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Transfer RNA halves are found as nicked tRNAs in cells:
evidence that nicked tRNAs regulate expression
of an RNA repair operon
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ABSTRACT

Transfer RNA fragments are proposed to regulate numerous processes in eukaryotes, including translation inhibition, epi-
genetic inheritance, and cancer. In the bacterium Salmonella enterica serovar Typhimurium, 5’ tRNA halves ending in 2’,3’
cyclic phosphate are proposed to bind the RtcR transcriptional activator, resulting in transcription of an RNA repair operon.
However, since 5’ and 3’ tRNA halves can remain base paired after cleavage, the 5’ tRNA halves could potentially bind RtcR
as nicked tRNAs. Here we report that nicked tRNAs are ligands for RtcR. By isolating RNA from bacteria under conditions
that preserve base pairing, we show that many tRNA halves are in the form of nicked tRNAs. Using a circularly permuted
tRNA that mimics a nicked tRNA, we show that nicked tRNA ending in 2’,3’ cyclic phosphate is a better ligand for RtcR than
the corresponding 5’ tRNA half. In human cells, we show that some tRNA halves similarly remain base paired as nicked
tRNAs following cleavage by anticodon nucleases. Our work supports a role for the RNA repair operon in repairing nicked

tRNAs and has implications for the functions proposed for tRNA fragments in eukaryotes.
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INTRODUCTION

Transfer RNA-derived fragments have been identified in all
domains of life and are proposed to regulate myriad pro-
cesses (Su et al. 2020). These fragments, which are often
generated by cleavage in anticodon loops, accumulate
during stresses such as starvation, hypoxia, oxidative stress,
and virus infection (Lee and Collins 2005; Thompson et al.
2008; Fu etal. 2009; Yamasaki etal. 2009; Wang et al. 2013;
Goodarzi et al. 2015) and are also detected in unstressed
cells (Upton etal. 2021). Transfer RNA halves have been im-
plicated in numerous processes, including translation inhi-
bition (lvanov et al. 2011; Blanco et al. 2016), epigenetic
inheritance (Chen et al. 2016; Sharma et al. 2016) and can-
cer, where distinct tRNA halves function as tumor suppres-
sors (Goodarzi et al. 2015) and promote metastasis (Liu
et al. 2022).

Our laboratory previously described a role for tRNA 5’
halves as signaling molecules. In these studies, we exam-
ined the signals that activate transcription of the rtcBA
RNA repair operon in Salmonella enterica serovar
Typhimurium (S. Typhimurium). In many bacteria, such as
E. coli, this operon encodes only RtcB, the RNA ligase
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that ligates tRNA halves after intron excision in metazoans
and archaea, and RtcA, an RNA cyclase that converts 2’ or
3’ phosphate RNA ends to 2/,3' cyclic phosphate (Genschik
et al. 1998; Tanaka and Shuman 2011; Das and Shuman
2013; Burroughs and Aravind 2016). In other bacteria,
such as S. Typhimurium, the operon includes an ortholog
of the human Ro60 protein (called Rsr for Ro-sixty related)
and two noncoding RNAs called YrlA and YrIB (Chen et al.
2013; Das and Shuman 2013; Burroughs and Aravind
2016). Operon transcription is regulated by RtcR, a 6>*-de-
pendent enhancer-binding protein consisting of an N-ter-
minal ligand-binding domain adjacent to an AAA+ ATPase
domain and a carboxy-terminal DNA-binding domain
(Genschik et al. 1998). In other enhancer-binding proteins,
ligand binding to the N-terminal domain results in oligo-
merization of the adjacent AAA+ ATPase domain, allowing
the protein to interact with >* and activate transcription
(Bush and Dixon 2012). In RtcR, the ligand-binding domain
is a divergent form of the oligonucleotide-binding CRISPR-
associated Rossman fold (CARF) domain, which has been
best-characterized in type Il CRISPR-Cas systems
(Makarova et al. 2020). Binding of cyclic oligoadenylates
to these CARF domains activates an adjacent ribonuclease
(Kazlauskiene et al. 2017; Niewoehner et al. 2017).
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Nicked tRNAs bind a transcriptional activator

Using a genetic screen to identify mutations that cause
activation of the S. Typhimurium rsr-yrIBA-rtcBA operon,
we found that mutations that cause both 5" and 3’ tRNA
halves to accumulate activate operon expression
(Hughes et al. 2020). One class of mutants affected tRNA
metabolism. Specifically, mutations in truA, which encodes
the tRNA pseudouridine synthetase that modifies uridine
to pseudouridine in the anticodon arm of many tRNAs
(Cortese et al. 1974), pnp, which encodes polynucleotide
phosphorylase, a 3’ to 5" exoribonuclease that degrades
aberranttRNAs in E. coli (Li et al. 2002), and rtcB, which en-
codes the RNA ligase component of the operon, caused
both accumulation of tRNA halves and operon transcrip-
tion (Hughes et al. 2020). A second class of mutations
were in genes whose inactivation leads to expression of
the DNA damage-induced SOS response. This class in-
cluded mutations in ruvA, a DNA-binding protein impor-
tant for resolving Holliday junctions (Wyatt and West
2014), polA, which encodes DNA polymerase |, and
recC, a component of the RecBCD complex that functions
in repair of double-stranded DNA breaks (Dillingham and
Kowalczykowski 2008). In these mutants, or when cells
are treated with DNA damaging agents, one or more
RecA-dependent anticodon nuclease(s) cleave many
tRNAs in the anticodon loop (Hughes et al. 2020).

Our experiments and those of others support a model in
which 5 tRNA halves ending in 2/,3’ cyclic phosphate bind
RtcR to activate operon expression. The 5 tRNA halves
that accumulate following DNA damage end in 2/,3' cyclic
phosphate, consistent with cleavage by a metal-indepen-
dent nuclease (Hughes et al. 2020). In support of the hy-
pothesis that an RNA ending in 2,3’ cyclic phosphate
is important for operon transcription, RtcA is required for
operon activation in both E. coli and S. Typhimurium
(Hughes et al. 2020; Kotta-Loizou et al. 2022), and overex-
pression of RtcA is sufficient to activate the operon in wild-
type strains (Hughes et al. 2020). In addition, expression of
mammalian cyclic nucleotide phosphodiesterase, which
hydrolyzes 2’,3' cyclic phosphates, down-regulates the op-
eron (Duggal et al. 2022). We showed that the purified
RtcR CARF domain binds 5" tRNA halves ending in 2/,3' cy-
clic phosphate with more than 25-fold higher affinity than
the same RNAs ending in 3’ hydroxyl or 3’ phosphate.
Binding of 5" tRNA halves ending in 2',3’ cyclic phosphate
to full-length RtcR resulted in formation of oligomers that
contained both RtcR and tRNA halves (Hughes et al.
2020). A role for 5’ tRNA halves is supported by the obser-
vation that ectopic expression of toxins that cleave specific
tRNAs in the anticodon loop activated expression of the E.
coli operon (Engl et al. 2016). However, since 5 and 3
tRNA halves can remain base paired after cleavage by an-
ticodon nuclease(s) (Kaufmann and Amitsur 1985;
Nandakumar et al. 2008), it remained possible that the 5’
tRNA fragments activated the operon in the form of nicked
tRNAs.

Here we report that nicked tRNAs are ligands for RtcR.
By isolating RNA from S. Typhimurium under conditions
that preserve intermolecular base pairing, we show that
many tRNA halves are present in the form of nicked
tRNAs. Using a circularly permuted tRNA that mimics a
nicked tRNA, we show that, although a 5 tRNA fragment
ending in 2,3 cyclic phosphate is a better ligand for the
isolated CARF domain than the corresponding nicked
tRNA, the nicked tRNA is a better ligand for full-length
RtcR and increases RtcR oligomerization. We demonstrate
that in human cells, where there are many reports of tRNA
halves acting as regulatory molecules, some tRNA halves
remain base paired in the form of nicked tRNAs following
stress-induced cleavage by anticodon nuclease(s). Our
work supports a role for the rsr-yrlBA-rtcBA operon in re-
pair of nicked tRNAs and may have implications for the
functions proposed for tRNA halves in eukaryotes.

RESULTS AND DISCUSSION

Many 5’ and 3’ pre-tRNA halves remain base paired
in S. Typhimurium

To determine the extent to which tRNA halves remained
base paired, we asked whether RNA isolation protocols
that maintain base pairing between S. cerevisiae U4 and
U6 snRNAs (Li and Brow 1996; Pannone et al. 1998) also
maintain base pairing of tRNA halves in S. Typhimurium.
RNA was isolated from wild-type, AtruA and AruvA S.
Typhimurium cells using cold phenol, fractionated in dena-
turing or native gels and northern analyses performed to
detect tRNA halves that accumulate in unstressed AtruA
and AruvA cells (Hughes et al. 2020). Since similar tRNA
halves accumulate in S. Typhimurium following treatment
with DNA damaging agents (Hughes et al. 2020), we
also isolated RNA from cells incubated with the interstrand
crosslinker mitomycin C (MMC). Because previous experi-
ments revealed that both specific tRNA cleavage and op-
eron induction were unaffected in strains lacking the
abundant periplasmic  endoribonuclease RNase |
(Hughes et al. 2020), all experiments were carried out in
strains lacking RNase | (Arna) to reduce nonspecific nicking
of tRNAs during cell lysis.

Northern blotting to detect specific tRNAs revealed
that, although tRNA halves were prominent species
when the RNA was fractionated in denaturing gels, these
same tRNA halves were far less prominent when the
same RNA was fractionated in native gels (Fig. 1).
Specifically, 5 halves of tRNAPEGAY {RNALCUUAG)
tRNATPECA - and tRNAMSCYS) \were detected in AruvA
strains and in all strains after MMC treatment when the
RNA was heated to 95°C and fractionated in denaturing
gels (Fig. 1A,B,E,F). As described (Hughes et al. 2020), 3’
halves were also detected (Fig. 11,J). Similar levels of
tRNA halves were detected when the heating step was
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FIGURE 1. Many tRNA fragments in S. Typhimurium are base paired
in cells. (A,B) RNA was isolated from the indicated rmaA strains using
cold (4°C) phenol/chloroform/isoamyl alcohol, subjected to ethanol
precipitation, and resuspended in 50 mM Tris-HCI (pH 7.5), 50 mM
NaCl. After mixing with equal volumes of 95% formamide, 5 mM
EDTA, and 0.02% bromophenol blue, the RNA was heated to 95°C
for 5 min, fractionated in denaturing gels, and subjected to northern
blotting to detect 5 halves of tRNAPPeGAN (4) and tRNASUUAS) ().
In lane 7, the heating step was omitted. (C,D) The resuspended
RNA described in A-B was mixed with 1/3 vol of 25% glycerol and
0.02% bromophenol blue, fractionated in native gels, and analyzed
by northern blotting to detect 5 halves of tRNAPCAY (C) and
tRNAYYAS (D) I lane 7, the RNA was heated to 95°C for 5 min be-
fore loading. (E,F) After heating and fractionation in denaturing gels
as in A-B, the indicated RNAs were subjected to northern blotting
to detect 5 halves of tRNATPCY (£) and tRNATSCYS (F) (G,H)
The same RNAs as in E and Fwere fractionated in native gels and sub-
jected to northern blotting to detect 5" halves of tRNATPCCA (G) and
tRNATCYUS (1) (1) The northern blots in A-B and C-D were
reprobed to detect 3’ halves of tRNA"“UAS and tRNATPEA after
fractionation in denaturing (/,J) or native gels (K,L).

omitted (Fig. 1A,B,E,F,1,J, lane 7). In contrast, when the
same RNA was fractionated in native gels, primarily full-
length tRNAs were detected (Fig. 1C,D,G,H K,L).

To determine if the tRNA fragments detected in dena-
turing gels remained base paired as nicked tRNAs in native
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gels, we heated the RNA before fractionating in native
gels. A similar strategy was used to demonstrate base pair-
ing between U4 and Ué snRNAs (Hashimoto and Steitz
1984; Brow and Guthrie 1988). Upon heating to 95°C,
both 5" and 3’ tRNA halves became prominent (Fig. 1C,
D,G,H,K,L, lane 7). These data indicate that at least some
5" and 3’ tRNA halves remain base paired after cleavage
but are separated upon either heating or fractionation in
denaturing gels.

A circularly permuted nicked tRNA ending in 2/,3’
cyclic phosphate is a better ligand for RtcR than
the corresponding 5’ tRNA half

Our finding that some 5 and 3’ tRNA halves are base
paired in cells raised the question of whether nicked
tRNAs might also be ligands for RtcR. Initial attempts to
produce a nicked tRNA by annealing 5 halves ending in
2,3 cyclic phosphate with 3" halves containing 5'-OH re-
vealed that duplex formation was extremely inefficient,
possibly because intramolecular structures formed by the
individual halves competed with duplex formation. We
therefore generated a circularly permuted tRNA for bind-
ing studies. To this end, we replaced the ACCA at the 3’
end of tRNAYAD with a tetraloop, allowing us to make
the nicked tRNA as a single transcript beginning and end-
ing in the anticodon loop (Fig. 2A,B). We chose this tRNA
because, of several 5’ tRNA halves tested, 5’ tRNALSUUAS)
halves bound most efficiently to both the RtcR CARF
domain and full-length RtcR (Hughes et al. 2020).
Because the RNA folding program Mfold (Zuker 2003) pre-
dicted that an altemnative structure could form in wild-type
tRNA-UUAS e mutated two base pairs in the T stem to
stabilize the canonical cloverleaf secondary structure and
prevent formation of the alternative structure (Fig. 2B).
By using a hammerhead ribozyme to generate a 5-OH
and the hepatitis delta virus (HDV) ribozyme to generate
a 2,3 cyclic phosphate (Fig. 2D), the resulting transcript
resembled a tRNA that has undergone cleavage by a met-
al-independent anticodon nuclease. As a control, we syn-
thesized a 5’ tRNA half using the same strategy (Fig. 2C).
As expected, both the tRNA half and the circularly permut-
ed tRNA, both of which contain 5-OH and 2',3" cyclic
phosphate, could be ligated by E. coli RtcB to form circles
resistant to degradation with the exoribonuclease RNase R
(Fig. 2E,F).

We used electrophoretic mobility shift assays (EMSAs) to
compare binding of the isolated CARF domain and the
full-length RtcR to the circularly permuted nicked
tRNAUUAS) and the 5 tRNA half ending in 2/,3" cyclic
phosphate. Because the need for the circularly permuted
nicked tRNA to begin with 5-OH and end with 2',3’ cyclic
phosphate precluded end-labeling of the RNA, we used
northern blotting to detect binding. For the CARF domain,
the 5" tRNA half ending in 2,3" cyclic phosphate was the
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FIGURE 2. Generation of a circularly permuted nicked tRNA. (A) Sequence of S. Typhimurium
tRNAUUAS) fo]lowing cleavage by a metal-independent anticodon nuclease. The D, T, and
anticodon (AC) arms are labeled, as is the acceptor stem (AS). The 5/ tRNALCUUAS) ol ending
in 2,3 cyclic phosphate is in bold type. (B) A circularly permuted nicked tRNA="A%) was gen-
erated by converting the ACCA at the 3’ end to a tetraloop (red box). To stabilize the T arm, two
base pairs were altered (black box). (C,D) To generate the 5’ tRNALUYAS) half (C) or the circu-
larly permuted nicked tRNA (D), a DNA fragment was constructed consisting of a T7 promoter
(black), hammerhead ribozyme (blue), the sequence of 5’ tRNALUUYAS) palf (C, pink) or the cir-
cularly permuted tRNA (D, pink), followed by an HDV ribozyme (green). To generate the ham-
merhead ribozyme cleavage site, the ribozyme sequence contains 6 nt (underlined in blue)
complementary to the first 6 nt of the circularly permuted tRNA (underlined in pink). (E,F)
Following incubation of the 5" tRNA™“A half (E) or the circularly permuted nicked tRNA
(F) without (lanes 2,5) or with RtcB (lanes 3,4), the reaction was incubated without (lanes 2,3)
or with RNase R (lanes 4,5). Lane 1, molecular size markers (nt). Bands denoted with asterisks

in E may represent products of intermolecular ligation.

better ligand. Specifically, although the amount of CARF
domain required to shift 50% of the tRNA-UUAS) 57 half
was similar to the previously determined Ky of 195 nM
(Hughes et al. 2020), more than 625 nM was required to
shift 50% of the nicked tRNA into RNPs (Fig. 3A).

In contrast, the nicked tRNA was the better ligand for
full-length RtcR. Based both on our size exclusion chroma-
tography (Hughes et al. 2020) and other AAA+ ATPase-
containing bacterial enhancer binding proteins (Bush and
Dixon 2012), the unliganded RtcR is expected to be a
dimer. Upon ligand binding to the N-terminal CARF
domain, the RtcR AAA+ ATPase domain is expected to oli-
gomerize (Bush and Dixon 2012). As described (Hughes
et al. 2020), binding of the tRNAUVAS) 5/ half resulted
in formation of a band likely to be the RtcR dimer bound
to RNA (Fig. 3B, left panel), and a larger complex at the
top of the gel that could represent oligomerization (aster-
isk). In contrast, when the nicked tRNA was used in the
binding experiments, we detected a heterogeneous mix-

C T7 promoter > hammerhead ribozyme
TAATACGACTCACTATAGGGTCCCGCCTGATGAGT

CCGTGAGGACGAAACGAGTAAGCTCGTCGCGGGAG 5’ tRNA
TGGCGARATTGGTAGACGCACCAGATTTAGGGCCG half

™ hammerhead ribozyme

CCGTGAGGACGAAACGAGTAAGCTCGTCGTTICTGE Circularly
CGCCGCAAGGTGTGCCCGTTCAAGTCGGGCCTCCC Permuted
GCGAAAGCGGGAGTGGCGAAATTGGTAGACGCACC hicked
AGATTTAGGGCCGGCATGGTCCCAGCCTCCTCGCT tRNA

ture of RNP species that migrated
both slower and faster than those de-
tected when the ligand was the
tRNALUUAS) 57 half (Fig. 3B, brackets).
The largest complex at the top of the
gel also became more prominent (Fig.
3B, right panel, asterisk). Although
the multiple species made quantita-
tion difficult, the fact that the nicked
tRNA was entirely shifted into RNPs
at 500 nM RtcR, while some of the
tRNALUUAS) 57 half remained un-
bound at 2 pM RtcR, indicated that
the nicked tRNA was the better
ligand.

Because the native gels used in our
analyses did not resolve all the RtcR-
containing RNPs, we tried several oth-
er native gel protocols to better
detect these complexes. We were
most successful when we replaced
the 4% polyacrylamide (80:1 acrylam-
ide:bisacrylamide)/2.5% glycerol gels
used in Figure 3A,B with discontinu-
ous 3%—4% polyacrylamide (80:1 ac-
rylamide:bisacrylamide)/2.5% glycer-
ol gels. While these gels did not
entirely eliminate the heterogeneity,
they did resolve the RtcR/RNPs into
several discrete bands, some of which
could represent oligomers (Fig. 3C).

To test whether the 2,3" cyclic
phosphate contributed to binding of
the circularly permuted nicked tRNA
to RtcR, we treated the tRNA with
acid, which opens the cyclic phos-
phate to form RNAs ending in 3’ or 2" monophosphate
(Lund and Dahlberg 1992). As expected if the cyclic phos-
phate is an important determinant of binding, all RNP
complexes were reduced in levels (Fig. 3D). Thus, as previ-
ously demonstrated for binding of tRNA"“YAS) 5/ halves
to RtcR (Hughes et al. 2020), RtcR is able to discriminate
between nicked tRNAs containing 2’,3' cyclic phosphate
and those in which the 5 half ends in monophosphate.

To examine oligomerization, we performed size exclu-
sion chromatography. For these experiments, we mixed
RtcR with a twofold excess of either the 5" tRNA half ending
in cyclic phosphate, the circularly permuted nicked tRNA
ending in cyclic phosphate, or the nicked tRNA ending
in monophosphate. For the 5 tRNA half, we detected
the two complexes described previously, migrating at
~150 and ~400 kDa (Fig. 3E), consistent with dimeric
(119 kDa) and hexameric (358 kDa) forms of RtcR bound
to one (12 kDa) or three (36 kDa) tRNA halves, respectively
(Hughes et al. 2020). Fractionation of these peaks in
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FIGURE 3. The circularly permuted nicked tRNA is a better ligand for RtcR binding and olig-
omerization than the 5" tRNA half. (A, B) tRNA-UVAG) 5/ {RNA halves endingin 2/,3' cyclic phos-
phate (lanes 1-9) or the circularly permuted nicked tRNA (lanes 10-18) were incubated with the
indicated concentrations of CARF domain (A) or RtcR (B). RNA—protein complexes were sepa-
rated from naked RNA in 6% (A) or 4% (B) polyacrylamide (80:1 acrylamide:bisacrylamide) na-
tive gels. In B, asterisks denote potential oligomers. (C) Gel shifts were performed as in B,
except that RNA-protein complexes were separated from naked RNA by fractionation in dis-
continuous 3%-4% polyacrylamide (80:1 acrylamide:bisacrylamide)/2.5% glycerol gels (top
panels). Bottom panels show quantification of three independent experiments using the 5’
tRNA half ending in 2,3’ cyclic phosphate (left panel) or the circularly permuted nicked
tRNA (right panel). (D) The circularly permuted nicked tRNA ending in cyclic phosphate (lanes
1-9) or the same RNA ending in monophosphate (lanes 10-18) was incubated with the indicat-
ed concentrations of full-length RtcR. RNA-protein complexes were separated from naked
RNA as in B. (E-G) 24 uM RtcR dimer was incubated with 48 uM 5’ tRNA halves (E), nicked
tRNAs ending in 2',3" cyclic phosphate (F), or nicked tRNAs after treatment with acid to
open the cyclic phosphate (G) and separated by size exclusion chromatography. The presence
of RtcR and RNA in each of the peaks was determined by fractionating proteins in SDS-PAGE
(top panel) and RNA in denaturing polyacrylamide gels (bottom panel). Both RtcR and RNAs
present in the fractions were analyzed in multiple gels that were joined at the lines.

presence of the circularly permuted
nicked tRNA ending in cyclic phos-
phate, we detected a large peak mi-
grating at ~300 kDa with two
shoulders that peaked at ~160 and
~400 kDa. All three peaks contained
both RtcR and the nicked tRNA (Fig.
3F). As the slower migrating shoulder
likely represents the RtcR dimer
bound to the 27.5 kDa nicked tRNA,
and the faster migrating shoulder is
consistent with a hexamer, the promi-
nent peak at ~300 kDa may corre-
spond to an intermediate in hexamer
formation. In contrast, for the nicked
tRNA ending in monophosphate, the
largest peak was the unbound tRNA,
and the RtcR-containing peaks were
all reduced compared to those detect-
ed when the nicked tRNA ended in cy-
clic phosphate (Fig. 3G). Efforts to
obtain precise masses using size ex-
clusion chromatography-multiple an-
gle light scattering (SEC-MALS) and
mass photometry have thus far been
unsuccessful, due to the tendency of
the complex to dissociate under the
conditions used. Despite these limita-
tions, the large increase in RtcR RNPs
detected by both EMSA and size ex-
clusion chromatography with the
nicked tRNA ending in 2/,3" cyclic
phosphate, compared to those
formed with either the 5" tRNA half
ending in 2',3" cyclic phosphate or
the nicked tRNA ending in monophos-
phate, reveals that the nicked tRNA
ending in 2,3’ cyclic phosphate is
more effective at binding RtcR and
triggering oligomerization.

Some tRNA halves remain base
paired following cleavage in
human cells

In human cells, tRNA halves accumu-
late during oxidative and other types
of environmental stress. To determine
whether some of these tRNA halves
remain base paired, we examined
the tRNA halves that accumulate fol-

denaturing gels revealed that, as expected, both RtcRand  lowing treatment of human HEK293A cells with sodium ar-
5" tRNA halves were present (Fig. 3E). As expected for an senite, a common inducer of oxidative stress and tRNA
experiment in tRNA excess, we also detected a peak cor- cleavage (Yamasaki et al. 2009; Emara et al. 2010; Saikia

responding to unbound 5 tRNA halves (Fig. 3E). In the et al. 2012; Elkordy et al. 2018). Following incubation
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with 0.5 M sodium arsenite for either 30 min or 2 h, cells
were lysed by sonication and RNA extracted with cold
phenol and fractionated in either denaturing or native
gels. Northern analysis was performed to detect 5
halves of tRNASYGCA {RNAHSGUS) {RNAS(CCY) and
tRNAIMMEICAT 41| of which have been described to accumu-
late under these conditions (Yamasaki et al. 2009; Akiyama
et al. 2022).

Northern blotting revealed that while 5 halves of
tRNASHMGCO {RNAFISGUG) RN ASSTGCY) 4§ tRNAIMEICAT
were all detected when the RNA was fractionated in dena-
turing gels (Fig. 4AB,EF), 5 halves of tRNASYGCO),
tRNAMSCUS) - and tRNASCY) were strongly reduced
when the same RNA was fractionated in native gels (Fig.
4C,D,G). Because 5 halves of these three tRNAs became
detectable when the RNA was first heated to 95°C (Fig.
4C,D,G, lane 4), these tRNA halves were likely base paired
in the original RNA. For these three tRNAs, in the absence
of heating, we also detected diffuse bands that migrated
with reduced mobility in native gels (Fig. 4C,D,G, lane 3).
Although these could represent less stably base paired 5’
halves that dissociate during gel fractionation, quantita-
tion revealed that these species accounted for 32%
(tRNA®SCY)  40% (tRNASYCCD), and 71% (tRNATCUS)
of the counts of the discretely migrating RNAs that were de-
tected with heating. Thus, atminimum, 29 to 68% of these 5’
fragments were base paired before gel fractionation. As in
bacteria, 3’ halves of these tRNAs behaved similarly (Fig.
41-1). For tRNAMeUCAD RNIA 5 halves were also detected
in the native gel and did notincrease significantly upon heat-
ing, suggesting these halves may be present as discrete
fragments in cells (Fig. 4H, compare lanes 3 and 4). We con-
clude that, as in bacteria, at least some tRNA halves remain
base paired following cleavage in the anticodon arm.

Conclusions

Our demonstration that tRNA halves can remain base
paired to form nicked tRNAs has implications for the func-
tions that have been proposed for these fragments. Since
some nicked tRNAs may not withstand low temperature
phenol extraction and subsequent native gel analysis, we
consider the fraction of tRNA halves that remains base
paired under these conditions to be a conservative esti-
mate of the actual fraction that is base paired in cells.

In bacteria, our finding that nicked tRNAs bind RtcR and
trigger its oligomerization expands the ligands that can ac-
tivate the rsr-yrlBA-rtcBA operon. Because the nicked
tRNA binds RtcR with higher affinity than the correspond-
ing 5" tRNA half, we consider it likely that nicked tRNA is
the preferred ligand in cells. Since 5 halves can bind
RtcR and trigger oligomerization, these ligands may also
contribute to operon activation. There also may be stress-
es, in S. Typhimurium or other bacteria, in which tRNA
halves are predominantly unpaired. The fact that both 5’

Denaturing Native
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(nts) 0.5 2 2 hrs SA 0.52 2 hrs SA
90-
{5 e®mee RNASHECO) i 8 -RNAGH(GCO)
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B % His(GUG) D
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FIGURE 4. Some human tRNA fragments remain base paired in cells.
(A,B) After incubating HEK293A cells with 0.5 M sodium arsenite (SA)
for the indicated times, cells were lysed and RNA isolated as de-
scribed in Materials and Methods and resuspended in 50 mM Tris-
HCI (pH 7.5), 50 mM NaCl. After mixing with an equal volume of
95% formamide, 5 mM EDTA and 0.02% bromophenol blue, the
RNA was heated to 95°C for 5 min, fractionated in denaturing gels
and subjected to northern blotting to detect 5 halves of tRNASY
GCA (A) and tRNATSCYS) (B) | |ane 4, the heating step was omitted.
(C.D) After resuspending in 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, the
RNA was mixed with 1/3 vol of 25% glycerol and 0.02% bromophenol
blue. After fractionation in native gels, northern blotting was per-
formed to detect 5 halves of tRNASYCCO (C) and tRNAMSCYS (D),
In lane 4, the RNA was heated to 95°C for 5 min before loading. (E,
F) After heating and fractionation in denaturing gels as in A-B, the in-
dicated RNAs were subjected to northern blotting to detect 5" halves
of tRNAS"CCY) (F) and tRNAMSUCAD (FY |n |ane 4, the heating step
was omitted. (G,H) The same RNAs as in E and F were fractionated
in native gels followed by northern blotting to detect 5 halves of
tRNASCCY (G) and tRNAMEUCAD (1) 1 lane 4, the RNA was heated
to 95°C for 5 min before loading. (L) The northern blots in A-B and
C-D were reprobed to detect 3’ halves of tRNASYGS and tRNAS®"
(GCU) after fractionation in denaturing I,J or native gels (K,L).
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halves and nicked tRNAs can bind RtcR and trigger oligo-
merization to different extents could also be used to fine-
tune operon activation. Definitive proof of the roles of
nicked tRNAs, tRNA fragments, and possibly other RNAs
as RtcR ligands will require appropriate experiments ad-
dressing their roles in vivo. Moreover, the fact that oligo-
merization is relatively inefficient in our purified system
suggests that additional components may contribute to
operon activation.

Our findings that (i) nicked tRNAs are RtcR ligands, and
that (i) nicked tRNAs are the predominant form of tRNA
fragments under conditions of operon activation, supports
the hypothesis that a major role of the operon is to repair
damaged tRNAs. In this scenario, the accumulation of
nicked tRNAs that are RtcB substrates would trigger oper-
on transcription, increasing the RtcB available to ligate
these tRNAs. Such a role could be important for maintain-
ing efficient protein synthesis and/or for resolving an as yet
unexplored RNA damage response.

Although the operon also encodes RtcA, which converts
2" or 3’ monophosphate RNA ends to 2,3" cyclic phos-
phate (Genschik et al. 1998; Das and Shuman 2013), the
findings that 5" tRNA halves and nicked tRNAs ending in
monophosphate are poor RtcR ligands and that RtcA is re-
quired for operon activation in both wild-type and AtruA
strains (Hughes et al. 2020; Kotta-Loizou et al. 2022) sup-
ports a model in which nicked tRNAs containing 2',3’ cyclic
phosphate are preferred ligands. These data imply that in
strains such as S. Typhimurium 14028s, where leaky tran-
scription results in low levels of RtcA in unstressed wild-
type cells, those nicked tRNAs generated by metal-depen-
dent anticodon nucleases (which generate 5 fragments
ending in 3’ phosphate) become RtcR ligands after 3’
end cyclization by RtcA. However, in E. coli and those
S. Typhimurium strains where operon expression is
more tightly regulated, operon activation may preferen-
tially occur after tRNA cleavage by metal-independent
endonucleases.

In human cells, our experiments reveal that at least some
5" tRNA halves that are proposed to function as isolated
halves are base paired with their 3’ counterparts to form
nicked tRNAs. For example, 5 tRNASYCS halves induce
stress granules when transfected into cells (Emara et al.
2010), inhibit translation of reporter mRNAs in reticulocyte
lysates (Akiyama et al. 2020) and are important for tRNA
transcription in zebrafish (Chen et al. 2021). Additionally,
5" tRNAYCCS fragments in mouse sperm were reported
to repress transcription of endogenous retroelements in
embryos (Sharma et al. 2016). Our finding that most 5
halves of this tRNA exist as nicked tRNA in HEK293A cells,
coupled with an independent report in human U-2 OS cells
(Costa et al. 2023), suggests that, for these and other tRNA
halves proposed to have novel functions, it will be impor-
tant to determine the fraction that is unpaired in the cells
under study.
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MATERIALS AND METHODS

Bacterial strains, cell culture, and treatments

All' S. Typhimurium mutants were derived from strain 14028S
(Jarvik et al. 2010) and described previously (Hughes et al.
2020). The specific strains used in this study were XC1410
(flag3X-rsr Arna), XC1428 (flag3X-rsr Arna AtruA), and XC1421
(flag3X-rsr Ama AruvA) (Hughes et al. 2020). S. Typhimurium
strains was grown in Luria-Bertani broth at 37°C. For mitomycin
C treatment, cells were grown to ODggo=0.8 and incubated
with 1.5 pM mitomycin C for 2 h. The construction and growth
of E. coli BL21(DE3) strains expressing the CARF domain and
full-length RtcR was described by Hughes et al. (2020).
HEK293A cells (Thermo Fisher) were cultured in Dulbecco’s mod-
ified Eagle’'s medium (Gibco) supplemented with 10% fetal bo-
vine serum (Gibco), 2 mM L-Glutamine, 100 U/mL Penicillin-
Streptomycin and treated with 0.5 M sodium arsenite (Sigma-
Aldrich) for 30 min and 2 h.

Total RNA preparation

All procedures were performed at 4°C. Bacterial pellets were re-
suspended in 50 mM Tris-HCl (pH 7.5), 50 mM NaCl and extract-
ed with phenol:chloroform:isoamyl alcohol (25:24:1) by vortexing
in the presence of glass beads (0.1 mm, Biospec Products). RNA
was precipitated with 2.5 volumes ethanol and resuspended in
50 mM Tris-HCI (pH 7.5), 50 mM NaCl. HEK293A cell pellets
were resuspended in 200 pL 50 mM Tris-HCI (pH 7.5), 50 mM
NaCl, lysed using a Bioruptor Plus (Diagenode) at the low intensity
setting, and RNA extracted with phenol:chloroform:isoamyl alcohol
(25:24:1). The RNA was precipitated with 2.5 volumes ethanol and
resuspended in 50 mM Tris-HCl (pH 7.5), 50 mM NaCl.

Northern blotting

For northern analyses, RNA was resuspended in 50 mM Tris-HCl|
(pH 7.5), 50 mM NaCl and either mixed with an equal volume
of 95% formamide, 5 mM EDTA, and 0.02% bromophenol blue,
heated to 95°C for 5 min and separated in 8% polyacrylamide/
8.3 M urea gels ("denaturing” gels) or mixed with 1/3 vol of
25% glycerol and 0.02% bromophenol blue, fractionated in 8%
native polyacrylamide gels (“native” gels), and transferred to
Hybond N+ membranes (Cytiva) in 0.5x TBE at 400 mA for 1 h.
Blots were hybridized with [¥?P]-labeled oligonucleotides as de-
scribed (Tarn et al. 1995). Radioactive signals were detected using
a Typhoon FLA 7000 Phosphorimager (GE Healthcare). The frac-
tion of base paired tRNA in native gels was quantitated using
ImageQuant TL analysis software (GE Healthcare). As we success-
fully detected both full-length tRNAs and nicked tRNAs in north-
ern blots of native gels, at least a fraction of these tRNAs may be
denatured during transfer. Oligonucleotide probes for S.
Typhimurium tRNAs were:

5 tRNAPNGAN. 5 TTTCAATCCCCTGCTCTACCGACTGAGC
TATCCGGGC-3

5 tRNACUUAS) 5/ ACCTAAATCTGGTGCGTCTACCAATTTC
GCCACTCCCGC-3’
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3 tRNALUUAS). 57 AGGCGAGACTTGAACTCGCACACCTTGC
GGCGCCAGAACCTAAA-3'

5 tRNATPCCA. 5 TTTGGAGACCGGTGCTCTACCAATT-3
3/ tRNATPECA. 5/ ACTCGAACTCCCAACACCCGGTTTTGGAG-3

5 tRNAMSGYS). 57 ATCACAATCCAGGGCTCTACCAACTGAGC
TA-3

Probes for human tRNAs were:

5 tRNASYECQ): 5 GAGAATTCTACCACTGAACCACCCATGC-3

5 tRNATSGYO). 5 CGCAGAGTACTAACCACTATACGATCACG
GC-3'

5 tRNASeCCY): 5/ ATCGCCTTAACCACTCGGCCACCTCGTC-3'

5 tRNAMeUCAY), 5/ CAGCACGCTTCCGCTGCGCCACTCTGCT-3

3 tRNASYECO). 5. GCCGGGAATCGAACCCGGGCCTCCCGCG-3'

3 tRNASSCCY): 5/ GATTCGAACCCACGCGTGCAGAGCACAAT
GGATT-3

Generation of in vitro-transcribed RNAs for binding
experiments

To make 5 tRNA"“YAS halves and the circularly permuted
nicked RNAs for binding experiments, gBlocks (Integrated DNA
Technologies) were synthesized that contained an upstream ham-
merhead ribozyme, which generates 5-OH, and a downstream
HDV ribozyme which generates 2',3" cyclic phosphate (Gao and
Zhao 2014). The sequences of the gBlocks are given in Figures
2C and 2D. After amplifying the tRNAYAS) 5 half-encoding
gBlock DNA with 5-TAATACGACTCACTATAGGGTCCCGC
CTG-3' and 5-GTCCCATTCGCCATGCCGAAG-3' and the
nicked tRNA-encoding gBlock with 5-TAATACGACTCACTA
TAGGGCAGAACCTG and 5-GTCCCATTCGCCATGCCGAAG-3/,
the resulting templates were transcribed with T7 RNA polymerase.
Reactions (8 mL) contained 4 pg/mL DNA template, 2.5 mM
NTPs, and 0.5 mg/mL T7 RNA polymerase, in 40 mM Tris-HCI
(pH 7.5), 10 mM DTT, 4 mM spermidine, 25 mM MgCl,, 0.01%
Triton X100, 1 U/mL inorganic pyrophosphatase at 37°C for 3
h. Afterward, the MgCl, concentration was increased to 0.12 M
and the reaction incubated at 60°C for 30 additional min to ensure
ribozyme cleavage. The RNA was fractionated in 8% (nicked tRNA)
or 10% (5 tRNA half) polyacrylamide/8.3 M urea gels and eluted
in 20 mM Tris-HCl (pH 7.5), 0.3 M NaOAc, 1 mM EDTA, and 0.1%
SDS. Afterward, the eluate was passed through a 0.22 pm filter
(Millipore) and the RNA subjected to ethanol precipitation. To
open the 2,3’ cyclic phosphate, the nicked tRNA was diluted to
0.4 pg/pL in 10 mM HCI and incubated on ice for 3 h (Honda
etal. 2016). Afterward, 1/10 volume of 3 M sodium acetate was add-
ed and the RNA precipitated with three volumes of ethanol.

RtcB ligation and RNase R treatment

The ligase reaction containing 50 mM Tris-HCI, pH 8.0, 2 mM
MnCl,, 0.1 mM GTP, 5 nM RNA (5" tRNAUUAS half or circularly
permuted nicked tRNA“Y49) ‘and 0.75 uM E. coli RtcB (New
England Biolabs) was incubated at 37°C for 1 h. For RNase R treat-
ment, the reaction was supplemented with 20 mM Tris-HCI (pH
8.0), 100 mM KCI, 0.1 mM MgCl,, 0.35 U/uL RNase R (LGC,
Biosearch Technologies), and incubated at 37°C for an additional

1 h. Following phenol:chloroform extraction and ethanol precipi-
tation, the RNA was fractionated in 6% polyacrylamide/8.3 M
urea gels.

RNA binding assays

RNA was resuspended in 20 mM Tris-HCI (pH 7.5), 1700 mM NaCl,
1 mM MgCl,, 0.05% Tween 20, refolded by heating to 95°C for 2
min, frozen on dry ice and thawed on ice. Refolded RNAs were
mixed with RtcR or CARF domain in 10 pL binding buffer, incubat-
ed at 4°C for 30 min and at room temperature for 30 min. RtcR
binding reactions included 1 mM ATP. For CARF domain
EMSAEs, reactions were fractionated in 6% polyacrylamide (80:1 ac-
rylamide:bisacrylamide)/5% glycerol gels. For RtcR EMSAs, reac-
tions were fractionated in 4% polyacrylamide (80:1 acrylamide:
bisacrylamide)/2.5% glycerol gels or 3%-4% discontinuous poly-
acrylamide (80:1 acrylamide:bisacrylamide)/2.5% glycerol gels,
in which the top (0.5 cm) contained 3% polyacrylamide, 0.5 mM
ATP and 100 mM NaCl. Gels were run at 4°C, 5 V/cm for 20 min,
then 10 V/cm in 0.5x TBE (50 mM Tris, 45 mM boric acid, 1.25
mM EDTA) until the bromophenol blue migrated 3 cm (Fig. 3A,B),
1 cm (Fig. 3C), or 2 cm (Fig. 3D). The RNA was transferred to
Hybond N+ membranes and northern blotting performed as de-
scribed above.

Protein purification

Purification of the CARF domain and full-length RtcR was as de-
scribed previously (Hughes et al. 2020), except that a Superdex
16/600 column was used for the final gel filtration.

Size exclusion chromatography

RtcR-RNA complexes were formed by mixing 24 pM RtcR dimer
and 48 pM refolded RNA in 100 pL gel filtration buffer (20 mM
Tris-HCl pH 7.5, 100 mM NaCl, 1 mM MgCI2, 0.05% Tween 20,
1 mM ATP). After incubating on ice for 30 min and at room tem-
perature for 30 min, the reaction was injected onto a Superdex
200 Increase 10/300 column equilibrated with gel filtration buffer.
The column flow rate was 0.25 mL/min and the elution was mon-
itored by measuring absorbance at 280 nm. Peak fractions were
analyzed by fractionating RNA in 8% polyacrylamide/8.3 M urea
gel and staining with GelRed (Biotium), while proteins were frac-
tionated in 4%-12% SDS-PAGE and stained with Coomassie blue.
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