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RNA 2’,3'-cyclic phosphate ends play important roles in RNA
metabolism as substrates for RNA ligases during tRNA restric-
tion-repair and tRNA splicing. Diverse bacteria from multiple
phyla encode a two-component RNA repair cassette, compris-
ing Pnkp (polynucleotide kinase-phosphatase-ligase) and Hen1l
(RNA 3'-terminal ribose 2'-O-methyltransferase), that heals
and then seals broken tRNAs with 2,3'-cyclic phosphate and
5'-OH ends. The Pnkp-Henl repair operon is absent in the
majority of bacterial species, thereby raising the prospect that
other RNA repair systems might be extant. A candidate compo-
nent is RNA 3’-phosphate cyclase, a widely distributed enzyme
that transforms RNA 3’-monophosphate termini into 2',3'-cy-
clic phosphates but cannot seal the ends it produces. Escherichia
coli RNA cyclase (RtcA) is encoded in a ¢°*-regulated operon
with RtcB, a protein of unknown function. Taking a cue from
Pnkp-Henl1, we purified E. coli RtcB and tested it for RNA ligase
activity. We report that RtcB per se seals broken tRNA-like
stem-loop structures with 2’,3’-cyclic phosphate and 5'-OH
ends to form a splice junction with a 2'-OH, 3',5'-phosphodi-
ester. We speculate that: (i) RtcB might afford bacteria a means
to recover from stress-induced RNA damage; and (ii) RtcB
homologs might catalyze tRNA repair or splicing reactions in
archaea and eukarya.

Programmed breakage of the tRNA anticodon loop by site-
specific endoribonucleases (ribotoxins) is an ancient mecha-
nism by which microbes either respond to virus infection or
distinguish self from non-self (1-5). tRNA ribotoxins employ a
transesterification mechanism that generates 5'-OH and 2',3'-
cyclic phosphate termini. Analogous site-specific transesterifi-
cations are catalyzed by archaeal and eukaryal endonucleases
that initiate pre-tRNA splicing by incising the intron-exon bor-
ders (6). tRNA splicing and viral evasion of tRNA restriction
demand that the broken tRNA ends be resealed faithfully by
dedicated cellular or viral RNA repair enzymes. In fungal and
plant tRNA splicing and in bacteriophage T4 tRNA restriction-
repair, this entails sequential enzymatic end-healing and end-
sealing steps (1, 7-11). In the healing phase, the 2',3'-cyclic
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phosphate end is hydrolyzed to a 3'-OH, and the 5'-OH end is
phosphorylated by an NTP-dependent polynucleotide kinase
to yield a 5'-monophosphate. The healed 3'-OH and 5'-PO,
termini are then suitable substrates for sealing by a “classical”
ATP-dependent RNA ligase that restores the 3',5'-phosphodi-
ester backbone. An alternative mechanism of RNA sealing, via
direct attack of a 5'-OH end on a 2,3’-cyclic phosphate to yield
a 3',5'-phosphodiester, is thought to comprise the major path-
way of tRNA splicing in archaea and animals (12-15).

Ribotoxin-encoding genes are widespread in prokarya,
where their expression or activity is induced in response to
cellular stress (16 —18). This raises the question of whether pro-
karya might have RNA repair systems to recover from stress-
induced RNA damage. Candidate RNA repair enzymes have
been identified and characterized in diverse bacterial and
archaeal taxa (19-26). The best case for a bona fide bacterial
RNA repair pathway can be made for the many species that
encode the enzymes Pnkp? (polynucleotide 5’-kinase/3’-phos-
phatase) and Henl in an operon-like gene cassette (27, 28).
Bacterial Pnkp is a multifunctional end-healing and -sealing
enzyme composed of three catalytic domains: N-terminal
kinase (5'-end-healing), central phosphoesterase (3'-end-heal-
ing), and C-terminal adenylyltransferase/ligase (sealing) (21,
29-32). The adenylyltransferase domain is homologous to clas-
sical ATP-dependent RNA ligases and reacts with ATP to form
a covalent enzyme-AMP adduct (21), but it cannot catalyze
RNA sealing per se. Henl serves two functions: (i) it enables the
end-sealing function of the Pnkp ligase module; and (ii) it is a
manganese-dependent 3'-terminal ribose 2'-O-methyltrans-
ferase that installs a methyl “mark” at the 3'-healed tRNA end
prior to the sealing step and thereby immunizes the repair junc-
tion against further rounds of damage (27, 28).

Most bacteria, including Escherichia coli, do not have the
Pnkp-Henl cassette. In considering alternative RNA repair
strategies, our attention has focused on E. coli RNA 3’-phos-
phate cyclase (RtcA) as a candidate RNA repair enzyme. RNA
cyclase transforms RNA 3’-monophosphate termini (which are
not substrates for strand sealing) into potentially ligatable 2,3’ -
cyclic phosphate ends. Cyclization entails a series of three
nucleotidyl transfer reactions (33, 34). In the first step, Rtc
reacts with ATP to form a covalent RtcA-AMP intermediate
and liberate PP,. Adenylate is linked via a phosphoamide bond
to a histidine Ne atom (35, 36). In the second step, the adenylate
is transferred from RtcA-AMP to the RNA 3’-phosphate termi-
nus to form an activated phosphoanhydride intermediate,
RNA(3")pp(5')A. In the third step, the terminal ribose 2'-OH
attacks the 3’-phosphate of RNA(3')pp(5')A to generate an
RNA 2',3'-cyclic phosphate product and release AMP. The
cyclase pathway is reminiscent of the three nucleotidyl transfer
steps catalyzed by classical RNA/DNA ligases, also via enzyme-
AMP and polynucleotide-adenylate intermediates, notwith-
standing that the tertiary structure and active site of RNA

2The abbreviations used are: Pnkp, polynucleotide 5'-kinase/3’-phospha-
tase; aa, amino acid; AtRNL, Arabidopsis thaliana tRNA ligase.
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FIGURE 1. The RtcB protein encoded by the E. coli rtcBA operon is an RNA ligase. A, genetic organization of the E. coli rtc operon. The tightly clustered rtcB
and rtcA ORFs encoding the 408-aa RtcB and 338-aa RtcA polypeptides are transcribed rightward from a 0°* promoter under the control of the transcriptional
regulator encoded by the oppositely oriented rtcR gene (40). RtcA is an RNA 3'-phosphatase cyclase; the structure of the E. coli RtcA-adenylate intermediate is
rendered in green (36). The structure of Pyrococcus RtcB is shown in magenta (41). A primary structure alignment of E. coli and Pyrococcus RtcBs is provided in
supplemental Fig. S3. Here we show that E. coli RtcB is an RNA ligase. B, ligase reaction mixtures (10 wl) containing 50 mm Tris-HCl (pH 7.4), 0.2 um 5'->2P-labeled
broken stem-loop RNA (panel C), and (where indicated by + above the lanes) 10 mm MnCl,, 2 mm DTT, 100 um GTP, 100 um ATP, and either 1 um E. coli RtcB or
0.1 um AtRNL were incubated at 37 °C for 30 min. The reactions were quenched with EDTA/formamide, and the products were analyzed by electrophoresis
through a 20% polyacrylamide gel containing 7 m urea in 90 mm Tris borate, 2.5 mm EDTA. An autoradiograph of the gel is shown. The positions of the
radiolabeled 19-mer substrate strand and the ligated hairpin product are indicated on the left. The extents of ligation were quantified by scanning the gel and
are specified below the lanes. C, the broken tRNA-like anticodon stem-loop substrate shown was generated by K. lactis y-toxin incision at the wobble U of the
UUC anticodon. The 5’-*?P-labeled 19-mer strand has a uridine 2,3'-cyclic phosphate at the break. The distal 20-mer strand is unlabeled and has a 5’-OH
uridine terminus at the break. D, reaction mixtures (10 wl) containing 50 mm Tris-HCl (pH 7.4), 0.2 um 5'->2P-labeled broken stem-loop RNA, 2 mmMnCl,, 100 um
GTP, and either no RtcB (lane —) or 0.05,0.1,0.2,0.5, or 1 um RtcB (proceeding from left to right) were incubated at 37 °C for 30 min. The products were analyzed
by PAGE and visualized by autoradiography. The extents of ligation are specified below the lanes.

cyclase (Fig. 1) have nothing in common with polynucleotide
ligases (36—38). Nonetheless, recent studies revealed that the
catalytic repertoire of RNA cyclase overlaps that of RNA/DNA
ligases; to wit, E. coli RtcA catalyzes adenylylation of 5'-phos-
phate ends of DNA or RNA strands to form AppDNA and
AppRNA products (39). However, RtcA is unable to convert a
polynucleotide-adenylate into a sealed phosphodiester. Thus, if
RtcA is involved directly in an RNA-sealing pathway, it either
requires a protein partner (a la Pnkp-Hen1) or plays a support-
ive role in RNA repair by providing a 2',3’-cyclic phosphate
substrate for a separate bacterial RNA ligase enzyme.

Taking a cue from Pnkp-Hen1, we queried whether RtcB, the
protein encoded by the flanking gene in the E. coli rtcBA operon
(40) (Fig. 1), might be the missing ligase per se or in combination
with RtcA. E. coli RtcB is a 408-aa polypeptide of heretofore
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unknown function. RtcB homologs are widely prevalent in bac-
teria, archaea, protozoa, and metazoa (40), although not in
fungi and plants. Crystal structures of Pyrococcus horikoshii and
Thermus thermophilus RtcB homologs have been solved (41)
(PDB ID 2EPG)? and have virtually identical folds, exemplified
by the Pyrococcus RtcB shown in Fig. 1. This view of RtcB high-
lights a deep and wide hydrophilic pocket lined by conserved
histidines (suggestive of an enzyme active site) and the nearby
binding of two sulfate anions (which are potential mimetics of
nucleic acid or nucleotide phosphates). The E.coli rtcBA
operon is regulated by RtcR, a 0>*-specific activator encoded by
the divergently transcribed neighboring rtcR gene (Fig. 1). The

3. Sekine, Y. Bessho, and S. Yokoyama, unpublished results.
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operon is repressed under standard laboratory conditions of
bacterial growth (40) and is presumably activated in response to
an as yet unknown cellular stress.

Here we transiently expressed a plasmid-borne copy of rtcB
in E. coli under the control of a T7 RNA polymerase promoter.
The protein was produced as a His;,-Smt3 fusion and isolated
from a soluble bacterial extract by nickel-agarose chromatog-
raphy (38) (see supplemental material for detailed methods).
The tag was then removed by the Smt3-specific protease Ulp1,
and the tag-free RtcB was separated from His, ,-Smt3 by a sec-
ond nickel affinity step. This material was purified further by gel
filtration, which resolved a single major protein component
from high molecular weight aggregates recovered in the void
volume (supplemental Fig. S1). SDS-PAGE analysis of the peak
fractions revealed a single 45-kDa polypeptide (supplemental
Fig. S1), consistent with the predicted size of recombinant RtcB.
The gel filtration profile of RtcB, when compared with stan-
dards used to calibrate the column, was consistent with it being
a monomer in solution.

To test whether RtcB might have RNA ligase activity, we
prepared a substrate that mimicked the broken tRNASM(VVC)
anticodon stem-loop generated by Kluyveromyces lactis y-
toxin (Fig. 1C). In brief, we 5’-*?P-labeled a 39-nucleotide syn-
thetic RNA hairpin that included the exact nucleotide sequence
of the anticodon stem-loop of yeast tRNAS™(VYS), The labeled
hairpin was reacted in vitro with purified recombinant K. lactis
y-toxin (42), which breaks the RNA at a single phosphodiester
3’ of the wobble uridine, leaving 2’,3’-cyclic phosphate and
5'-OH ends (4, 43) (Fig. 1C). The broken 19-mer and 20-mer
strands were copurified and separated from residual uncut
hairpin by preparative gel electrophoresis.

As a positive control for RNA repair, the broken stem-loop
substrate was reacted with recombinant Arabidopsis thaliana
tRNA ligase (AtRNL) (11) in a mixture containing a divalent
cationand ATP and GTP substrates (100 uM each) for the ligase
and 5'-kinase components of the trifunctional plant enzyme.
AtRNL sealed the broken ends, as evinced by the conversion of
the input ?P-labeled 19-mer strand (Fig. 1B, lane 8) into a **P-
labeled ligated hairpin product (Fig. 1B, lane I).

The salient finding was that recombinant RtcB also repaired
the broken stem-loop under the same reaction conditions (Fig.
1B, lane 2). The requirements for the RtcB ligase reaction were
gauged by systematic omission of reaction components (Fig.
1B), which showed that activity was nearly abolished by omit-
ting manganese (lane 7) but was unaffected by omission of
either DTT (lane 3) or ATP (lane 5). Withdrawal of GTP
reduced RtcB ligase activity (lanes 4 and 6). The extent of seal-
ing of the broken stem-loop increased with increasing RtcB
concentration and was nearly quantitative at saturating enzyme
(Fig. 1D). Inclusion of recombinant E. coli RtcA in the reaction
mixtures (at the same concentration as RtcB) had no apparent
effect on the efficiency of RNA sealing (not shown). Thus, we
surmise that RtcB is a novel stand-alone RNA ligase.

To better gauge the substrate specificity of the RtcB ligase
reaction and to compare it with that of AtRNL, we presented
the enzymes with a 5'->’P-labeled single-stranded RNA (R19)
comprising just the 5" half of the broken stem-loop (Fig. 2B). To
prepare this RNA, we end-labeled a synthetic RNA comprising
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the 5’ 30 nucleotides of the RNA hairpin in Fig. 1C. Cleavage of
this RNA by purified y-toxin yielded the **P-labeled R19 strand
plus an unlabeled 11-mer that was separated from R19 during
preparative gel electrophoresis. Reaction of AtRNL with the
R19 strand resulted in its conversion to two novel products (Fig.
2A, compare lanes 1 and 2). The predominant product, migrat-
ing slightly faster than the substrate strand during denaturing
PAGE, corresponds to a 19-mer RNA circle (11), and the
minority product is a dimer of the 19-mer strand (presumably a
dimer circle). It is well established that AtRNL is adept at intra-
molecular circularization of RNA single strands with 2',3"-cy-
clic phosphate ends, both in vitro and in vivo (11, 44). By con-
trast, RtcB was unreactive with the R19 strand (Fig. 24, lane 6).
We surmise that the 5'-monophosphate end of the R19 sub-
strate, which is essential for the ligation step of the plant tRNA
ligase pathway (whether preformed or generated in situ by the
AtRNL kinase), is actually inimical to an RtcB intramolecular
RNA circularization reaction.

The fates of the R19 strand in the respective plant and E. coli
ligase reactions were altered by inclusion of increasing amounts
of an unlabeled 5'-OH RNA oligonucleotide (R20) complemen-
tary to R19, which can anneal to it and reconstitute the broken
tRNA-like stem-loop (Fig. 2B). In the AtRNL reactions, the R20
strand suppressed intramolecular circularization of R19 and
promoted the joining of **P-labeled R19 to R20 to yield a hair-
pin product (Fig. 24, lanes 3-5). In the RtcB mixtures, inclusion
of R20 triggered its ligation to the previously inert **P-labeled
R19 strand to form the stem-loop hairpin product (Fig. 24,
lanes 7-9). (The hairpin product migrated as a doublet, reflect-
ing the presence of a minority fraction of # — 1 length RNA in
the synthetic oligonucleotide preparation.) These results are
consistent with a 5'-OH terminus being the immediate sub-
strate for the RtcB ligase.

Further characterization of the RtcB sealing reaction was
performed with mixtures containing 100 nm **P-labeled R19
strand plus 1 uM cold R20 strand. Formation of the hairpin
product required a divalent cation, and this requirement was
satisfied specifically by 2 mm manganese (Fig. 2C). Other diva-
lent cations at 2 mM concentration were very weakly active
(nickel, cobalt, magnesium) or virtually inactive (calcium, cop-
per, zinc) (Fig. 2C). The selectivity for manganese might reflect
the spatial clustering of a constellation of conserved histidines
and a cysteine in the presumptive active site pocket of RtcB (Fig.
1A). These residues have been suggested to comprise a poten-
tial metal-binding site (40, 41) that, being dominated by “soft”
metal contacts to nitrogens and sulfur, could account for the
preference for manganese over magnesium. Additional insights
to the metal specificity of RtcB were provided by mixing exper-
iments, in which reactions containing 2 mm manganese were
supplemented with 2 mMm of another divalent cation. Copper
and zinc abolished ligase activity in the presence of manganese,
whereas nickel and cobalt were strongly inhibitory (supple-
mental Fig.52), suggesting that each of these four soft metals
might out-compete manganese for a putative metal-binding
site on the enzyme, wherein engaged they are unable to support
reaction chemistry. By contrast, magnesium and calcium had
no such deleterious effect in combination with manganese
(supplemental Fig. S2), implying that these “hard” metals do not
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FIGURE 2. RtcB substrate and cofactor specificity. A, AtRNL and RtcB have distinct substrate specificities. Reaction mixtures (10 ul) containing 50 mm Tris-HCl
(pH 7.4), 2 mm MnCl,, 100 um GTP, 100 nm 5’->?P-labeled R19 strand substrate plus 0, 50, 100, or 200 nm cold R20 strand, and 0.1 um AtRNL or 1 um RtcB were
incubated at 37 °C for 30 min. The reaction mixtures were analyzed by denaturing PAGE. The products corresponding to R19 circle, R19 dimer, and R19-R20
hairpin are indicated on the left. B, the 5'->?P-labeled R19 single strand with a 2’,3'-cyclic phosphate end is shown. The unlabeled complementary R20
oligonucleotide was added to the ligation reactions as specified. C, metal cofactor requirement. Reaction mixtures (10 wl) containing 50 mm Tris-HCl (pH 7.4),
0.1 um 5’->2P-labeled R19 strand, 1 um cold R20 strand, 100 um GTP, T um RtcB, and 2 mm MgCl,, MnCl,, CaCl,, CuCl,, NiCl,, CoCl,, or ZnCl, were incubated at
37 °C for 30 min. Divalent cation and RtcB were omitted from control reactions (—). The extents of ligation are specified below the lanes. D, time course. A
reaction mixture (100 wl) containing 50 mm Tris-HCI (pH 7.4), 2 mm MnCl,, 0.1 um 5'-*2P-labeled R19 strand, 1 um cold R20 strand, 100 um GTP, and 1 um RtcB
was incubated at 37 °C. Aliquots (10 ul) were withdrawn at the times specified and quenched immediately with EDTA/formamide. The time 0 sample was taken
prior to the addition of RtcB. The extents of ligation are specified below the lanes.

bind effectively to the RtcB active site. The kinetic profile of the
RtcB ligation reaction is shown in Fig. 2D; the hairpin ligation
product accumulated progressively with reaction time and was
virtually complete in 20 -30 min.

The end product of the AtRNL end-healing and -sealing
reactions is a 2'-PO,, 3',5’'-phosphodiester splice junction (10)
(Fig. 3). Our hypothesis is that RtcB performs direct ligation
without end-healing, in which case the end product should be a
standard 2'-OH, 3',5'-phosphodiester splice junction (Fig. 3).
A key prediction is that the repaired tRNAS™(VY<)_like product
of the AtRNL reaction should be refractory to recleavage by
K lactis y-toxin, which requires a 2'-OH nucleophile for trans-
esterification (42), whereas the product of the RtcB-sealing
reaction should be susceptible to y-toxin. Indeed, we found that
this was the case (Fig. 3), fortifying our inference that RtcB
catalyzes direct ligation. It is noteworthy that of the two prod-
uct species comprising the hairpin doublet, only the slower
migrating “full-length” repaired tRNAS" (VY anticodon loop
was susceptible to recleavage by y-toxin, whereas the shorter
species, resulting from sealing to an # — 1 contaminant of the 20
strand, was refractory (Fig. 3, and other data not shown). This is
entirely consistent with the stringent requirement of y-toxin
for a 5'-UUC anticodon triplet (43).
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FIGURE 3. RtcB forms a cleavable 3’,5’-phosphodiester at the repair junc-
tion. Ligation reactions containing 50 mm Tris-HCI (pH 7.4), 100 nm 5’-32P-
labeled R19 strand substrate, 1 um cold R20 strand, and either (i) 10 mm MgCl,,
2mmDTT, 100 um ATP, 100 um GTP, and 0.1 um AtRNL or (ii) 2 mm MnCl,, 100
uMGTP, and 1 um RtcB were incubated at 37 °C for 30 min. The RNA products
were isolated by phenol extraction and ethanol precipitation. Aliquots of the
resuspended RNAs were incubated for 60 min at 4 °C with (+) or without (—)
1.8 um K. lactis y-toxin (lanes +) in reaction mixtures (10 ul) containing 20 mm
Tris-HCI (pH 7.5), 2 mm DTT, and 2 m trimethylamine oxide. The treated and
mock-treated RNAs were analyzed by denaturing PAGE and visualized by
autoradiography. The predicted RtcB and AtRNL repair junctions, showing
just the tRNASMIVY) anticodon stem-loop, and their susceptibility or resis-
tance to cleavage by y-toxin are illustrated at the right.
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Here we identified E. coli RtcB as the exemplar of a new RNA
ligase family. RtcB is unrelated structurally to classical ATP-de-
pendent polynucleotide ligases; indeed, RtcB is indifferent to
the presence of ATP as a reaction component. RtcB activity is
stimulated by GTP, via an as yet unclear mechanism. We sus-
pect an allosteric effect rather than the participation of GTP in
the RtcB ligation chemistry, which appears to entail direct liga-
tion, analogous to tRNA splicing in extracts of archaeal and
animal cells. The sealing reaction of a partially purified human
RNA ligase depended on ATP or dATP (not GTP) (45); the role
of ATP in the human RNA ligase reaction was not determined.

The genetic organization of RtcA and RtcB in a two-gene
operon in E. coli suggests that they provide the healing and
sealing functions, respectively, in an RNA repair pathway. In
this scenario, the healing refers to the restoration of ligatable
2',3'-cyclic phosphate ends in the event that the inciting RNA
damage directly generates RNA 3’-monophosphates or that the
2',3'-cyclic phosphate products of RNA transesterification are
further processed to a 3'-monophosphate by a bacterial 2,3'-
cyclic phosphodiesterase. The fact that the rtcBA operon in
E. coli is regulated by 0°* suggests that the RNA repair func-
tions are induced in response to cellular stress. In this vein, it is
worth noting that E. coli has several ribotoxin systems that are
turned on in stress situations (18, 46).

Many bacterial taxa encode RtcB and RtcA homologs, although
it is not always the case that they are genetically linked on the
respective bacterial chromosomes. RtcB and RtcA homologs are
found in many archaeal proteomes, but they are not grouped
together in operons. Among eukarya, RtcB homologs are present
in metazoa and protozoa but missing in most fungi and plants. The
phylogenetic distribution of RtcB points to its candidacy as a tRNA
splicing enzyme in animals and archaea.
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