated with low expression, we required that
the 30-nucleotide region used to calculated the slope had a minimum expression value in the
empty vector =64 depth normalized read counts and was entirely within an annotated coding
region.

Differential expression analysis of empty vector versus sym£E induced samples was
performed by analyzing mapped reads using DESeq2 and visualized in R (52). To determine
if SOS genes were significantly more expressed after SymE induction, we took the log, fold
change of expression of SOS response associated genes at 30- and 90- minutes post SymE
induction and compared them to an equal number of randomly chosen genes with a t-test.
symeE itself was not included in the list of SOS induced genes as it was being artificially
overexpressed.

E. coliMG1655 cells harboring either pPBAD24::sym£E or pBAD24:: symE-SFA were grown
overnight in LB containing carbenicillin at 37 °C and then back diluted into fresh LB
carbenicillin to ODggg 0.02. Cultures were then grown at 37 °C to ODggg 0.25 at which
point they were induced with 0.2% arabinose. After 30- and 60- minutes of induction, 20 mL
samples of each culture were taken. 200 uL 1 M sodium phosphate pH 7.6 and 500 pL 37%
formaldehyde was added to each sample. Samples were incubated at RT for 20 minutes and
then quenched with 840 pL 2.5 M glycine and incubated at RT for 5 minutes. Samples were
then moved to ice and incubated for 15 minutes. Cells were then centrifuged at 8,000 x g
for 5 minutes at 4 °C. Supernatant was discarded and pellets were washed three times in 20
mL ice cold 1x PBS pH 7.4. Pellets were then resuspended in 500 WL ice cold TES buffer
(10 mM Tris-HCI pH 7.5, 1 mM EDTA, 100 mM NaCl). Samples were then snap frozen and
stored at —80 °C until ready for use.

Protein A Dynabeads (Thermo) were pre-blocked by aliquoting 100 pL per sample into
tubes. Tubes were placed on a magnet, solution was allowed to clear and supernatant was
removed. Tubes were removed from the magnet and beads were resuspended in 500 uL ChIP
0.01% SDS buffer (16.7 mM Tris-HCI pH 8.1, 167 mM NaCl, 1.1% Triton X-100, 1.2 mM
EDTA, 0.01% SDS). Tubes were returned to the magnet and allowed to clear. Supernatant

Mol Microbiol. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thompson et al.

Page 18

was removed and beads were resuspended in 1 mL ChIP 0.01% SDS buffer. 2 uL 50 mg/mL
BSA was added to each sample. Beads were incubated rotating overnight at 4 °C.

Previously snap-frozen samples were thawed at RT. 1 puL 35,000 U/uL Ready-Lyse
(Lucigen) was added to each sample. Samples were incubated at RT for 15 minutes. 500

uL of ChiIP buffer (16.7 mM Tris-HCI pH 8.1, 167 mM NaCl, 1.1% Triton X-100, 1.2

mM EDTA) containing Sigma Protease Inhibitor Tables (1 tablet per 30 mL ChIP buffer)
was added to lysate samples which were then incubated at 37 °C for 10 minutes. After
incubation, samples were sonicated on ice in 6x 10 second bursts at 15% output with 10
second pauses between bursts on a Branson sonicator. Lysate was then spun at 14,000 rpm
in a tabletop centrifuge for 5 minutes at 4 °C. Samples were then diluted in ChlP buffer +
0.01% SDS such that each sample was 1 mL containing 500 pg protein. 500 pL of the 1 mL
of pre-blocked Protein A Dynabeads were added to each sample which were then rotated at
4 °C for 1 hour. After incubation, tubes were placed on a magnet and allowed to clear. 90 puL
of supernatant was removed to determine total input chromatin. The remaining supernatant
was removed from beads and moved to a new tube. 1 uL Anti-FLAG antibody (Sigma) was
added to each tube. Tubes were then incubated overnight at 4 °C with rotation.

The second 500 L of pre-blocked Protein A Dynabeads were moved into fresh tubes for
each reaction. Tubes were then put on a magnet and supernatant was removed. Beads were
then resuspended in the immune complex that had been incubated at 4 °C the previous
night. Samples were then incubated on a rotator at 4 °C for 2 hours. Tubes were placed

on a magnet and supernatant was removed. Beads were washed for 15 minutes at 4 °C
consecutively with 1 mL the following buffers: 1x Low Salt wash buffer (0.1% SDS, 1%
Triton X-100, 2mM EDTA, 20 mM Tris-HCI pH 8.1, 150 mM NaCl), 1x High salt wash
buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM Tris-HCI pH 8.1, 500 mM NaCl),
1x LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, ImM EDTA, 10mM
Tris-HCI pH 8.1), 2x TE buffer (10 mM Tris-HCI pH 8.1 and 1 mM EDTA). Complexes
were eluted from the beads by adding 250 L of freshly prepared elution buffer (1% SDS,
0.1 M NaHCO3). Beads were incubated in elution buffer rotating at 30 °C for 15 minutes.
Tubes were placed on a magnet and cleared eluate (250 pL) was placed in a new tube.
Another 250 pL of elution buffer was added to the beads and reactions were incubated at
30 °C for 15 minutes. The second 250 pL eluate was combined with the first for a total of
500 pL of eluate. 30 pL of 5 M NaCl and 2 pL of 0.5 mg/mL RNase A was added to the
collective eluate. Samples were then incubated at 65 °C overnight to reverse crosslinking.

40 pL of 0.5 M EDTA pH 8.0, 20 uL 1M Tris-HCI pH 6.5, and 5 pL 20 mg/mL Proteinase-K
(NEB) was added to each sample which were then incubated at 45 °C for 2 hours. After
incubation 575 pL of phenol:chloroform:isoamyl alcohol was added to each sample which
were then vortexed for 1 minute. Samples were then centrifuged for 10 minutes at 13,000
rpm in a tabletop centrifuge at 4 °C. The top (aqueous) layer was extracted and moved to a
new tube. 575 pL phenol:chloroform:isoamyl alcohol was added to the extracted layer and
samples were vortexed for 1 minute. Samples were centrifuged again and the top (aqueous)
layer was extracted and placed in a new tube. 60 uL 3 M NaOAc, 5 uL glycogen and 600

UL ice cold isopropanol was added to each sample and they were incubated at least 1 hour at
-20 °C. Samples were then centrifuged for 30 minutes at 13,000 rpm in a tabletop centrifuge
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at 4 °C. Pellets were washed with 500 L ice cold 75% ethanol and then allowed to dry
completely. Dry pellets were then resuspended in 50 pL of elution buffer (10 mM Tris-HCI
pH 8.5, Qiagen)

To begin making sequencing libraries, 100 uL of Ampure XP beads per reaction were placed
in a magnetic rack and supernatant was replaced with 150 pL of PEG 8,000 20%/2.5 M
NaCl. The PEG/bead mix was then added to each 50 pL elution from the previous step

and samples were mixed by pipetting and vortexing briefly and then allowed to incubate

at RT for 10 minutes. Samples were then placed on a magnetic rack and allowed to clear.
Supernatant was removed and beads were washed 2x with 500 pL of 80% ethanol. All
ethanol was carefully removed and beads were allowed to dry completely. Beads were then
resuspended in 50 pL of elution buffer (10 mM Tris-Cl, pH 8.5).

Libraries were either then made following the same protocol as was done for our RNA-
seq starting with end repair, omitting the USER digest step, or were done by the MIT
BioMicroCenter. Completed libraries were submitted for single-end sequencing performed
on an lllumina MiSeq at the MIT BioMicroCenter.

ChlP-seq data analysis

Sequence reads were mapped to £. coli K-12 MG1655 genome (U00096.2) using the bowtie
2 software suite (51). Mapped reads were then analyzed using the MACS algorithm on
default settings to call peaks and obtain fold enrichment values (28). Wiggle files of mapped
reads were visualized in Mochiview (29). Peaks were further pruned using Mochiview

by removing any peaks that were below 2x fold enrichment over background or whose
background reached higher than 50 reads over the span of the peak. Finally, only peaks

that met thresholds at both initial 30- and 60-minute time points were kept, resulting in

61 total peaks which were used as our ChlP-seq peaks for the rest of the text unless
otherwise mentioned. Data from two additional 30-minute ChlIP-seq replicates was analyzed
using MACS on default settings and called peak locations were compared to those of the

61 significant peaks of the previously analyzed paired 30- and 60- minute data to assess
reproducibility of the ChIP-seq.

ChIP peak associated genes were chosen based on the following criteria: any genes whose
coding sequence was overlapped by one of the 61 ChIP peaks or any gene whose 5’
intergenic region was overlapped by one of the 61 ChIP peaks. To see if ChIP associated
genes were more affected in our RNA-seq data, we took the log, fold change of expression
of ChlIP associated genes at 30- and 90- minutes post SymE induction and compared them to
an equal number of randomly chosen genes with a t-test.

To determine if the locations where SymE bound were also enriched for o’ or RNA
polymerase binding, we compared our ChIP peaks to the ChIP signal from two previously
published data sets (32, 33). Unlike our data and the o0 data, the RNA polymerase ChiIP
was mapped to £. coli K-12 MG1655 genome U00096.3. To accurately compare the RNA-
polymerase ChIP data to our peaks, we took the sequences of the top 61 called peaks and
obtained their locations in the U00096.3 genome. The RNA-polymerase wiggle files were
provided log, transformed, which we reverted back to non-log values. We then did the
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comparison by taking the mean ChIP signal from o7% or RNA polymerase ChIP at each of
the genome locations for the 61 SymE-SPA ChlIP peaks using Mochiview. Next, we found
the mean signals from 61 randomly generated genome locations, called “random peaks”,
size matched to the SymE-SPA ChIP locations. We then performed a t-test to see if the o/0
or RNA polymerase ChlIP signal from the random peaks locations was significantly different
from the ChIP associated peak locations. This analysis was also done using the o’ ChIP
data for all of the peaks originally called by MACS and an equal number of randomly
selected locations the same size as those original peak locations.

[3H]-thymidine and-[3H] uridine incorporation assays

E. coliMG1655 PCP18-arak cells harboring either pBAD24 or pBAD24::symE were grown
to ODggg ~0.3 in M9 carb at 37 °C. Cells were back diluted to ODgpg 0.1 in M9 carb at

37 °C and induced with 0.02% arabinose. At 0, 15, 30, 45 and 60 minutes after induction,
250 pL of the bacterial culture was transferred to a microcentrifuge tube containing methyl-
[3H] thymidine (Perkin-Elmer) (40 pCi/mL) or uridine, 5-6[3H] (Perkin Elmer) (4 uCi/mL).
Tubes were incubated at 37 °C for 2 min for incorporation. Reactions were quenched by
addition of nonradioactive thymidine or uridine (1.5 mM) and incubated at 37 °C for an
additional 2 min. Samples were added to ice cold trichloroacetic acid (TCA) (10% w/v) and
incubated 30 min on ice to allow for precipitation. The resulting sample was vacuum filtered
onto a glass microfiber filter (Whatman,1820-024) that had been pre-wetted with 5% wi/v
TCA. Filters were washed with 35x volume of 5% w/v TCA, then with 5x volume of 100%
ethanol. Air dried filters were placed in tubes with scintillation fluid and measured in a
scintillation counter (Perkin Elmer). Three to four independent biological replicates were
performed.

SymE expression

T7 Express (NEB) cells were transformed with pMKT26 which has a 6xHis-TEV-SymE
construct under the control of a T7 promoter driven by IPTG. Colonies were scraped from
transformation plates and resuspended in 6 mL of 2x YT media with carbenicillin. That 6
mL was then further diluted into 6 L of 2xYT media with carbenicillin. Cells were grown
at 37 °C to ODggg 0.5 at which point they were induced with 1 mM IPTG and moved to 16
°C to grow overnight. Cells were then spun down in 1 L bottles at 5,000 x g for 10 minutes,
washed with lysis buffer (50 mM NaH,PO,4, 300 mM NaCl, and 10 mM imidazole adjusted
to pH 8.0) and pellets were snap frozen in falcon tubes and stored at —80 °C until ready to

purify.

SymeE purification

Buffers were stored and purification steps were performed at 4 °C. Prior to purification,

200 mL of lysis buffer was supplemented with 1 mL of 200x PMSF (180 mg PMSF in 5
mL ethanol) and 2 crushed SIGMAFAST protease inhibitor cocktail tablets (Sigma). Two
pellets derived from 1 L of liquid culture each were thawed and resuspended in 20 mL

of supplemented lysis buffer. Cells were then lysed in a microfluidizer at 18,000 PSI for
2-3 cycles. Lysate was centrifuged at 25,000 x g for 1 hour at 4 °C. Supernatant was then
passed over a 1 mL column of Ni-NTA Agarose resin (Qiagen) which had been equilibrated
in lysis buffer. The column was washed with 20 column volumes of wash buffer (50 mM
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NaH,PO,4, 300 mM NaCl, 20 mM imidazole adjusted to pH 8.0). Finally, protein was eluted
with 5 mL of elution buffer (50 mM NaH,POy4, 300 mM NaCl, 250 mM imidazole, 7 mM
BME, adjusted to pH 8.0). Eluted protein was loaded onto a 5 mL HiTrap heparin column
(Sigma) and eluted with a NaCl gradient (from 50 mM NaH,POg4, 100 mM NaCl, 7 mM
BME pH 8.0 to 50 mM NaH,PO,4, 2 M NaCl, 7 mM BME pH 8.0) using an AKTA pure
FPLC. Fractions containing 6xHis-TEV-SymE were collected and combined. To remove the
6xHis tag, 1 L of acTEV TEV protease (Invitrogen) was added per 30 ug protein to the
combined fractions with 1:20 provided acTEV buffer and 1 mM DTT. The TEV protease/
protein mixture was dialyzed into storage buffer (50 mM NaH,PQO,4, 100 mM NaCl, 7 mM
BME, 10 mM imidazole, 10% glycerol, adjusted to pH 8.0) in a 3kD MWCO Slide-A-Lyzer
(Thermofisher) cassette at 4 °C overnight. After dialysis, protein was removed from the
dialysis cassette and run over 250 pL of Ni-NTA agarose column that had been equilibrated
in storage buffer. SymE that had been cleaved and no longer had the 6x-His tag was
collected in the flow through and concentrated in 3K Amicon centrifugal filters (Millipore).
SymE concentration was quantified with Bradford reagent and stored at 4 °C until ready for
use.

Gel filtration of SymE

To determine the oligomerization state of SymE, 500 uL of SymE purified as above was
loaded onto a Superdex 75 Increase 10/300 GL column (Cytiva) on an AKTA pure FPLC
and eluted with storage buffer. Elution time of SymE was compared to that of Aprotinin (6.5
kDa), Cytochrome C (12.4 kDa), Carbonic Anhydrase (29 kDa) and Albumin (66 kDa) from
the Gel Filtration Markers Kit for Protein Molecular Weights 6,500-66,000 Da (Sigma).

Electrophoretic mobility shift assays

ChIP peak probes were PCR amplified using £. co/i MG1655 DNA as template. Primers
used to amplify ChIP peaks are listed in Table S5. pUC19 plasmid was purified from E.
coliMG1655 using a ZR plasmid mini prep kit (Zymo). Sheared £. coli genomic DNA was
run out on a 1.5% Agarose TAE gel (40 mM Tris, 20 mM acetic acid, 1 mM EDTA). DNA
running at ~200 bp was excised and extracted from the gel using a Zymoclean Gel DNA
Recovery Kit (Zymo). EMSA reactions were prepared by mixing 1 puL of 10x binding buffer
(100 mM Tris pH 7.5, 10 mM EDTA, 1 M KCI, 1 mM DTT, 50% glycerol v/v, and 0.1
mg/mL BSA), 2 UL 2 ng/uL DNA probe, 6 uL nuclease free water and 1 puL of SymE at
different concentrations (0 pM, 0.625 pM, 1.25 pM, 2.5 pM, 5 pM, 10 pM or 20 uM) and
reactions were then incubated at 30 °C for 1 hour. Reactions were then placed on ice. 2 pL
Gel Loading Dye, Purple (6X), no SDS (NEB) was added to each reaction. Reactions were
loaded into a 0.8% agarose 0.5X TBE (45 mM Tris base, 45 mM boric acid, 1 mM EDTA
pH 8.0) gel that had been chilled to 4 °C. Gels were run at 100V for 105 minutes at 4 °C.
pUC19 EMSASs were run longer for better separation. Gels were stained by incubating them
in 180 mL staining solution (18 pL SYBR Gold Nucleic Acid stain (Invitrogen) in 180 mL
0.5X TBE) for 5 minutes. Gels were then imaged on a Typhoon FLA 9500 imager (GE). To
determine if DNA was being degraded during the 30 °C incubation, reactions were doubled,
and after the 30 °C incubation they were split in half. One half was loaded onto the gel as
before, and 2.6 pL of 10% SDS was added to the other half. SDS containing samples were
then loaded onto gels as before.
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Nucleoid isolation sucrose gradients

E. coliMG1655 symE-SPA AsymR cells were grown overnight in LB. Overnight cultures
were then diluted to ODggg 0.02 in LB. Cells were grown to ODggg 0.3 and then treated

with 1 pg/mL mitomycin C for 90 minutes. After mitomycin C treatment, cells were diluted
to ODgg 0.4 in 24 mL of LB. The 24 mL of diluted cells were then spun down at 8,500

rpm at 4 °C for 5 minutes. Supernatant was removed and cells were resuspended in 500

pL if ice-cold buffer A (10 mM Tris-HCI pH 8.2, 100 mM NacCl, and 20% sucrose). 100

pL of ice-cold buffer B (100 mM Tris-HCI pH 8.2, 50 mM EDTA, 0.6 mg/mL lysozyme;
lysozyme added day of) was added to the sample by pipetting up and down twice, and
mixtures were incubated on ice for 30 seconds. 500 pL of ice-cold buffer C (10 mM
Tris-HCI pH 8.2, 10 mM EDTA, 10 mM spermidine, 1% Brij-58, and 0.4% deoxycholate;
spermidine added day of) was added to the mixture by pipetting up and down twice. This
was then incubated on ice for 3 minutes. The mixture was then loaded on top of 50%-15%
sucrose step gradients, 1.2 mL of each step in 5% sucrose gradients increments, where each
step contained the appropriate percentage of sucrose in 10 mM Tris-HCI pH 8.2 and 100
mM NaCl. Gradients were then spun for 20 minutes at 10,000 rpm in a Beckmann SW 41 Ti
rotor at 4 °C. ~500 pL fractions were collected using a Biocomp piston gradient fractionator.
The absorbance at 280 nm and 260 nm of each fraction was monitored using a Triax flow
cell. The cytoplasmic and nucleoid fractions of the gradient were collected based on position
in the gradient and 280 nm and 260 nm absorbance, and flash frozen for later use.

Western blots of sucrose gradient fractions

Frozen gradient fractions were thawed and incubated with 25 U of benzonase (Millipore
sigma) for 30 minutes at room temperature. 12 pL of each fraction was then run on an
AnyKD (BioRad) polyacrylamide gel and transferred to PVDF membrane using a Trans-blot
turbo blotting system. Membranes were blocked with 10 mL of 5% milk in TBST for 1

hour at room temperature. Next, to probe for SymE-SPA, mouse aFLAG M2 antibody from
Sigma was added directly to the blocking solution at a 1:2,000 dilution (5 pL of antibody
into 10 mL of blocking solution). Blots were then incubated for 1 hour at room temperature.
After incubating, blots were washed with TBST for 5 minutes. Washes were repeated a total
of 3 times. After washes, blots were incubated with peroxidase conjugated goat a.-mouse
secondary antibody (Thermo) at a dilution of 1:20,000 in 5% milk TBST (0.5 pL antibody in
10 mL 5% milk TBST) for 1 hour at room temperature. After incubating, blots were washed
with TBST for 5 minutes. Washes were repeated a total of 3 times. Blots were then imaged
using SuperSignal chemiluminescent substrate (Thermo).

After imaging, blots were washed and reprobed with mouse aRpoA and mouse aGroEL
antibodies to act as controls for a known nucleoid associated protein and cytoplasmic
protein, respectively. To do this, blots were washed with TBST for 5 minutes. Washes were
repeated a total of 3 times. Then, blots were probed simultaneously with mouse aRpoA
and mouse aGroEL antibodies at 1:2,500 and 1:10,000 respectively in 10 mL of 5% milk
TBST. The blot was then incubated for 1 hour at room temperature. After incubating, blots
were washed with TBST for 5 minutes. Washes were repeated a total of 3 times. After
washes, blots were incubated with peroxidase conjugated goat a-mouse secondary antibody
(Thermo) at a dilution of 1:20,000 in 5% milk TBST (0.5 pL antibody in 10 mL 5% milk
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TBST) for 1 hour at room temperature. After incubating, blots were washed with TBST
for 5 minutes. Washes were repeated a total of 3 times. Blots were then imaged using
SuperSignal chemiluminescent substrate (Thermo).

Microscopy

All microscopy was done using an Axio Observer Microscope (Zeiss) with a Lumencor
Spectra-X LED light source, Chroma filters and Hamamatsu CMOS camera using
Metamorph software (Molecular Devices).

HU-GFP—E. coliMG1655 HU-GFP cells harboring either pPBAD30, pBAD30::symE,
pBAD30:: /s, pPBAD30:: mazF, pBAD30:: re/lE, pPBAD30::tisB or pBAD24::symE were
grown overnight in M9 media containing carbenicillin and then back diluted into fresh M9
carb to ODggg 0.02. Cultures were then grown at 37 °C to ODggg 0.4. A 1 L drop of culture
was then spotted onto a 35 mm glass bottom culture dish (Cellvis), and an M9 minimal
media 1.5% agar pad containing carbenicillin and 0.2% arabinose was placed gently on

top of the drop of culture. Time lapse microscopy was then performed; phase and FITC
fluorescence images were saved every 10 minutes. Merged phase and fluorescence images
were made in ImageJ (53).

Gam-GFP—E. coli MG1655 Gam-GFP cells harboring either pPBAD30, pBAD30:: symE,
pBAD30::/ins, pPBAD30:: re/E, or pBAD24::symE were grown overnight in M9 media
containing carbenicillin and then back diluted into fresh M9 carb to ODggg 0.02. Cultures
were then grown at 37 °C to ODggg 0.15 and Gam-GFP production was induced with 10
ng/mL aTc. Cells were then further incubated at 37°C to ODggg 0.4. A 1 pL drop of culture
was then spotted onto a 35 mm glass bottom culture dish (Cellvis), and an M9 minimal
media 1.5% agar pad containing carbenicillin and 0.2% arabinose was placed gently on
top of the drop of culture. Time lapse microscopy was then performed; phase and FITC
fluorescence images were saved every 10 minutes. Merged phase and fluorescence images
were made in ImageJ.

Microscopy analysis

To calculate percentage of cell area that is taken up by nucleoid associated fluorescence,
cells were paired from phase and fluorescence images using the MicrobeJ ImageJ plugin
(54). The area taken up by the fluorescence signal associated with a cell from the phase
image was divided by the area of the cell. Between ~50-150 cells were used to calculate
each data point.

The nucleoid intensity over the longitudinal axis of the cells from Figure 6C shown in Figure
6D were calculated using the ImageJ Plot profile tool. The data from the ImageJ plots were
normalized to cell length and re-plotted.

The percentage of cells containing at least one Gam-GFP puncta were determined by
manually counting the cells in a microscopy image that contained at least one puncta vs total
cells (n = 85) for a given condition.

Mol Microbiol. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thompson et al. Page 24

Sequencing Data

Sequencing data for RNA-seq and ChlP-seq experiments is available from the GEO
repository under accession numbers GSE185892 and GSE185893, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. E. coli symE genetic architecture and SymE protein structural homology.
(A) symR is encoded antisense to sym£ and overlapping the ribosome binding site of symeE.

In the presence of SymR, ribosome binding to symE mRNA is occluded, and the symé£l
SymR complex is degraded. When there is more sym£E mRNA than SymR present, SymE

protein is produced, but also degraded by Lon.

(B) Protein homology tree based on primary sequence alignments to SymE, indicating that
SymeE is likely to be most structurally similar to MazE, Sso7c4, VapB, SpoVT and AbrB.
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Figure 2. Bioinformatic analysis of SymE.
(A) Phylogenetic tree showing the distribution of sym£ throughout bacteria. Each radial line

appears above a species that encodes a SymE homolog, with the length and color of the

line denoting how many copies of sym£E occur in that species. Homologs encoded near an
mcrBC locus are shown with a black circle under the line, and £. coliis denoted with a pink
circle. The “‘Other’ group contains uncharacterized outgrouping bacteria.

(B) Sequence alignment of representative SymE homologs from Proteobacteria, Firmicutes,
and Bacteroides. SymE is most conserved in the area of the protein that is predicted to have
an AbrB-like fold. Sequences that correspond to B-sheets or a-helices are boxed in grey.
(C) Tabulated summary of how many species harbor the indicated number of paralogs.

(D) Summary of the species identified with more than 10 paralogs of SymE.
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Figure 3. Expressing symE leadsto widespread changesin RNA expression but without evidence
of RNA cleavage.

(A) Overview of the RNA-seq experiment performed, but with an example of cleavage
analysis for the known RNase MazF.

(B) Plating viability of cells either harboring an empty vector or a plasmid encoding symE
and grown in arabinose for the times indicated.

(C) Gene level cleavage analysis for two transcripts (ompA and recA) previously examined
by Northern blotting(11) after induction of SymE.

(D) Transcriptome wide analysis of cleavage ratio maxima for cells harboring an empty
vector or expressing symE or mazF for the time indicated.
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(E) Expression changes after sym£ induction for the indicated times. Volcano plots indicate
the log, fold change in expression of each gene and their significance (-log p). symE s
omitted from this plot as it was exogenously overexpressed.
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Figure 4. SymE-SPA Chl P-seq shows widely distributed and varied binding acrossthe E. coli
genome.

(A) SymE-SPA binding across the £. coli genome. (Top) The red trace shows ChlP-seq read
counts after 30 minutes of symE-SPA expression; the grey trace shows the read counts after
an untagged syméE control was expressed. (Bottom) The blue trace shows ChIP-seq read
counts after 60 minutes of symE-SPA expression, the grey trace shows read counts after
untagged syméE control expression.

(B) Summary of the different categories of SymE-SPA ChIP peaks.

(C) Examples of peaks from each category in (B).

(D) Same volcano plots as in Figure 3E, but with ChIP peak-associated genes shown in pink.
(E) Analysis of the overlap between SymE-SPA ChIP peak locations and signal from o0

or RNA polymerase ChlP. When compared to a random set of locations, SymE-SPA ChIP
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locations had significantly (indicated with asterisks) higher mean signal from both o9 and
RNA polymerase ChlP.
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Figure 5. SymE binds DNA in vitro and is associated with the nucleoid in vivo.
(A) Electrophoretic mobility shift assays of SymE binding to 4 ng of probe corresponding to

the Jp/T-aas ChlP peak, the yffL peak, randomly sheared £. coli genomic DNA, or purified
pUC19 plasmid.

(B) Schematic of how sucrose gradient fractions were collected. Fractions containing
cytoplasmic or nucleoid-associated proteins were identified by their position in the gradient
and by their increased absorbances at 260 and 280 nm.

(C) Western blot of collected fractions probed with an a-FLAG antibody (which binds to
the FLAG portion of the SPA tag) showing that SymE-SPA localizes to the nucleoid and
cytoplasm.

(D) Same blot as in (C), but re-probed for GroEL, a chaperone, and RpoA, the alpha subunit
of RNA polymerase. The bands from SymE-SPA are still visible under the RpoA bands,
though the signal is weaker as RpoA and GroEL are far more abundant.
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(A) Cells expressing each of the genes indicated or those treated with chloramphenicol were
examined by time-lapse microscopy with HU-GFP used to stain the nucleoid.

(B) Quantification of the degree of nucleoid compaction over time in cells harboring an
empty vector, or expressing sym£E or Ans. Nucleoid size is presented as the percent of total
cell area occupied by the nucleoid. n = 45 cells for each data point. Quantification of all

treatments is shown in Figure S3D.

(C) Additional time-lapse imaging of cells producing SymE or H-NS to illustrate how

distinct nucleoids aggregate.

(D) Line graph quantifying the fluorescence intensity across the longitudinal axes of the

cells in panel (C).
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Figure 7. Overproducing SymE causes double-strand breaks, and inhibits DNA and RNA
synthesis.
(A) Same volcano plots as in Figure 3E, but with SOS-induced genes shown in teal.

(B) Time-lapse microscopy of cells producing Gam-GFP, which forms foci at double-strand
breaks, and expressing high levels of symE, lower levels of symE, relE, or hns.

(C) Graph of percentage of cells with at least one Gam-GFP focus for each condition over
time. n = 85 cells for each data point.

(D) [3H]-thymidine (top) and [3H]-uridine (bottom) incorporation assays, comparing the
counts per minute (corresponding to incorporated [3H]) per ODgqg of cells at various time
points post induction of £. coli cells harboring an empty vector versus a sym£E expression
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vector (the “high sym£E” vector from (B) and (C)). n = 3 for all conditions; error bars
indicate standard deviation.
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