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Research

RNA editing in bacteria recodes multiple proteins
and regulates an evolutionarily conserved

toxin-antitoxin system

Dan Bar-Yaacov,' Ernest Mordret,' Ruth Towers,' Tammy Biniashvili,' Clara Soyris,
Schraga Schwartz,' Orna Dahan,'? and Yitzhak Pilpel'-2

7Departmem‘ of Molecular Genetics, Weizmann Institute of Science, Rehovot, 76100 Israel

Adenosine (A) to inosine (I) RNA editing is widespread in eukaryotes. In prokaryotes, however, A-to-l RNA editing was
only reported to occur in tRNAs but not in protein-coding genes. By comparing DNA and RNA sequences of Escherichia coli,
we show for the first time that A-to-l editing occurs also in prokaryotic mRNAs and has the potential to affect the translated
proteins and cell physiology. We found 15 novel A-to-l editing events, of which 12 occurred within known protein-coding
genes where they always recode a tyrosine (TAC) into a cysteine (TGC) codon. Furthermore, we identified the tRNA-spe-
cific adenosine deaminase (tadA) as the editing enzyme of all these editing sites, thus making it the first identified RNA
editing enzyme that modifies both tRNAs and mRNA:s. Interestingly, several of the editing targets are self-killing toxins
that belong to evolutionarily conserved toxin-antitoxin pairs. We focused on hokB, a toxin that confers antibiotic tolerance
by growth inhibition, as it demonstrated the highest level of such mRNA editing. We identified a correlated mutation pat-
tern between the edited and a DNA hard-coded Cys residue positions in the toxin and demonstrated that RNA editing oc-
curs in hokB in two additional bacterial species. Thus, not only the toxin is evolutionarily conserved but also the editing itself
within the toxin is. Finally, we found that RNA editing in hokB increases as a function of cell density and enhances its toxicity.

Our work thus demonstrates the occurrence, regulation, and functional consequences of RNA editing in bacteria.

[Supplemental material is available for this article.]

RNA editing is a post-transcriptional process in which RNA bases
are being altered (Knoop 2011). Adenosine (A) to inosine (I) RNA
editing is the most prevalent form of editing in metazoans
(Bazak et al. 2014). Inosine in turn can be identified by the trans-
lational or genetic machinery (e.g., reverse transcriptase) as a gua-
nosine (G). A-to-I editing can recode proteins in eukaryotes (for
example, humans and fungi) (Knoop 2011; Liu et al. 2016;
Wang et al. 2016). The majority of editing events found in humans
occur in untranslated regions, while only a small fraction of edit-
ing events are found in coding regions, of which only a few lead
to nonsynonymous recoding (Ramaswami and Li 2014). All A-to-
I editing events in mRNA are mediated by enzymes belonging to
the ADAR (adenosine deaminase, RNA specific) family that was
suggested to constitute a metazoan innovation (Grice and
Degnan 2015). In bacteria, however, RNA editing was only report-
ed in a single nucleotide site, within a tRNA for arginine, and it is
mediated by the enzyme tRNA-specific adenosine deaminase
(tadA) (Wolf et al. 2002).

Recent advances in sequencing technologies have facilitated
the discovery of RNA modifications and edited sites in an unprec-
edented level both in the nucleus (Ramaswami et al. 2013; Bazak
et al. 2014; Schwartz et al. 2014; Liu et al. 2016; Wang et al.
2016) and within organelles (Bar-Yaacov et al. 2013; Bentolila
et al. 2013; Oldenkott et al. 2014). However, editing events in
mRNA were so far not reported in bacteria.
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Results

In order to identify novel editing events, we deep sequenced in
parallel the RNA and DNA from two Escherichia coli strains (Fig.
1A). We used stringent parameters (Supplemental Fig. S1; Meth-
ods) to identify editing events that can manifest themselves as
base differences between the DNA and RNA sequences. We identi-
fied 15 novel A-to-G RNA editing events (12 within known ORFs)
in addition to the known editing site in tRNA-Arg (Fig. 1A;
Supplemental Table S1). Strikingly, examining all 12 sites in which
we detected editing within ORFs revealed that they are all predict-
ed to recode a tyrosine (Tyr) encoded by the TAC codon into a cys-
teine (Cys) encoded by the TGC codon. While the majority of
editing events were A-to-G, we also detected one additional geno-
mic site which constituted a C-to-U substitution (which resultsin a
synonymous substitution at the protein level) (Supplemental
Table S1). All A-to-G editing events were embedded within a
four-base-long motif TACG, with the edited A on the second posi-
tion (Fig. 1B). Interestingly, this motif is completely identical to
the known tadA recognition motif (Wolf et al. 2002) present on
tRNA-Arg. In addition, tadA was previously shown to require for
its activity a specific RNA secondary structure loop conformation
around the edited site (Wolf et al. 2002). Indeed, RNA secondary
structure modeling (Gruber et al. 2008) predicts that the edited
base is also embedded within a loop in most of the newly identified
sites (Fig. 1C; Supplemental Fig. S2). This raised the suspicion that
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RNA editing occurs in E. coli and it is mediated by tadA. (A) RNA-seq (and DNA-seq) from two WT E. coli strains (Top10 and MG1655-EcM2.1,

blue and red, respectively) reveals 15 novel A-to-G(l) RNA editing sites in E. coliin addition to the known editing site in tRNA-Arg. Notably, all sites found in
known genes (12 out of the 15 sites) recode a tyrosine (TAC) into a cysteine (TGC) codon. The three RNA editing sites that do not occur in known ORFs are
denoted by their genomic coordinates and genomic strand (+ or —). RNA editing levels are defined here as the number of reads with a G at the position out
of all reads that cover the position. RNA samples were extracted in mid-log phase at ODgg ~ 0.7. (B) All sites share a common four-base DNA motif which is
identical to tadA’s recognition motif. (C) RNA secondary structure modeling predicts that edited sites are embedded within a loop. Here, the secondary
structure of hokB (as well as tRNA-Arg) is presented (the RNA secondary structure modeling of all other targets found in this work is shown in Supplemental
Fig. S2). (D) Overexpressing (green) or mutating (gray) tadA increases or reduces the editing level, respectively. Dotted lines represent the average editing
levels measured for each gene in the two WT strains. RNA samples were extracted in mid-log phase at ODggo ~ 0.5-0.6. (E) Overexpression of tadA reveals
additional putative editing sites, of which 75% are embedded within the canonical motif (TACG, black bar), while the rest deviate by one base from the
canonical motif. (F) Out of 188 editing sites which occur within genes, 134 (black bar) recode a Tyr into a Cys codon (71%). Error bars in parts A and D

represent standard errors of measuring editing level in a given coverage. Exact values can be found in Supplemental Tables ST and S2.

tadA, which was so far believed to exclusively edit the anticodon of
the tRNA-Arg, might be responsible for the editing of the afore-
mentioned positions. Therefore, we performed RNA-seq on two
additional strains, one overexpressing tadA from a plasmid and an-
other harboring a tadA mutation (Supplemental Fig. S3) reported
to completely abolish its activity in vitro and slightly reduce it in
vivo in the NWL37 strain (Poulsen et al. 1992; Wolf et al. 2002).
Since this strain was generated through an experimental lab evolu-
tion technique (interestingly, by exposing it to constant expres-
sion of the toxin hokC), we reasoned that it is possible that the
evolved strain might also contain additional mutations. Therefore,
rather than using this evolved strain, we have “surgically” intro-
duced only the inactivating mutation into tadA’s genome version
in the background of our strain (see Methods). Consistent with our
hypothesis, overexpressing tadA dramatically increased the editing
levels in all A-to-G sites, while in the fadA mutant, editing levels
were abolished or dramatically reduced in all sites, including in
the tRNA-Arg (Fig. 1D; Supplemental Fig. S4; Supplemental Table
S1). Thus, all A-to-G substitutions in our RNA-seq data are likely

to represent an adenosine to inosine editing event (hereafter A-
to-I). Notably, editing levels of the C-to-U event (which did not
harbor the tadA motif) were unaffected upon overexpression of
tadA as well as in the tadA mutant (Supplemental Table S1). Over-
expressing tadA revealed 252 additional A-to-I sites in coding re-
gions that demonstrate RNA editing levels of at least 10% (Fig.
1E; Supplemental Table S2). Of these, 188 (75%) are embedded
within the TACG recognition motif and show a significant enrich-
ment for recoding a Tyr into a Cys codon (x? = 1.35 x 107!2) (Fig.
1E,F; Supplemental Tables S2, S3), raising the hypothesis that they
might represent additional targets for this enzyme. Thus, we
showed that A-to-I RNA editing in protein-coding genes occurs
in bacteria, recodes Tyr into a Cys codon, and is mediated by
tadA, an enzyme previously thought to be a tRNA-specific deami-
nase. Notably, there is no correlation between RNA editing levels
and mRNA expression levels of the 12 genes that are edited by
tadA in wild-type strains (Fig. 1A; Supplemental Fig. S5).
Interestingly, we found that four of the A-to-I editing sites ob-
served in wild-type cells occur within the ORF of genes belonging
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to the hok family of host-killing toxins (Fig. 1A). Proteins encoded (i.e., conserved positions). At the RNA level, in all of them the ed-
by this family belong to the hok-sok toxin-antitoxin module that ited site resides within a predicted secondary structure loop; how-
confer membrane de-polarization, which results in growth inhibi- ever, hokB’s sequence around the edited site is the only one with
tion and potentially cell death (Pedersen and Gerdes 1999; complete identity to the loop of tRNA-Arg, which is the known
Verstraeten et al. 2015). Multiple sequence alignment of the toxins substrate of tadA (Fig. 1C; Supplemental Fig. S2). All five Hok genes

belonging to the hok family revealed that the editing event which encode a short peptide (~50 amino acids) with an N-terminus that
recodes a Tyr (TAC) into a Cys (TGC) codon at position 29 of hokB is embedded within the membrane, while the C-terminus is locat-
aligns against a conserved genome-encoded Cys residue in the oth- ed within the periplasm (Poulsen et al. 1991). We therefore mod-
er hok members. Remarkably, in the other toxins, hokC, hokD, eled the 3D structure of all five hok peptides which displayed a
and hokE, editing recodes another position in the peptide, 46, conserved 3D structure of an alpha helix at the N-terminus and

there too converting a Tyr (TAC) into a Cys (TGC) codon (Fig. two beta strands at the C-terminus (Supplemental Fig. S6).
2A). hokB in turn harbors a DNA-encoded Cys at position 46. Notably, the residues at position 29 and 46 of hokB reside each
Thus, across the hok family of E. coli toxins, there are two posi- in one of the two beta strands and are predicted here to be in close
tions, of which one is always hard-coded with Cys in the genome proximity to each other. Four of the toxins (hokA, hokC, hokD,
and the second contains a hard-code Tyr that can be converted and hokE) were reported to be inactive in E. coli (Pedersen and
into a second Cys upon editing of the RNA (except in hokA). Gerdes 1999), thus raising the interesting possibility that high lev-

The conserved Tyr is always encoded in these positions through els of RNA editing can be found in functional, rather than non-

the TAC codon which is contained in the editing motif TACG, functional, hok members. Nevertheless, our results suggest that

and never with the synonymous codon for this amino acid, TAT, these genes are at least transcribed and that hokC, hokD, and

which does not confer to the editing motif consensus. The five ge- hokE are edited (Fig. 1A; Supplemental Fig. S5; Supplemental

nome-encoded hok genes share about a third of their sequence Table S1). We therefore focused further on hokB that was shown
A

29 46
Escherichia coli hokA MPQ-KYRLLSLIVICFTLLFFTWMIRDSLCELHIKQESYELAAFLACKLKE
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Figure 2. Evolutionary analyses suggest an interplay between the recoded and a hard-coded cysteines in hokB. (A) Multiple sequence alignment of five
hok proteins encoded by the E. coli genome (NC_000913.3). The hokB edited version recapitulates the cysteine at position 29 which is hard-coded in the
genome of all other hok protein family members. Symmetrically, hokC, hokD, and hokE editing sites (position 46) recapitulate the cysteine at the same
position of hokB. (B) Multiple sequence alignment of hokB of a representative nonredundant set of orthologs from bacterial species harboring an annotated
hokB gene suggests interplay between peptide residues at positions 29 and 46. Notably, all the Tyr codons at position 29 or 46 are encoded by the editable
codon (TAC, embedded within the TACG motif). The complete alignment can be found in Supplemental Table S4. (C) A maximum likelihood phylogenetic
tree based on the 16S rRNA gene, showing the amino acid composition at hokB’s positions 29 and 46 in each bacterial genus with species harboring an
annotated hokB. (D, E) RNA editing in hokB was identified in publicly available Klebsiella pneumoniae (37) and Yersinia enterocolitica (32) samples with suf-
ficient coverage (>51x) of RNA reads and at least two reads supporting an editing event. This editing event is predicted to recode position 46 (Tyr>Cys) in
hokB. SRA accession numbers can be found in Supplemental Tables S5 and Sé. Error bars represent standard errors of measuring editing level in a given
coverage.
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to be active (Verstraeten et al. 2015) and demonstrated the highest
level of RNA editing. When we analyzed multiple sequence align-
ments of annotated hokB’s orthologs from different bacterial spe-
cies, we found that most orthologs either have a Tyr encoded by
the editable TAC codon (embedded within the TACG motif) at po-
sition 29 and a Cys at position 46, or, in other orthologs, a Cys at
position 29 and an editable Tyr codon at position 46. Note that
some species in this sample have Cys at both positions (Fig. 2B,
C; Supplemental Table S4). This remarkable correlated pattern
raised the question whether hokB mRNA editing can occur and
can be detected in other species. Indeed, by analyzing multiple
publicly available RNA-seq data sets (Leskinen et al. 2015), we ob-
served A-to-I mRNA editing that recodes position 46 in two path-
ogenic bacteria, Klebsiella pneumonia and Yersinia enterocolitica
(Fig. 2D,E; Supplemental Tables S5, S6). It is possible that hokB
RNA is edited in additional species which currently are lacking
publicly available RNA-seq data sets or only have an insufficient
number of RNA reads (>10x) that cover hokB. Thus, not only is
hokB evolutionarily conserved, but also RNA editing within it
can be identified in species other than E. coli.

hokB was implicated in arresting cellular growth via mem-
brane depolarization, and by doing so, it was found to mediate an-
tibiotic tolerance through a mechanism of persistence (Verstraeten
et al. 2015). Additionally, it was demonstrated that expression of
hokB is elevated in response to starvation (Verstraeten et al.

A
S 14 - 100
g ® RNA editing level (%
o o0s | editing level (%) L 80
o ODgyo
Z
@ 0.6 - 60
5
2 0.4 - k40
2
3 0.2 20
0 T T 0
1.75 5 9 24
B Time (h)
0.8 - WT
§07 | ——cys29
30'6 1 ——Tyr29
z 0.5
204 -
<03
4
5 0.2
=
3 0.1 -
0 - T T T T T T T
0 2 4 6 8 100 12 14 16 18
Time (h)
2500 -+ WT
— ——Cys29
g 2000 ~ —Tyr29
@
E 1500 -
Q
£ 1000 -
Q
S
£ 500 -
0 T T T T T T T T
0 2 4 6 8 10 12 14 16 18
Time (h)

RNA editing level (%)

2015). Since one of the characteristics of reaching culture station-
ary phase is a lack of nutrients, we aimed to examine if the editing
levels of hokB change as a function of cellular density of the bacte-
rial culture. Indeed, editing levels of this toxin’s mRNA site were
found to increase from ~28% at early logarithmic phase to ~93%
when the culture enters stationary phase (Fig. 3A; Supplemental
Table S7). Thus, in addition to elevation in toxin expression,
hokB’s RNA editing levels are elevated during culture growth. We
further asked how the predicted change in amino acid, from Tyr
to Cys at position 29, can affect hokB'’s activity. To answer this
question, we first mutated the genomic hokB gene. The first ver-
sion was a positive control, as it contained the WT version of the
toxin (hokB-WT) with the codon TAC coding for Tyr; the second
version mimicked constitutive editing, with the codon TGC en-
coding for a Cys yet hard-coded into the DNA (hokB-Cys29); the
third version of the mutated toxin had the Tyr at the edited posi-
tion, yet with the synonymous codon TAT that is noneditable
(hokB-Tyr29) (Supplemental Table S7). No observable difference
in growth was detected between the three strains (Supplemental
Fig. S7). This lack of observable phenotype could be expected given
that hokB's expression is governed by high levels of the alarmone
(p)ppGpp, a condition that is observed in only 1/10,000 cells
(Gerdes and Maisonneuve 2015) during logarithmic phase.
Therefore, we utilized a previously established strategy (Ver-
straeten et al. 2015) of overexpressing hokB from a plasmid to
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Figure 3. hokB mRNA editing increases with cell density and enhances its toxicity. (A) hokB mRNA editing levels (black) in E. coli MG1655-EcM2.1 WT
strain as measured in different culture densities (green). Notably, the standard error of measuring editing levels in a given coverage in all samples was small-
er than 0.00012%. (B-E) The E. coli Top10-AhokB strain was transformed with inducible plasmids harboring the WT (green), constitutively edited (Cys29,
red), and noneditable (Tyr29, blue) hokB versions fused to mCherry reporter protein (N-terminus). (B) Growth analysis without induction of hokB (0% arab-
inose). (C) Growth analysis with induction of hokB (0.2% arabinose). (D) mCherry levels without induction (0% arabinose). (E) mCherry levels with induc-
tion (0.2% arabinose). Error bars represent standard error for 14 replicates (B-E).
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acquire a detectable signal in order to facilitate the study of the ac-
tivity of the three versions of the toxin we created. In order to
detect potential functional differences between hokB-WT, hokB-
Cys29, and hokB-Tyr29, we expressed the three versions of the tox-
in from an inducible plasmid in an E. coli strain that lacks its ge-
nome-encoded hokB. When each of the hokB versions is induced,
we observed reduction in growth rate and yield compared to cells
not expressing hokB (Fig. 3B,C). Yet, while the toxicity observed in
the hokB-WT and hokB-Tyr29 versions is relatively mild, it is very
dramatic in the hokB-Cys29 version (Fig. 3B,C). In fact, the
Cys29 strain shows signs of growth only 9 h after induction of
the toxin. Note that the growth observed in the Cys29 strain after
9 h is probably a result of some (potentially genetic) adaptation
that allows the cells not to express the toxin and therefore support
growth, while the two other strains still express it (Fig. 3D,E). In
other words, the Cys29 version is so toxic that it only allows a
small fraction of cells in the population that do not express hokB
to grow. Since the frequency of such cells is very low (below the
technical detection), growth of Cys29 cells is only visible after 9
h. Nonetheless, if we allow all three strains to grow to mid-logarith-
mic phase without expression of hokB and only then inducing
hokB expression, we observe a clear mCherry signal, including in
the Cys29 strain, indicating that hokB gene is intact and can be in-
duced in all three variants (Supplemental Figs. S8-S10). This result
further supports our conclusion that the lack of growth observed
upon induction of the hokB-Cys29 version is due to hokB toxicity
rather than lack of hokB expression from the plasmid. Thus, RNA
editing that converts Tyr to Cys at position 29 of hokB enhances
its toxicity.

Discussion

Why do bacteria exercise RNA editing? In mammalian cells, edit-
ing occurs mostly in noncoding regions (Bazak et al. 2014). In bac-
teria, however, as we have shown, out of the 15 novel A-to-I sites,
12 occur within known protein-coding genes and recode a Tyr into
a Cys codon. RNA editing in bacterial coding regions could provide
another layer of post-transcriptional regulation, and it can contrib-
ute to proteome diversity, as was recently suggested in cephalo-
pods (e.g., octopus and squids) (Liscovitch-Brauer et al. 2017). In
hokB'’s case, RNA editing appears to provide another layer of regu-
lation of toxicity. This editing-induced increase in toxicity of hokB
could either represent a change in toxicity per protein molecule or
an increase in its amount (e.g., by a stabilizing effect).

Turning editing on or off can affect the RNA and even the pro-
tein sequence within relatively short physiological time scales.
This is demonstrated here in our observation that RNA editing lev-
els in hokB increase with culture density. In addition, editing may
allow cells to obtain both the edited and unedited versions of
hokB, and even “play” with the ratio between them, generating
phenotypic heterogeneity between genetically identical cells.
Such cell-to-cell variability, when exercised in the activation pat-
tern of host-killing toxins, can potentially affect the antibiotic per-
sistence they confer and thus might form an even more complex
bet-hedging mechanism than was previously suggested (Ver-
straeten et al. 2015).

Why do we observe different editing levels among the 15
newly discovered mRNA editing sites? It was shown that RNA sec-
ondary structure is important for tRNA-Arg editing (Wolf et al.
2002). Therefore, difference in secondary structure and/or addi-
tional sequence features might affect editing levels by affecting
tadA-RNA interaction. Indeed, tadA’s structure in complex with a

tRNA-Arg loop (Losey et al. 2006) demonstrates that the enzyme
interacts with seven of the tRNA substrate nucleotides that consti-
tute the entire hepta-loop. Thus, loop size and additional sequence
features could affect enzyme-substrate interaction and hence edit-
ing level. Indeed, the only newly discovered RNA target that has
complete sequence identity to the tRNA seven loop nucleotides
is hokB, which reassuringly shows the highest editing level, second
only to the tRNA. All other targets either differ in their sequence
(surrounding the core TACG motif) or loop size. Future studies
are needed to examine if all detected mRNA editing events
have functional consequences or whether some of them represent
an “accidental” activity due to sequence/structure similarity
to tadA’s substrates. tadA is found in most bacterial species
(Yokobori et al. 2013). Therefore, our work sets the stage for inves-
tigating RNA editing in other bacterial species that harbor this en-
zyme. Moreover, tadA’s orthologs (such as Tadlp and ADAT) are
found in eukaryotes (yeast [Wang et al. 2016] and human [Grice
and Degnan 2015], for example). Since we now implicated tadA
in mRNA editing, in addition to its established role in tRNA edit-
ing, future studies should examine whether its orthologs are in-
volved in mRNA editing in other organisms too. In conclusion,
RNA editing occurs in bacteria and can recode protein sequences,
potentially affecting their function as well as cell physiology, at
least in hokB’s case. Thus, sequence variation among bacteria
should also be examined at the RNA level.

Methods

RNA and DNA purification

RNA and DNA were purified using the GeneJET RNA Purification
kit (Thermo Fisher Scientific) and Wizard Genomic DNA
Purification kit (Promega), respectively, according to the manufac-
turer’s protocol. Cultures were grown on LB supplemented with
ampicillin (100 pg/mL). RNA was purified from a culture at the
middle of logarithmic phase (ODggo in a 1-cm cuvette ~0.8) for
whole transcriptome sequencing and hokB MAGE (multiplex auto-
mated genome engineering) strains; different ODs as specified in
Figure 3A. DNA was extracted and purified at stationary phase.

cDNA synthesis

One microgram of total RNA was subjected to cDNA synthesis us-
ing either the M-MLV ¢DNA Synthesis kit (Promega) or SuperScript
II (Thermo Fisher Scientific), following the manufacturer’s
protocol.

PCR reaction mix, primers, and conditions

All data regarding PCR reaction mix, conditions, and primers can
be found in Supplemental Tables S8 and S9. PCR products were vi-
sualized by an EtBr-stained 1% agarose gel. PCR fragments were pu-
rified using a Wizard SV Gel and PCR Clean-Up System (Promega),
following the manufacturer’s protocol.

Massively parallel deep sequencing

RNA was treated with a Ribo-Zero rRNA Removal kit (Illumina).
Libraries for sequencing RNA to examine RNA editing levels in dif-
ferent optical densities of microbial cultures (ODggp) wWere con-
structed by designing PCR primers targeting the hokB gene with
tails that match Illumina adapters (PCR1). A second PCR (PCR2)
was carried out to attach the adapters for the Illumina run. Total
DNA and RNA libraries of wild-type and of hokB versions that are
expressed from plasmids were sequenced using 151-nt or 75-nt
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paired-end reads, respectively, on the NextSeq platform (Illumina).
Bacterial strains that were sequenced were: RNA-seq - WT1
(Top10), WT2 (MG1655-EcM2.1), tadA overexpression (Topl0
harboring a pBAD plasmid overexpressing tadA), and tadA mutant
(MG1655-EcM2.1 strain with an introduced tadA mutation); and
DNA-seq - WT1 (Top10) and WT2 (MG1655-EcM2.1).

Analysis of massively parallel sequencing data

E. coli sequencing reads were aligned against the MG1655 Genome
(NC_000913.3). For multiple sequence alignment, we utilized
BWA-MEM (Li and Durbin 2009) with default parameters. Only
reads that were aligned to the corresponding genome were used
for further analyses. SAMtools (Li et al. 2009) was used to convert
the SAM to the BAM sequence format. MitoBam Annotator
(Zhidkov et al. 2011) transformed the BAM files into tables con-
taining all parameters (e.g., base composition, coverage per base,
etc.) for each position in the E. coli genome. These tables were
used to identify sites that differ between RNA samples and their
corresponding DNA base. Initial RNA editing sites were considered
high quality only if identified in at least 30 sequence reads that
contain a high-quality base call (>30 Phred quality score); if their
minimal read fraction was at least 3%j; if each site contained at least
five forward and reverse reads; they presented a mixture of only 2
nucleotides; and after manual inspection using the Integrative
Genomics Viewer (Robinson et al. 2011) to exclude signal stem-
ming from the edges of reads or low-complexity regions (mononu-
cleotide regions). We also aimed to identify edited sites below 3%
(but more than 1%). Therefore, after establishing that tadA was the
mediating enzyme, we searched for sites shared between the two
WT strains and the tadA overexpressing strain that display an A-
to-I editing level of at least 1% in the WT and harbor a tadA recog-
nition motif. Three additional sites were detected, demonstrating a
dramatic increase in editing levels when tadA was overexpressed
(Fig. 1A,D; Supplemental Table S1). In addition, BLAST analysis ex-
cluded that the RNA editing signal (a mixture of nucleotides at the
identified edited sites) stems from paralogous regions in the E. coli
genome (Supplemental Table S10). BLAST was performed by
searching against the E. coli genome with a 101-bp fragment en-
compassing the edited site plus 50 bases upstream of and down-
stream from it. Finally, we examined and compared the final
editing sites between all four RNA-seq and two DNA-seq data
sets we obtained (some did not pass the initial thresholds). RNA ex-
pression analysis was performed by using python/2.7.6 HTSeq
(Anders et al. 2015) for read count per gene. FPKM values were cal-
culated manually.

Multiplex automated genome engineering

In order to create a mutation in tadA (T2697699G, D64E) that was
previously shown to reduce its activity (Wolf et al. 2002), we used
the E. coli strain MG1655-EcM2.1 (a specially designed strain for
high MAGE efficiency) to carry out one successive MAGE cycle
as previously described (Wang et al. 2009; Bar-Yaacov et al.
2016). We used 77-bp single-strand oligonucleotides to target
the lagging strand in the tadA gene: G*A*TAATTTTGCATCACC
AGACCACCCTGCCGCAGGGCCATGATTTCTGCATGTGCGGTG
GGCTCATGGCGACCAA*T*C. Similarly, we used MAGE to recode
hokB gene sequence once into a TGC Cys codon (T1491986C) mim-
icking constitutive editing and once into a noneditable TAT Tyr co-
don (C1491985T, synonymous Tyr mutation). We used the
following 90-bp single-strand oligonucleotides to target the lag-
ging strand in the hokB gene: A*T*CTGCATTACGATTCTGACA
TTCACACTCCTGACCCGACAAACGCTCTGCGAACTGCGGTTC
CGGGACGGTGATAAGGAGGTTGCTG*C*G (for T1491986C)

and A*T*CTGCATTACGATTCTGACATTCACACTCCTGACCCGA
CAAACGCTCTATGAACTGCGGTTCCGGGACGGTGATAAGGAG
GTTGCTG*C*G (for C1491985T). The mutated base is underlined,
and asterisks represent phosphorothioate bonds. Briefly, cells were
grown overnight at 30°C. Then, 30 uL of the saturated culture were
transferred into fresh 3 mL of LBL (10 g of tryptone, 5 g of NaCl,
and 5 g of yeast extract per liter) medium until reaching an OD
=0.4 (measured in a 1-cm cuvette in this section) and then moved
to a shaking water bath (350 RPM) at 42°C for 15 min, after which
it was moved immediately to ice. Next, 1 mL was transferred to an
Eppendorf tube and cells were washed twice with double-distilled
water (DDW) at a centrifuge speed of 13,000¢ for 30 sec. Next, the
bacterial pellet was dissolved in 50 pL of DDW containing 2 pM of
SS-DNA oligo and transferred into a cuvette. Electroporation was
performed at 1.78 kV, 200 ohms, 25 pF. After electroporation,
the bacteria were transferred into 2 mL of fresh LBL and incubated
at 34°C until reaching an OD = 0.8, diluted in 1:10~* and 1:107° ra-
tios, and seeded on LB+ampicillin agar plates (100 pg/mL). To
identify positive MAGE colonies (referred to as bacterial strains
throughout the text), we PCR-amplified fragments encompassing
the E. coli genomic region with primers corresponding to the mu-
tated and WT form (differing in one base in their 3' end - PCR3).
Successful PCR amplification implies successful MAGE mutagene-
sis. To verify this interpretation, we amplified a second fragment
encompassing the mutated position in tadA (PCR4) and Sanger se-
quenced it. Similarly, we used PCRS (to identify colonies) and
PCR6 (to validate the colonies using Sanger sequencing) to validate
MAGE mutagenesis in hokB. The sequences were aligned and visu-
alized using SnapGene Viewer 3.1.2 (GSL Biotech LLC).

Plasmid construction and transformation

In order to examine the functional role of RNA editing in hokB, we
utilized the plasmid previously used to examine hokB’s activity
(Verstraeten et al. 2015) and constructed two additional plasmids
(also harboring an ampicillin resistance cassette): pPBAD-mCherry-
linker-hokB(WT)—a generous gift from Prof. Jan Michiels from KU
Leuven-University of Leuven—pBAD-mCherry-linker-hokB(Cys29),
and pBAD-mCherry-linker-hokB(Tyr29). By using PCR7 and
PCRS8, we mutated the TAC codon corresponding to position 29
in hokB into a TGC (Tyr>Cys) and TAT (editable Tyr>noneditable
Tyr) codons, respectively. All three plasmids were transformed
into a Top10-AhokB strain (another generous gift from Prof. Jan
Michiels) (Verstraeten et al. 2015).

We also constructed a pBAD-mCherry-linker-tadA(WT) plas-
mid. Specifically, we amplified the fadA gene and the plasmid
backbone with overlapping (~20 nt) tails using PCR9 and
PCR10. These fragments were subjected for NEB-assembly (New
England Biolabs) according to the manufacturer’s protocol. The
plasmid was transformed into a Top10 WT strain, and single colo-
nies were isolated, grown, and frozen (-80°C) for future assays.

PCR and Sanger sequence of hokB

PCR11 was performed to sequence the hokB gene/transcript from
corresponding DNA and RNA samples from the WT strain
(MG1655-EcM2.1) as well as RNA from the tadA mutant.

Liquid growth measurements

Cultures were grown at 30°C and 37°C for the genomic (MG1655-
EcM2.1)- and plasmid (Top10-AhokB)-encoded hokB versions for
48 h in LB medium, back diluted in a 1:100 ratio, and dispensed
on 96-well plates containing LB medium supplemented with 100
pg/mL ampicillin (150 pL per well) and either with arabinose (final
concentration of 0.2% (Fig. 3C,E) or without arabinose (no hokB
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expression; control) (Fig. 3B,D). Wells were measured for optical
density at ODgoo and mCherry fluorescence levels at 575 nm (exci-
tation) and 620 nm (emission) wavelengths. Measurements were
taken at 15-min intervals. Growth comparisons were performed
using 96-well plates (Thermo Scientific). For each strain harboring
a different version of hokB, a growth curve was obtained by averag-
ing over well-dispersed 14 wells. The 96-well plate was divided as
following: 12 wells are blank control and the remaining 84 wells
were divided between the bacterial stains harboring the plasmid
encoding for the three different hokB versions, with and without
induction; thus, 84/6 = 14. Measurements for Figure 3A were con-
ducted in a 1-cm cuvette, and values were divided by 2 for qualita-
tive presentation purposes and comparison to the measurements
shown in the growth curves (Fig. 3B,C).

Detecting mRNA editing in hokB of Yersinia enterocolitica
and Klebsiella pneumoniae

RNA-seq data sets were downloaded from the SRA database (https
://www.be-md.ncbi.nlm.nih.gov/sra). Accession numbers and pa-
rameters (e.g., coverage per base) of samples with identified
mRNA editing in hokB are found in Supplemental Table S5 (K.
pneumoniae) and S6 (Y. enterocolitica). We analyzed 46 Y. enterocoli-
tica and 338 K. pneuomoniae samples and detected editing in 32
and 37 samples, respectively. Alignment and file manipulation
were performed as described above. Notably, the rest of the species
in Figure 2B were not assessed for their editing level since they did
not meet the criteria of having a sufficient number of RNA reads
(>10x) that cover hokB or did not have publicly available RNA-
seq data sets.

Identifying tadA’s motif

We used weblogo at http://weblogo.berkeley.edu/logo.cgi to iden-
tify the conserved, four-base motif which is identical to the tadA
recognition motif.

RNA secondary structure prediction

In order to examine the RNA secondary structure, we extracted the
RNA sequence 25 bases upstream of and downstream from the ed-
ited site (inclusive). We then used this sequence in the Vienna
RNA Websuite (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold.cgi) to predict the RNA secondary structure with mini-
mum free energy.

hok proteins 3D structure prediction

We used the RaptorX (Kéllberg et al. 2012) package at http://
raptorx.uchicago.edu/StructurePrediction/predict/ to predict the
3D structure of hokA, B, C, D, and E (using default parameters).

Analysis of hokB orthologs in other bacterial species

In order to examine the amino acid composition at positions 29
and 46 of hokB, we downloaded hokB gene sequence from organ-
isms with annotated hokB from the NCBI nucleotide website (https
://www.ncbi.nlm.nih.gov/nuccore/). We constructed a nonredun-
dant set of orthologs with one hokB sequence (gene and protein)
per species (Supplemental Table S4). The sequence identities at po-
sitions 29 and 46 are presented in Figure 2B.

Multiple sequence alignment

MSA was performed by using ClustalW (default parameters) em-
bedded in the MEGAS package (Tamura et al. 2011) and the
MAFFT server (http://mafft.cbrc.jp/alignment/server/).

Phylogenetic analyses

We used the 16S ribosomal RNA to build a genus phylogenetic tree
to visualize the amino acid composition in hokB's positions 29 and
46 in an evolutionary context. We used the 16S ribosomal RNA
from one representative from each genus (Supplemental Table
S11). The evolutionary tree was inferred by using the maximum
likelihood method based on the Tamura-Nei model (Tamura and
Nei 1993). The tree with the highest log likelihood (—4907.0796)
is shown. Initial tree(s) for the heuristic search were obtained auto-
matically by applying Neighbor-Joining and BIONJ algorithms to a
matrix of pairwise distances estimated using the maximum com-
posite likelihood (MCL) approach and then selecting the topology
with superior log likelihood value (Saitou and Nei 1987; Gascuel
1997). The tree is drawn to scale, with branch lengths measured
in the number of substitutions per site. The analysis involved 13-
nt sequences. All positions containing gaps and missing data
were eliminated. There were a total of 1398 positions in the final
data set. Evolutionary analyses were conducted in MEGAS
(Tamura et al. 2011).

Statistical analysis

In order to examine whether the enrichment for recoding a Tyr
into a Cys codon is significant, we performed a test for goodness
of fit. Specifically, we counted how many times TACG occurs in
coding regions and in which frame it occurs, and thus, what is
the amino acid change predicted to occur upon RNA editing. We
then compared it to the distribution we obtained from sites detect-
ed to be edited (>10%) after overexpressing tadA. See Supplemental
Table S3 for numbers and calculations.

Confocal microscopy

Cells were grown for 3.5 h without arabinose until reaching mid-
logarithmic phase and then induced with 0.2% arabinose (final
concentration) for 1 h. Cells were visualized under a confocal mi-
croscope (LSM 780, Zeiss) to obtain high-resolution images (10
pm). As a control, we used uninduced cells that were taken from
the same culture prior to adding arabinose. Image processing was
performed using FIJI (Schindelin et al. 2012).

Data access

The RNA and DNA sequencing data from this study have been sub-
mitted to the NCBI Sequence Read Archive (SRA; https://www.ncbi
.nlm.nih.gov/sra) under accession number SRP103577. The Sanger
sequences that correspond to the chromatograms in this study
have been submitted to the NCBI GenBank database (https://
www.ncbi.nlm.nih.gov/genbank/) under accession numbers
MF554632-MF554636.
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