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RtcB, a highly conserved RNA ligase, is found in all three domains of life, and demonstrated to be an essential tRNA splicing
component in archaea and metazoans. However, the biological functions of RtcB in bacteria, where there is no splicing, remains
to be clarified. We first performed bioinformatics analysis which revealed highly conserved structures and presumably conserved
functions of RtcB in bacteria. However, its orthologs only occur in ~0.5% of bacterial species across diverse phyla with
significant signals of frequent horizontal transfer, highlighting its non-essential role in bacteria. Next, by constructing an rtcB-
knockout strain, we find that the removal of antibiotic stress induces a significant impact on r¢tcB expression in wild-type strain,
and furthermore the depletion of RtcB (ARtcB strain) delays the recovery process. Our transcriptomic analysis, comprising the
3’-end labeling of RNAs, highlights a significant increase in unmapped reads and cleaved rRNAs in the ARtcB strain, parti-
cularly during recovery. Our observations suggest that the conserved RNA ligase RtcB, repairs damaged rRNAs following stress,
which potentially saves energy and accelerates recovery of its host. We propose that acquisition of RtcB by diverse bacterial taxa
provides a competitive advantage under stressful conditions.
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INTRODUCTION sidues involved in binding two Mn"" and four sulfate (SO, )

RtcB is a widely conserved RNA ligase found in a wide
range of eubacterial, archaeal, and eukaryotic taxa but is non-
universal (Burroughs and Aravind, 2016). The ligation
function of RtcB was first proposed when its crystal structure
was solved in the archaeon Pyrococcus horikoshii (Okada et
al., 2006). As a ligase, RtcB contains key amino acid re-
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ions together with GMP (Englert et al., 2012; Maughan and
Shuman, 2016; Okada et al., 2006). Later studies not only
revealed details of the binuclear Mn”" active center, the
guanylylated-histidine, and reactive RNA ends binding to the
sulfate ions in the vicinity (Desai et al., 2014a; Englert et al.,
2012), but also provided thorough characterization of Mn®"/
GTP dependence and guanylylation during ligation (Desai et
al., 2013; Nandy et al., 2017). Experiments conducted in
vitro have demonstrated that RtcB directly joins the RNA
strands ending with a 2',3'-cyclic phosphate or 3'-phosphate
to the 5'-hydroxyl group of another RNA end in a GTP/Mn’"-
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dependent manner (Tanaka et al., 2011a). The detailed li-
gation mechanism can perfectly repair damaged RNAs and
does not introduce any addition or deletion (Chakravarty and
Shuman, 2012; Chakravarty et al., 2012). Furthermore, RtcB
was also characterized with its in vitro “sealing and healing”
function for fragmented DNA (Das et al., 2013; Das et al.,
2014).

RtcB has rather limited sequence homology with other
classical RNA ligases in fungi and plants, thereby its en-
coding gene is proposed as the long-sought RNA ligase in
animals (Englert et al., 2011), where rtcB often appears to-
gether with archease (Desai et al., 2015; Desai et al., 2014b;
Popow et al., 2014). As the 3'-phosphate and 5'-OH ends of
RNA are often generated by RNases damage and cannot be
repaired by canonical RNA ligases, RtcB has been proposed
to play key roles in RNA repair and the underlying stress-
protection mechanisms (Burroughs and Aravind, 2016; Ta-
naka and Shuman, 2011). Furthermore, rtcB orthologs are
experimentally validated as essential components of tRNA
splicing and maturation in archaea (Englert et al., 2011) and
metazoans (Popow et al., 2011; Tanaka et al., 2011b). In
addition, RtcB was shown to be involved in the cytoplasmic
mRNA splicing of X-box binding protein 1 (XBPI) which
initiates the unfolded protein response (UPR) in metazoans
(Kosmaczewski et al., 2014; Lu et al., 2014), and neuro-
protection (Kosmaczewski et al., 2015; Ray et al., 2014;
Song et al., 2015) and antibody secretion (Jurkin et al.,
2014). However, the presence of the r¢cB homolog in bac-
teria and its orthologs among bacterial species still remains a
mystery in terms of physiological function, other than RNA
splicing. A recent report has revealed a significant role of
RtcB in repairing broken rRNA ends produced by the site-
specific ribotoxin, MazF, in E. coli (Temmel et al., 2016),
and another study has highlighted its role in rRNA home-
ostasis during stress of ribosome-targeting antibiotics (Engl
et al., 2016). Both studies demonstrate RtcB as part of a
previously unrecognized adaptive response linking ribosome
homeostasis with basic cell physiology and behaviour.
However, some questions still remain: ( 1) what is the pre-
valence and predicted function of rfcB gene in various bac-
terial taxa? (1) Does RtcB protect the host from stress
induced by antibiotics-other than ribotoxins, particularly the
most widely used antibiotics that target cell wells? (i) Does
the ligation activity of RtcB occur in a site-specific manner,
such as the MazF cleavage site, or more generally to all
broken sites produced under specific physiological condi-
tions, for which direct evidence from transcriptome analysis
is still lacking?

Here, we first delineate the prevalence and functional
conservation of rtcB orthologs in bacterial taxa, using up-
dated databases, and then report functional studies starting
with the construction of rtcB-knockout mutants in E. coli. In
transcriptome analysis with labeled 3’-termini of RNAs,
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RtcB exhibits a significant role in rRNAs repair and accel-
erates recovery after release from the stress of cell-wall-
targeting antibiotics.

RESULTS AND DISCUSSION

The rtcB gene has conserved ligase function but is not
essential in bacterial taxa

We first curated the UniProt Database where r#cB was found
widely distributed in the three domains of life (Popow et al.,
2011). In Eubacteria, all the sequences of rtcB homologs
possess conserved motifs involved in the ligation mechanism
via metal and GTP binding sites (Figure S1 in Supporting
Information), and the predicted 3D structure of the E. coli
RteB protein has strong similarity to its homologs in human
and archaea (Figure S2 in Supporting Information), sug-
gesting that its function is conserved in eubacteria. However,
such apparent functional conservation is not supported by its
distribution in bacteria. Orthologs of r#cB are present in all
major lineages, but only in approximately 0.5% of bacterial
species and 5% of archaeal species curated so far in the
database (Figure 1A). Within bacterial lineages, the presence
of rtcB varies from phylum to phylum, where Elusimicrobia
carries the highest percentage at 15.4%, and Terrabacteria
occupies the lowest at 0.4%. In Proteobacteria, the largest
bacterial phylum, the rtcB prevalence was observed with
~0.5% of sequenced genomes (Figure 1A), where d-Pro-
teobacteria appeared to have the highest prevalence (1.6%)
(Figure 1B). Of note, rtcB is not present in all strains of E.
coli, and not in the core genome-organizational-framework
(GOF) (Kang et al., 2014) of the species. We also checked
the essentiality of rzcB using the OGEE database (Chen et al.,
2017), and found that the non-essentiality of rtcB is also
supported by experiments in E. coli and Salmonella enterica.
Therefore, rtcB is widely distributed but not highly prevalent
across bacterial lineages, and such features suggest possible
non-essential physiological functions which are perhaps
advantageous under specific environmental conditions.

We further investigated the phylogeny of rtcB orthologs
among bacterial phyla (Figure S3 in Supporting Informa-
tion), which highlights the horizontal acquisition of rzcB
orthologs across distant lineages, such as the species pair of
Legionella messillensis and L. hackeliae (Figure S3 in
Supporting Information). I further support, a previous report
has found that r¢cB was carried and transferred through an IS
element together with other accessory genes in species of
Salmonella enterica (Y gberg et al., 2006). The syntenic or-
der of rtcB and its neighboring genes illustrates the non-
conserved genetic structure across phyla and even within
Proteobacteria lineages (Figure S4 in Supporting Informa-
tion). However, the well investigated rtcBA operon and
transcriptional regulator, rtcR, in E. coli, were found as an
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Figure 1 Distribution of rtcB in bacteria. A, Percentage prevalence of
rteB in all major phyla; B, in each Proteobacteria class.

exception in gamma-Proteobacteria species. All these evi-
dences suggest that the rtcB is highly prone to transfer be-
tween bacterial taxa, whether closely or distantly related.

RtcB accelerates recovery by repairing broken RNAs

We constructed an rtcB-knockout E. coli strain for in-
vestigating its in vivo functions under antibiotic-induced
stress. In normal culture and the culture with the cell-wall
targeting antibiotic ceftriaxone, the rtcB wild-type strain
only showed marginal, if any, protective effects (Figure S5 in
Supporting Information), as proposed in a previously re-
ported ribotoxins-induced stress environment (Engl et al.,
2016; Temmel et al., 2016). However, the wild-type strain
shows the higher rate of stress recovery, as compared to the
knockout strain, upon removal of ceftriaxone (Figure S5 in
Supporting Information). This behavior is similar to that
observed following stress release in MazF—the site specific
rRNA cleaver (Temmel et al., 2016).

The mRNA expression of rtcB shows remarkable up-reg-
ulation upon release from the ceftriaxone stress, relative to
the undetectable level under the normal condition and during
ceftriaxone treatment (Figure S6 in Supporting Information).
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From in situ hybridization (ISH) analysis, employing a
fluorescence-labeled probe hybridized with the rfcB mRNA,
we find that only a small proportion of cells express rtcB,
although the number and level of rtcB expressing cells in-
creases upon removing ceftriaxone (Figure S6 in Supporting
Information), suggesting the positive effects of r¢cB on stress
recovery.

The RNA-Seq results of 3’-end-sequencing show that only
a small portion (0.06%—0.1%) of reads carry the 3'-end la-
beling, and almost none is labeled at the 3’-end of mature 16S
rRNA suggesting that the 3’-end of mature 16S rRNA is
difficult to label possibly due to some physiological termini
protective mechanisms (Figure 2). When we normalize the
count of labeled reads at each site in rRNA by the coverage
of the same sites, we find two major peaks for all samples, in
both strains, for each time point during the stress and re-
covery. One is labeled to the premature 16S rRNA with an
extra 33 nt at the 3’-end, and the other is the mature 3'-end of
23S rRNA. Except for the two peaks, other labeled reads are
sparsely distributed along the rRNA gene, showing no hot-
spot of RNA cleavage. Comparing with the ARtcB strain, the
wild strain shows a much higher level of both peaks at each
time point, and an apparent decrease is observed when stress
is released (Figure 2). However, the same trend is not ob-
served in the ARtcB strain which highlights the ligation ef-
fects of RtcB in wild type strain.

For the majority of the unlabeled reads, over 90% are
mapped to the rRNAs for each sample. However, compared
to the wild strain, the ARtcB strain contains 38% more un-
mapped reads (4.0% vs. 2.9%) which include single reads
that are not mapped to the E. coli genome and paired-end
reads mapped in opposite direction, with insert size >1 kb.
For both strains, 55%—-60% of the unmapped reads are
junction reads mapped to two sites of the genome. The
junction sites (supported by at least two split reads) are
widely dispersed across the whole genome without any sign
of hotspots (Figure 3A), but the number of junctions corre-
lates well to read coverage (or expression level) in each 100-
bp genomic window (Figure 3B). This indicates that the
junction reads are randomly generated by template switching
during reverse-transcription or PCR amplification, and not
ligated by RtcB. In qRT-PCR analysis, upon normalizing to
internal control of complete 16S rRNA, we find much higher
abundance of RNAs carrying three representative junction
sites in the ARtcB mutant, compared to the wild-type strain,
at each time-point during the process of stress and recovery.
Our result suggests more complete 16S rRNA in wild type as
read coverages of all the representative junctions are similar
for both strains (Figure 3C).

In antibiotic-induced stress environments, other than ri-
botoxins, the rRNA can also be fragmented by the release of
endogenous RNases normally stored in the periplasm which
can be triggered by various of lethal toxins especially those
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Figure 2 The natural 3’-end sequencing results. A, The natural 3’-end sequencing results for RtcB-A and RtcB-w samples at time points of no stress,
ceftriaxone stress for one hour, two hours, stress released for one hour, two hours, and four hours. The x-axis indicates the sequence of 16S and 23S genes in
the rRNA operon, and the y-axis indicates the count of labeled reads normalized by coverage of the same site. Graphs of strain RtcB-A (upper) and RtcB-w
(lower) are showcased in pair for each time points. B, The normalized reads of mature ends of 16S (left) and 23S (right). In RtcB-A strain, the mature ends of
16S and 23S are lower than those in RtcB-w strain, and the mature ends of 16S and 23S in RtcB-w could recover after antibiotic release while they could not

recover after antibiotic release in RtcB-A.

that attack the cell wall. Upon stress removal, surviving cells
have two ways to deal with the damaged rRNAs: one way
leads to the degradation of damaged rRNAs by RNA exo-
nuclease such as the very efficient polynucleotide phos-
phorylase (PNPase), followed by re-synthesis of new rRNA
for re-growth, which are obviously energy-consuming
(Burroughs and Aravind, 2016; Kaczanowska and Rydén-

Aulin, 2007). The second route comprises the repair of
broken RNAs with RNA ligase, such as RtcB, to restore the
translational activity of ribosomes, and thus saves energy and
supports fast recovery from stress. Since rRNA comprises
over 90% of total RNAs, biogenesis of a small portion of
ribosome will consume considerable amount of cell energy,
and makes the host cells less fit under competitive circum-
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Figure 3 RtcB ligates broken rRNA to restore ribosome activity. A, The upper panel indicates the density distribution of read coverage along 16S rRNA
and 23S rRNA, and the lower panel illustrates the density distribution of junction sites along 16S rRNA and 23S rRNA. The values of y-axis show the density
estimation of reads or junctions. B, The positive relationship of read coverage and junction count in the same window of rRNA. C, Detection of three
representative junctions in serial time points by qRT-PCR. NS, no stress; S1 and S2, stress for 1 and 2 h; R1h and R4h, stress released for 1 and 4 h.

stances. Our transcriptome results show that the RtcB only
repairs the damaged RNAs, especially rRNA, and does not
introduce false ligations of random free ends. The perfect
repair by RtcB is impressive, and is possibly enabled by the
physical interaction between RtcB and ribosome. A previous
study has shown that RtcB proteins interact with ribosomes
and can be co-eluted (Temmel et al., 2016). Such a dis-
tribution suggests that rRNAs, when cleaved by RNA en-
donuclease at some sites, possibly remain in place due to the
structural integrity of ribosomal proteins, and the interacting
RtcB can subsequently ligate the broken ends. As RtcB only
interacts with ribosomes that keep their structural integrity, it
will not ligate free rRNAs released from ribosomes that have
collapsed, which would instead be degraded by RNA exo-
nuclease in the cell.

Our results do not show obvious sign of site-specificity for
RtcB ligation. First, the split reads and free 3’ ends are ran-
domly distributed along rRNA, and we could not find
characteristic motifs around the junction sites or free ends for
both strains, which indicates random cleavage by RNases.
Second, the free 3’ ends within rRNA of wild-type strain are
clearly decreased relative to those of the RtcB-knockout
strain. Therefore we propose that the repair of broken rRNA
by RtcB is not site-specific but depends on the RNA frag-
ments being held in place by a structurally intact ribosome.

Thus RtcB can be seen to provide a surveillance function to
screen post-stress ribosomes for cleaved rRNA fragments
and to repair them by ligation.

MATERIALS AND METHODS

Evolutionary conservation analysis

Protein sequences of RtcB homologs of all species are re-
trieved from the most updated UniProt database, and aligned
with Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clus-
talo/) (Li et al., 2015; McWilliam et al., 2013). A phyloge-
netic tree was construct by using Mega7 software (http:/
megasoftware.net/) (Kumar et al., 2016), and neighboring
genes synteny of rtcB were assessed using SyntTax (http://
archaea.u-psud.fr/SyntTax/) (Oberto, 2013). The full length
protein models of RtcB in E. coli were generated using the I-
TASSER platform (http://zhanglab.ccmb.med.umich.edu/I-
TASSER/) (Roy et al., 2010; Yang et al., 2015), and visua-
lized with UCSF-Chimera (http://www.cgl.ucsf.edu/chi-
mera) (Huang et al., 2014; Pettersen et al., 2004).

Strains and materials

An in-house conserved E. coli MG1655 strain was used as


http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://megasoftware.net/
http://megasoftware.net/
http://archaea.u-psud.fr/SyntTax/
http://archaea.u-psud.fr/SyntTax/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://www.cgl.ucsf.edu/chimera
http://www.cgl.ucsf.edu/chimera

256 Manwar, M.R., et al.

the wild type control strain, and the r#cB gene was knocked
out by inserting a chloramphenicol-resistant gene with the
Lambda red system (pKD46, A-red), as previously described
(Juhas and Ajioka, 2016). The knockout strain was verified
with Sanger sequencing of the recombinant site and ex-
hibited phenotypic change of increased motility (Engl et al.,
2016). Both strains were cultured in LB medium at 37°C
unless specified. Ceftriaxone was added at 1 pg mL "' ina
survival assay (Liu et al., 2011).

Real-time quantitative PCR

Total RNA was extracted using TRIzol reagent (Invitrogen,
USA), and treated with DNase 1. Reverse transcription was
performed using SuperScript III Reverse Transcriptase. The
RT-qPCR was performed by using Real-Time qPCR System
(Applied Biosystems) and SYBR Green PCR Master Mix
(Applied Biosystems), according to the manufacturer’s in-
struction. Relative concentrations of targeting RNAs were
normalized to full length 16S rRNA. Primers for 16S, rtcB
and three junction sites are 16S-F: CGGACGGGTGAG-
TAATGTCT, 16S-R: CTCAGACCAGCTAGGGATCG;
rteB-F: CTCAACGCTCACCACTTCTG, rteB-R: CAGCG-
TTCCCAGGTGTTTAT; Junction 1-F: TGGGAACTGCA-
TGACGCT, Junction 1-R: TTAACCTTGCGGCCGTACT;
Junction 2-F: ACTGCCTGATAGAGGGGGGT, Junction 2-
R: CCTCCAAGTCGACATCGTTT; and Junction 3-F:
TGAGTCTCGTGGAGGGGGAT, Junction 3-R: TAATCC-
CATCTGGGCACATC.

Super resolution imaging for ISH of rtcB in E. coli

We fixed the E. coli cells in 4% formaldehyde solution by
following the manufacturer’s instructions and labeled the
rtcB mRNA with probes designed by ThermoFisher, then
followed the in situ hybridization (ISH) cell assay procedure
for suspension cells (QuantiGene ViewRNA ISH). Labeled
cells were imaged using activator-emitter dye pairs (Alexa
680 and Alexa 750 as emitters) through the platform of
SRiS-NBI (STROM) imaging.

Natural 3'-end labeling RNA-Seq and transcriptome
analysis

RNA samples were extracted at serial time points during the
ceftriaxone stress and removal of ceftriaxone for both ARtcB
and wild-type strains without removing rRNAs. Single-
stranded pre-adenlyated DNA adapters (5rtApp-GATCG-
GAAGAGCACACGTCT NH,-3") were ligated to the pre-
dephosphorylated 3'-ends of sample RNA by a truncated T4
RNA Ligase 2 (NEB #K227Q) at 25°C and then reverse
transcribed with both N6 random primer and specific primer
to adaptor by SuperScript II Reverse Transcriptase. The
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cDNA products were subjected to RNA-Seq procedure fol-
lowing the Illumina Hiseq2000 strand-specific kit instruction
and sequenced as pair-end reads of 100 bp and achieve
average 1.16 Gb raw reads per sample. After quality trim-
ming, clear reads containing the 3'-end label were picked out.
The E. coli str. K-12 substr. MG1655 genome sequence
(NC _000913.3) downloaded from NCBI was used as a re-
ference, and the ribosomal RNA operons except rrnC were
masked by bedtools (v2.24.0). All qualified sequences after
trimming were pooled together as single end reads, and
mapped to reference by bowtie2 (v4.1.2). The number of
labeling reads at each site is normalized to the coverage at the
same site. Unmapped reads were aligned to reference by
STAR (v2.5.1) to detect split reads.
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publicly accessible at http://bigd.big.ac.cn/gsa.
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SUPPORTING INFORMATION

Figure S1 Structure conservation of RtcB in bacteria. 3D structure similarity of bacterial RtcB protein to homologs in archaea and eukarya.
The upper penal shows the protein structure of RtcB in three dimensional structural models of RtcB in (I) bacteria (E. coli), (II) eukarya (H.
sapiens), and (II) archaea (P. horikoshii), the lower penal is the enlarged view of histidine residues orientation.

Figure S2 Conserved domains and functional amino acids of RtcB in various bacterial species compared to archaea and eukaryotes. Active
or catalytic site (histidine) is highlighted in red color, metal binding residues in pink color and GTP-binding residues in green color. Asterisk
(*) indicates the highly conserved residues, and colon (:) symbol highlights the conservation of properties between residues.

Figure S3 Phylogeny of r#cB in major clades of bacteria. This phylogeny tree shows the wide distribution of r#cB across the bacterial
kingdom. The different species within the same clade are highlighted with the same color.

Figure S4 Synteny of the rfcB neighboring genes among major clades of Proteobacteria. The synteny of rfcB neighboring genes in E. coli
is compared with genomes of other clades. The pink color arrows highlight the similar cyclase (r#c4) gene in different genomes and blue-grey
color indicates r#cR. The genes that are not syntenic between E. coli and other selected genomes are indicated with white arrows.

Figure S5 RtcB confers rapid recovery from antibiotic stress in E. coli. The upper panel is the growth curve of wild-type strain and RtcB-A
strain, and lower panel is the expression of r7cB gene at the same time points during antibiotic stress and recovery.

Figure S6 Spatial barcoding analysis 7zcB mRNA. Upon releasing stress, the intensity and PhotoCount in wild-type strain significantly
increases compared to 0 and 1-h stress, which significantly correlates with qPCR.

The supporting information is available online at http:/life.scichina.com and https://link.springer.com. The supporting
materials are published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content
remains entirely with the authors.
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