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ABSTRACT

It is only recently that the abundant presence of circular RNAs (circRNAs) in all kingdoms of Life, including
the hyperthermophilic archaeon Pyrococcus abyssi, has emerged. This led us to investigate the physiologic
significance of a previously observed weak intramolecular ligation activity of Pab1020 RNA ligase. Here we
demonstrate that this enzyme, despite sharing significant sequence similarity with DNA ligases, is indeed
an RNA-specific polynucleotide ligase efficiently acting on physiologically significant substrates. Using a
combination of RNA immunoprecipitation assays and RNA-seq, our genome-wide studies revealed 133
individual circRNA loci in P. abyssi. The large majority of these loci interacted with Pab1020 in cells and
circularization of selected C/D Box and 5S rRNA transcripts was confirmed biochemically. Altogether these
studies revealed that Pab1020 is required for RNA circularization. Our results further suggest the functional
speciation of an ancestral NTase domain and/or DNA ligase toward RNA ligase activity and prompt for
further characterization of the widespread functions of circular RNAs in prokaryotes. Detailed insight into
the cellular substrates of Pab1020 may facilitate the development of new biotechnological applications
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e.g. in ligation of preadenylated adaptors to RNA molecules.

Introduction

For a long time, circular RNA molecules (circRNAs) lacking 3’
or 5 termini were considered an unusual form of nucleic acids
found in few viroids or viruses using a single-stranded RNA
molecule as genetic material, participating in maturation of
some tRNA genes, or, alternatively, a result of aberrant RNA
splicing (for recent reviews, see' ). However, numerous recent
genome-wide experimental and computational studies (RNA-
seq analyses) tailored toward detection of circRNAs have
revealed this class of RNA molecules as abundant in eukarya,
including humans. Evolutionary conservation of circRNAs has
suggested that they are functionally important. Indeed, recent
studies have revealed that circRNAs are differentially expressed
in different human cell lines and tissues, serve as regulators of
transcription and protein expression and can act as miRNA
sponges.*” Several different types of RNA circles originating
from diverse cellular processes have been identified. Most
eukaryotic circRNAs result from splicing reactions that are cat-
alyzed either by the spliceosome or ribozymes corresponding
to Group I and Group II introns. The process called “backsplic-
ing” that connects a downstream splice donor site (5" splice
site) to an upstream acceptor site (3’ splice site) is the most
common mechanism producing circRNAs in eukaryotic cells.
During the formation of circRNAs either 2'-5" or 3’5’ linkages
have been detected.>” The resulting molecular “rings” or RNA
circles resist degradation by exoribonucleases that require free
termini and/or may have increased melting point in compari-
son to linear nucleic acid molecules. Circularization of RNA

molecules may thus drastically influence the structure and/or
shape of these molecules, presumably reflecting structural con-
straints brought about by circularization.

Although the majority of recent work on circRNAs has
been performed using human cell lines, circular RNAs also
exist in archaea and bacteria, in addition to the aforemen-
tioned viroids and RNA viruses. This raises the question
how circular RNA molecules are formed in prokaryotes,
where RNA splicing is a rare phenomenon. RNA-seq meth-
odology revealed an abundant genome-wide presence of
circRNAs in the transcriptome of the archaeon Sulfolobus
solfataricus'® such as tRNA introns and rRNA processing
intermediates, as well as several protein-coding genes, and
many smaller non-coding RNAs (e.g., box C/D RNAs). This
genome-wide study is also in agreement with earlier studies
that have revealed the presence of circular forms in excised
tRNA-introns,'"'? introns of rRNAs,'>'* rRNAs processing
intermediates'” and box C/D RNAs in archaea.'® Note that
box C/D RNAs guide site-specific modification (2'-0-meth-
ylation) of rRNA and small nuclear RNA in eukaryotes and
tRNA in archaea.'” RNA-seq data obtained using the “mini-
mal” archaeon Nanoarchaeum equitans also revealed circu-
lar box C/D RNAs sequences.'® The specific case where the
cleaved-out intron contains a C/D box RNA that guide 2'-
O-methylation on nucleotides in the anticodon loop of
mature tRNA-Trp should also be highlighted.'>'? At least 2
separate enzymes, an endonuclease and a ligase, are known
to be involved in pre-tRNA splicing in archaeal cell free
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extracts.”® The endonuclease cleaves in a characteristic
bulge-helix-bulge structure (BHB) of pre-tRNA-Trp, pro-
ducing 2’-3-cyclic phosphate and 5’-hydroxyl termini joined
by the ligase.'' In addition to ligation of resulting tRNA
halves, circularization of the pre-tRNA Trp intron occurs in
a mechanistically similar ligation reaction, as observed using
H. volcanii extracts.'""’

Considering the widespread presence of circRNAs in the
third domain of life is now evident, further studies on
archaeal RNA ligases are now necessary. Up to date, 2 evolu-
tionary unrelated families of RNA ligases capable of joining
single stranded RNA molecules have been identified in
archaea. RtcB proteins seem to function in most, if not all,
archaea as GTP-dependent tRNA-splicing ligases and join
spliced tRNA molecules halves to form mature-sized tRNAs
molecules e.g., in archaeal precursor tRNA-Trp.”' The obser-
vation that the genomes of some archaea contain 2 open
reading frames, previously predicted to function as DNA
ligases, led to the discovery of a putative second family of
archaeal RNA ligases.”>*® The founding member of this
putative RNA ligase family is the Pyrococcus abyssi reading
frame Pab1020. This family (InterPro code IPR001072) cur-
rently contains 170 archaeal and 35 bacterial homologs but
little is known concerning the molecular function of this
conserved protein family. We have previously shown that,
unexpectedly, Pab1020 catalyzed the circularization of physi-
ologically non-significant oligoribonucleotides in an ATP-
dependent reaction.”* Similar results have also been reported
for closely related Methanobacterium protein that catalyzes
the intramolecular ligation of 5'-P single-stranded RNA to
form a covalently closed circular RNA molecule.***’

Here using a combination of biochemical, RNA-seq and
computational analyses, we have investigated the molecular
function of the Pab1020 RNA ligase family.***® Our genome-
wide RNA co-immunoprecipitation studies, using affinity puri-
fied Pab1020 antibodies, led to the discovery of a large number
of circular RNAs that specifically interact with Pab1020 RNA
ligase in P. abyssi cells and were indeed efficiently circularized
by the Pab1020 in vitro. Our studies also indicate a widespread
importance of circular RNAs in prokaryotes and suggest a
functional speciation of an archaeal polynucleotide ligase
toward RNA circularization activity in many thermophilic
archaea and bacteria. The identification of physiologic sub-
strates for the Pab1020 RNA ligase may also facilitate develop-
ment of new biotechnological applications for this enzyme
family currently commercialized for e.g., labeling of 3’ termini
of RNA.

Results
Domain structure of the Pab1020 family RNA ligases

Pab1020 is the founding member of the conserved Rnl3
family of RNA ligases®® that are predominantly found in
hyperthermophiles (archaea, bacteria) and halophiles. Each
Pab1020 monomer consists of 4 domains: the amino-termi-
nal (N-term), the catalytic nucleotide transferase (NTase),
the dimerization (Dim) and the C-terminal (C-term)
domains [*%, Fig. SIA]. To address why these proteins are

frequently annotated as “DNA” ligases, we have performed
several sequence similarity searches indicating that the cen-
tral NTase domain of Pabl020 is closely related to the
CDC9 domain found in ATP-dependent DNA ligases [resi-
dues 66-235, E-value 1.217°, CDD database?®]. This domain
carries the conserved nucleotide binding domain and corre-
sponds to the minimal catalytic core of this family of
enzymes. More sensitive HHpred searches based on the
pairwise comparison of profile hidden Markov models
(HMMs) also indicated that this domain is related to
COG1793 [ATP-dependent DNA ligases, E-value = 7.6 >)
and COGO0272 [NAD-dependent DNA ligases, E-value =
2.17"]. Note also that the NTase domain of Pabl1020 is
26% identical and 37.8% similar with the corresponding
domain from the experimentally validated P. abyssi DNA
ligase Pab2002 and carries all the expected motifs for ATP-
dependent polynucleotide ligases.””> Additional HHpred
searches using the Pabl020 protein sequence as a query fur-
ther indicated that, at the sequence level, this proteins is
related to ATP or NAD+-dependent DNA ligases, as well
as different families of RNA ligases, mRNA capping
enzymes and RNA repair enzymes (Table 1). These results
explain why members of the Rnl3 family are frequently
misannotated as DNA ligases. An excellent example of this
is the putative Aquifex aeolicus DNA ligase (PDB code
3qwu_A in Table 1). This bacterial protein is very likely an
RNA ligase, as it contains a dimer interface that is only
conserved among the Rnl3 family members in the PDB
databank.

Differently from monomeric DNA ligases, Pabl020
(Rnal3) ligases form a homodimer, which is a very rare fea-
ture among polynucleotide ligases and warrants further
attention. Several features predict that this dimer interface
is critical for Pabl020 complex assembly and/or function.
For instance, PDBePISA analysis showed that the interface
formed between 2 monomers has an interface area of
~2274 A%, with a high complex formation significance score
of 0.518. Up to 58 residues (15.5% of total) interact between
the 2 Pab1020 monomers. Interestingly, these residues are
not randomly located within the Pab1020 polypeptide but,
on the level of the primary sequence, are mainly found on
either side of the catalytic domain.*** One particularly
interesting interface residue is Gly296 that is strictly con-
served among the Pab1020 family members (several addi-
tional residues of the domain interface are also evolutionary
conserved). This residue is part of a C-terminal dimeriza-
tion domain composed of 3 «-helices found at the dimer
interface and generates a kink in the helix «l10. Our
dynamic light scattering studies indicated a hydrodynamic
radius of approximately 10 nm for the Pab1020 wild type
protein while the mutants G296A and AC-ter formed
higher molecular weight molecules without precipitating.
Therefore we suppose that the dimerization and C-terminal
domains of Pabl020 are required for optimal assembly of
the active homodimer. A similar suggestion has very
recently been made for the M. thermoautotrophicum RNA
ligase.”® Note also that the C-terminal domain of Pab1020
forms additional contacts with the other monomer, particu-
larly in the proximity of the active site.
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Table 1. Level of sequence similarity of Pab1020 with different protein families carrying the nucleotidyltransferase (NTase) domain.

Hit PDB code (chain) Description of the hit® E-value number of aligned positions Query range HMM Template
HMM-HMM comparison against protein structure database

1 2vug_A Pab1020; RNA ligase 5.6E-63 381 1-382 8-389
2 5d1p_A ATP-dependent RNA ligase 2.2E-51 366 9-380 7-378
3 3qwu_A Putative DNA ligase 1.0E-50 361 17-382 4-370
4 1dgs_A DNA ligase; NAD-dependent 1.3E-38 270 37-344 32-369
5 4glx_A DNA ligase, NAD-dependent 6.0E-38 272 37-344 30-371
6 2owo_A DNA ligase, NAD-dependent 1.7E-37 272 37-344 30-371
7 3sgi_A DNA ligase, NAD-dependent 2.3E-38 272 37-344 39-381
8 1b04_A DNA ligase, NAD-dependent 2.1E-31 224 37-284 32-317
10 3jsl_A DNA ligase; NAD+-dependent 6.7E-30 219 37-260 30-310
14 5cot_A Naegleria gruberi RNA ligase 1.1E-16 173 62-244 133-330
15 1s68_A RNA ligase 2; ATP-dependent 5.7E-16 174 65-247 2-231
16 2hvg_A T4 RNA Ligase 2, ATP-dependent 1.0E-15 199 65-276 3-272
17 2c5u_A RNA ligase, ATP-dependent 2.8E-14 200 29-244 30-244
18 312p_A DNA ligase 3, ATP-dependent 1.6E-13 159 87-246 246-426
19 3wilb_A DNA ligase 4, ATP-dependent 2.3E-13 181 65-246 241-455
20 2cfm_A Pyrococcus DNA ligase (ATP) 2.9E-13 157 87-245 241-424
23 4pz7_A mRNA-capping enzyme 6.9E-14 202 43-259 21-259
27 1ckm_A mRNA capping enzyme 2.3E-12 165 66-252 54-245
28 1xdn_A RNA editing ligase MP52 3.7E-12 173 65-244 8-263
29 3rtx_A mRNA-capping enzyme 7.5E-13 202 45-264 25-257
31 1p16_A GTP-RNA, mRNA capping 23E-13 205 43-259 19-259
32 1a0i_A DNA ligase; ATP-dependent 6.5E-12 152 88-246 26-242
33 3kyh_C mRNA-capping enzyme 2.3E-12 204 44-259 23-267
34 4xrp_B RNL; RNA repair, kinase 1.2E-06 199 43-244 5-316

“The level of sequence similarity of Pab1020 to the different proteins carrying a NTase domain was revealed using HHpred implemented at www.toolkit.tuebingen.mpg.
de. Homologies were detected using a highly sensitive HMM-HMM comparison mode with default settings. Searched database used was “pdb70_12jun16. Similar results

were obtained using Pfam and COG databases.

Polynucleotide ligase, but not nucleic acid binding, activity
of Pab1020 is specific for RNA

The nucleic acid binding activity of Pab1020 was investigated
by electrophoretic mobility shift (EMSA) assays using various
Cyb5-labeled nucleic acid substrates. Binding reactions were per-
formed using 5'-dephosphorylated substrates to prevent any
substrate circularization and/or ligation activities during EMSA
assays (Fig. 1A). Our results revealed that Pab1020 formed a
well-defined oligonucleotide-ligase complex with ssSRNA oligo-
nucleotides under stoichiometric conditions. Under these
experimental conditions, some ssDNA binding was also
observed (Fig. 1A). We then investigated the ligase activity of
Pab1020 at 50°C after 5'-phosphorylating oligos used for bind-
ing assays, including Mn** as divalent cation in a standard
activity buffer. Our results revealed that Pab1020 only showed
circularization activity on ssRNA, while no activity was
observed with ssDNA (or the different RNA/DNA homo- or
hetero- oligonucleotide duplexes tested) used for binding assays
(Fig. 1B). In these experiments, the circular RNA product
migrated “faster” than the linear substrate ssRNA, in agreement
with earlier studies.”” In these assays, the “catalytic” K95G
mutant of RNA ligase Pab1020 was inactive, thus confirming
that RNA specific circularization was indeed catalyzed by
Pab1020. The Pab1020 G296A variant and the NTase domain
alone still had weak RNA binding activity (Fig. 1C). We also
stress that Pab1020 mutants G296A and “NTase domain” were
inactive in circularization assays, albeit they still possessed a
very weak adenylating activity, as witnessed by a very faint
band migrating “slower” than the linear RNA substrate
(Fig. 1D). These results suggest importance of the dimerization
and/or the C-terminal domains for RNA circularization
activity.

Pab1020 interacts with circular RNAs in cell-free extracts

As our biochemical studies confirmed that Pab1020 indeed acts
as RNA ligase, we further investigated the substrate specificity of
this protein in the cell. For these studies, 2 different RNA sam-
ples were analyzed using an experimental and computational
RNA sequencing pipeline (Fig. 2A). For these studies a total
RNA sample was extracted from a stationary phase culture of P.
abyssi while a second sample was obtained by co-immunopre-
cipitation of RNA ligase Pab1020 after formaldehyde crosslink-
ing between Pab1020 and cellular RNAs (RIP assay). Note that
the affinity purified polyclonal antibody used for pull-down
experiments revealed a single band in Western immunoblots of
P. abyssi cell-free extracts (Fig. S1B). Isolated RNase III-frag-
mented RNA was used to prepare a RNA-seq library and
sequenced following the Ion Torrent PGM RNA-seq protocol.
Typical sequencing runs yielded ~400 000 reads with a read size
of 80 to 90 base pairs. All these reads were mapped to the P.
abyssi reference genome reference (NC_000868, 1765118 base
pairs) using Blastn. The unique criterion of the inversion of 2
matches within the same locus (Fig. 2A) led to the identification
of approximately 80 000 putative circular RNAs suggesting up
to 30 000 distinct junctions. To enrich for circRNAs, we used
RNase R that specifically degrades linear RNA molecules in a 5'-
3’ direction. For the total RNA fraction, our data revealed
approximately 285 000 reads that resisted RNase R treatment
and were mapped to the genome. Note that we still obtained lin-
ear reads using RNase R treated samples indicating that RNase
R did not degrade all linear RNA molecules under these condi-
tions (Table 2). However, 11 to 15 % of reads obtained using an
RNase R enrichment were classified as “circular” using our
computational criteria (see material and methods). These circu-
lar reads covered only a minor part of the transcribed genome
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Figure 1. Pab1020 RNA ligase binds single-stranded DNA and RNA, but only circularizes single-stranded RNA oligonucleotides. (A) EMSA assays were performed with
internally labeled (Cy5) single stranded DNA or RNA oligonucleotides using increasing amounts of wild-type (WT) Pab1020 RNA ligase. The relative amount of bound
DNA or RNA was plotted against the protein concentration. Insert: On the EMSA gel, the amount of the higher molecular weight bands, corresponding to Pab1020-nucleic
acid complexes, increased as a function of the protein concentration. (B) RNA and DNA ligation assays with WT and mutant K95G of Pab1020 RNA ligase. Standard ligation
reactions containing 10 pmol Cy5-RNA or -DNA molecules and 200 pmol RNA ligase Pab1020 were incubated 90 min at 50°C. Reaction products were resolved on dena-
turing PAGE and a 700 nm scan of the gel was performed on Licor Odyssey Infrared Imager. While no activity was observed with DNA substrate, Pab1020 RNA ligase circu-
larized an RNA oligoribonucleotide as shown on the gel with the apparition of a lower band corresponding to circular RNA molecules. Expectedly, a control reaction with
an inactive enzyme (mutant K95G) presented no lower band. (C) Identical to panel (A), except that the enzymes used in the EMSA assays corresponded to the mutant
G296A (dimerization domain) and the amino-terminal domain of 250 residues carrying a nucleotide transferase (NTase) domain. Both mutants were able to form RNA-Pro-
tein complexes with 18-mers single-stranded RNA. (D) Identical to panel (B), except that circularization was performed only with RNA substrate and with G296A mutant
and NTase domain. No circRNAs were observed (positive control is indicated in panel B).

(Table 2), therefore indicating that the combined experimental
and computational criteria are strict.

We are aware that our experimental and data analyses pro-
tocols may be prone for unwanted artifacts. Hence, to establish
more selective criteria for circRNA identification we first
merged the sequencing data from all of our experiments to
identify the maximum number of circular RNAs. We observed
that the circularization junctions were frequently shifted by 1
to 3 nucleotides between the different reads. This may either
reflect the slight heterogeneity in choosing the transcription
initiation site, or, alternatively, the presence of an identical base
in 5’ and 3’ termini of a transcript that cannot be solved during
the read mapping. Thus, we grouped together those putative
circular reads where the circular junctions were located within
3 nucleotides. To be classified as circular, we only selected junc-
tions that were identified at least in 2 independent experiments
and supported each time by more than 3 individual reads that
may have different start and end positions. We also requested
that at least half of these putative circular reads that aligned
entirely inside a given putative junction supported the junction.

With these strict and multiple constraints, we identified in P.
abyssi a total of 133 individual circRNA loci (Fig. 2B) supported
by 28 279 circular reads (Fig. 2C). The large majority of these
RNA molecules interacted with Pab1020 in pull down experi-
ments (Table 2, see also discussion).

Identification of functional categories of circular RNAs

The 133 P. abyssi circRNA loci represent 5 distinct functional
groups: C/D Box RNA, non-annotated small RNAs, protein
coding RNA, tRNA and rRNA (Fig. 2B). Among these, circular
reads were overrepresented for 38 circular C/D Box and 5
tRNA molecules. Although 71 loci out of 133 loci corresponded
to protein coding mRNAs, these were supported only by 3% of
the analyzed reads (Fig. 2C). This approach also led to the dis-
covery of 13 new circular RNAs was also identified [marked as
non-annotated (NA) in Fig. 2B and CJ.

As pointed out by Danan et al,'® it is necessary to be atten-
tive in attributing positions of circular junctions that are possi-
bly influenced by reverse transcription, sequencing and
mapping errors. The constraints applied in our computational
pipeline (see materials and methods), allow attaining highly
selective circRNAs identification. Numerous circRNAs, includ-
ing non-coding RNAs, i.e. C/D box RNA, tRNA-intron and
rRNA, were also observed in previous study.'

We also noticed that circRNAs corresponding to the differ-
ent functional categories did not behave identically in RNase
R-enrichment experiments. Strikingly, the relative portion of
circular reads markedly increased after RNase R treatment
from 35% to 86% for C/D Box RNAs and was constantly high,
around 88%, for tRNAs (Fig. 2D). The fact that RNase R
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Figure 2. Identification of P. abyssi circRNAs using high throughput sequencing. (A) The workflow for identification of circularization junctions using RNA samples isolated
from P. abyssi cells using lonTorrent semiconductor-based sequencing technology is shown. “ & RIP” refers to the fact that identical computational approach was used for
total and RNA immunoprecipitation (RIP) samples. Obtained linear and circular RNA molecules were fragmented at least once (indicated by a double arrow in panel A)
using RNase Ill treatment. Following reverse transcription, samples were sequenced and obtained reads were aligned to the P. abyssi reference genome using Blastn.
Reads were considered circular if 2 permuted matches covering the whole read was detected. (B) Number and percentage of the different functional classes (loci) consid-
ered circular in our sequencing experiments. (C) Number and percentage of the sequencing reads (total 28 279) supporting circularization of the different functional
groups. (D) Percentage of the reads supporting RNA circularization (supportive circular reads) of the different RNA categories. Only intron containing tRNAs as identified
as circular were included in the analysis. “Other circular reads” refers to a minority of putative circular reads that fulfill all the computational criteria indicated in panel A
without supporting the junctions identified in panel B. Samples used were: A, circular reads after RIP assays using Pab1020 antibodies; B, circular reads after RIP assay
and ribonuclease R treatment; C, circular reads in total RNA samples treated with ribonuclease R. New (NA) refers to previously non-annotated loci.

treatment induces an enrichment in the amount of reads sup-
porting circularization junctions in pull-down and total RNA

is too low compared with linear reads for a same locus to allow
the enrichment visualization. However, 3 non-annotated circR-

samples further indicates that Pab1020 RNA ligase specifically
associates with circular RNA loci in P. abyssi cells. For the 3
additional functional groups, this RNase R enrichment for
circRNAs was less obvious (Fig. 2D). Note that for the specific
case of the tRNA-Trp, the circularization of the encoded-intron
occurs simultaneously during the splicing process and linear
intron intermediates is not expected to occur. For others RNAs
(NA, protein coding and rRNA), the amount of circular reads

NAs (NA7, NA12, NA13 in Table 3) out of 13 showed some
enrichment supported by significant amount of reads (Table 3).
A high number (~38 000) of circular reads were mapped to
rRNAs (5S, 7S, 16S and 23S rRNAs) but in most cases, localiza-
tion of the precise position of the junction point from permu-
tated reads was far from evident, possibly reflecting the length
and highly structured nature of these RNAs that hinders activ-
ity of the reverse transcriptase. However, in the case of the 5§

Table 2. The summary of the RNA-seq results and RIP assays using the Pab1020 antibody.

Circular reads

Linear reads

Abbreviation Sample % of mapped reads % of genome® % of mapped reads % of genome Number of mapped reads
A RIP 83 6.8 91.7 50.3 247060
B RIP + RNase R 14.7 2.7 853 8.7 44413
C Total RNA + RNase R 1.4 238 88.6 73 284856

“The genome size of P. abyssi is 1. 76 Mbp of which at least 79.5% is transcribed. The portion of the genome (% of genome) covered by the mapped reads is indicated in
each case. Samples are referred to using abbreviations “A,” “B” and “C" in the Figs. 2 and 4.
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Table 3. List of 42 highly significant circular RNA molecules interacting with
Pab1020 RNA ligase in cells. A summary of these results in the form of a Venn dia-
gram is presented in Fig. 4.

CircularRNA
Locus Start End Size Enrichment®
38 C/D box RNAs
sR46 57374 57441 67 1.05
PabsnRNA44 (sR45) 64244 64306 62 7.08
PabsnRNA21 (sR14) 65218 65278 60 2.87
sR22 65333 65397 64 241
sR32 67951 68012 61 1.97
PabsnRNA3 (sR21) 127067 127128 61 15.73
PabsnRNA10 (sR2) 230632 230696 64 1.94
sR49 235439 235502 63 1.29
PabsnRNA33 (sR13) 245974 246035 61 3.86
sR31 258066 258127 61 2.16
PabsnRNA35 (sR29) 318118 318182 64 2.81
PabsnRNA32 (sR4) 473175 473236 61 52.2
PabsnRNA38 (sR58) 541770 541831 61 2.15
PabsnRNA40 (sR39) 543855 543917 62 4.6
PabsnRNA31 (sR20) 553656 553721 65 2.67
PabsnRNA12 (sR26) 631518 631581 63 5.74
PabsnRNA39 (sR60) 631584 631644 60 7.49
PabsnRNA13 (sR44) 636702 636762 60 13.58
PabsnRNA17 (sR7) 648165 648228 63 43.0
sR25 675408 675468 60 62.5
PabsnRNA36 (sR55) 910497 910569 72 491
PabsnRNA27 (sR35) 949199 949261 62 2.83
sR56 960309 960370 61 5.31
PabsnRNA25 (sR3) 991446 991505 59 13.74
PabsnRNA1 (sR24) 1026074 1026133 59 6.93
sR53 1042251 1042319 68 1.1
PabsnRNA46 (sR38) 1065728 1065791 63 5.14
PabsnRNA28 (sR37) 1195780 1195842 62 232
PabsnRNA23 (sR1) 1209270 1209329 59 36.27
PabsnRNA34 (sR59) 1260126 1260195 69 3.21
sR41 1292356 1292415 59 5.63
PabsnRNA5 (sR11) 1397126 1397188 62 28.62
PabsnRNA29 (sR8) 1403662 1403723 61 113.04
PabsnRNA42 (sR36) 1409130 1409196 66 9.73
PabsnRNA41 (sR48) 1468649 1468712 63 1.23
PabsnRNAG6 (sR6) 1536388 1536449 61 433
PabsnRNA45 (sR34) 1755871 1755930 59 3.02
PabsnRNA9 (sR12) 1755929 1755991 62 6.88
1 tRNA (intron)
Pabt35 1330513 1330584 71 0.89
3 non-annotated (NA) new circular RNAs
NA7 622461 622526 65 8.39
NA12 1011096 1011158 62 1.91
NA13 1674520 1674581 61 5.36

?An enrichment factor for circular molecules was estimated using the ratios of the
circular and linear reads in the pulldown fraction (PA) and the total RNA (PC) sam-
ples before and after RNase R treatment. The values shown were obtained by
dividing PA by PC. Values higher than 1 indicate the enrichment for circRNAs due
to selective degradation of linear RNA molecules.

rRNA, we identified 170 permuted reads indicating a specific
circularization event between the 5 and 3’ extremities of 5S
rRNA (with a 10 nucleotide margin). As 55 rRNA interacted
with Pabl1020 in cell-free extracts and its circular form has
been previously observed,'” this enzyme may participate in 5S
rRNA pre-processing via a circular intermediate, as previously
proposed for 16S and 23S rRNAs. "

Circularization of physiologically significant RNA
molecules by an archaeal RNA ligase Pab 1020

To test whether RNAs interacting with Pab1020 in the cells may
correspond to physiologically significant substrates of this

enzyme, we assayed the ligation activity of Pab1020 RNA ligase
using the linear fluorescent Cy5-RNA transcripts for 3 circRNAs
identified during this work (Fig. 3). For these biochemical stud-
ies, we choose 2 Box C/D RNAs (SR4 and SR29) and the 5S
rRNA as RNA-seq indicated that their circular isoforms exist in
the cells and they specifically interacted with Pab1020 RNA
ligase in pull-down experiments. Fluorescent RNA substrates
were prepared by in vitro transcription with T7 RNA polymer-
ase capable of incorporating Cy5-labeled nucleotide analogs.

EMSA assays indicated that the 3 analyzed transcripts [Box
C/D RNAs SR4 and SR29 (69mers) and the 5S rRNA
(122mers)] formed specific RNA-protein complexes at near
stoichiometric conditions (Fig. 3A). We also tested whether
Pab1020 RNA ligase catalyzed the intramolecular ligation of
the aforementioned transcripts (circularization) at 50°C.
Fig. 3B shows that 15% acrylamide denaturing gel was not able
to resolve the substrates and products of the RNA circulariza-
tion reactions for these longer RNAs, as we successfully demon-
strated in Fig. 1 for synthetic oligoribonucleotides. Therefore, to
further identify circular RNA molecules, we used RNase R
exoribonuclease treatment to discriminate between circular
products and linear substrate RNAs. We observed that fluores-
cent transcript corresponding to P. abyssi 55 rRNA became
partially resistant to RNase R treatment after incubation with
Pab1020, whereas the linear substrate RNA was totally
degraded (Fig. 3B). We further confirmed the RNA ligation
activity of Pab1020 on the 5S rRNA and Box C/D RNAs SR4 or
SR29 using inverse PCR. Briefly, the RNA ligation reactions
were treated with RNase R, followed by the reverse transcrip-
tion of each RNA (Fig. 3C). The outward facing (inverse) pri-
mers (when compared with the genomic sequence) were
expected to amplify only circular templates, whereas only a
small RT-product would be observed on a linear RNA template
(Fig. 3C). For the same 3 selected RNAs (Box C/D RNAs SR4
orSR29 and 5S rRNA), after incubation with Pab1020 RNA
ligase, we performed RT-PCR with the divergent primers
described above. Indeed, we observed a full-length RT-PCR
product (indicated by the asterisk in Fig. 3D) confirming RNA
circularization by Pab1020. As negative control, in absence of
RNA incubation with Pabl1020 RNA ligase, the full-length
amplification products corresponding to circular molecules
(5S, SR4, SR29) were not observed (Fig. 3D).

These results from RNase R treatments and inverse PCR
amplifications, confirmed that the RNA ligase encoded by
Pab1020 gene is a (hyper)thermophilic protein that catalyzes
the intramolecular ligation of RNA molecules.

Discussion

In archaea, 2 different major families of RNA ligases have been
described. RtcB has been mainly implicated in ligation of single
stranded tRNA halves with 2’-3’-cyclic phosphate and 5'-OH
that occurs during splicing of pre-tRNAs. The Rnl3 ligase fam-
ily, represented by Pab1020 studied here, uses similar mecha-
nism as DNA ligases where 3’-OH reacts with 5'-phosphate to
circularize RNA molecules. As the abundant presence of circu-
lar RNAs in all kingdoms of life, including hyperthermophilic
Archaea, has only recently emerged, we investigated physio-
logic significance of Pab1020 RNA ligase activity previously
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Figure 3. Pab1020 RNA ligase circularizes physiologically relevant RNA molecules. (A) RNA binding between Pab1020 RNA ligase (0.2 to 4.5 ;«M) and the in vitro tran-
scripts (0.4 M) corresponding to BoxC/D RNAs SR4 () and SR29 (A) and 5S rRNA (W) was analyzed by EMSA. A fraction of protein-RNA complex formed was plotted
as a function of input protein. Insert: On the EMSA gel, the amount of the higher molecular weight bands, corresponding to Pab1020-nucleic acid complexes, increased
as a function of the protein concentration. (B) In vitro transcript of 5S rRNA was incubated (right panel) or not (left panel) with Pab1020 RNA ligase (WT) for 120 min at
55°C. After incubation, recovered RNAs were treated or not with exoribonuclease RNase R for 120 min at 37°C before analysis on a 7% acrylamide 8M urea gel. (C) Sche-
matic illustration of RT-PCR experiments on linear and circular RNAs with divergent primers to distinguish linear RNAs from circular RNAs products after incubation with
Pab1020 RNA ligase. Only reverse transcription and PCR reactions on a circular RNA template will lead to the total amplification of the substrate sequence. (D) cDNA gen-
erated using outward facing primers on RNAs previously incubated (4) or not (—) with Pab1020 RNA ligase and in the presence (+) or absence (—) of RNase R were sep-
arated by gel electrophoresis. A full-length product attesting to amplification of circular RNA molecules, indicated by the asterisk, was observed for 55 rRNA (128 bp), Box
(/D SR4 RNA (68 bp) and Box C/D SR29 RNA (66 bp). Circularization was observed only in the presence of Pab1020 RNA ligase.

observed only using synthetic substrates. The specific goal of
our studies was to identify bona fide substrates of the Rnl3 fam-
ily of RNA ligases. Using EMSA assays, we observed not only
binding of Pab1020 to ssRNA (Fig. 1A), but to ssDNA as well.
Nevertheless, under these experimental conditions, circulariza-
tion activity was specific for oligoribonucleotides (Fig. 1B).
Experiments shown in Fig. 1C also agree with the previous
observations suggesting that “dimerization” and “C-terminal”
domains of the Rnl3 family members are critical for intramo-
lecular RNA circularization activity.*’

We next established an experimental and computational
pipeline to identify linear (substrates) and circular (products)
RNA molecules that specifically interact with Pab1020 in cells.
Toward this goal, we first isolated total RNA or Pab1020 inter-
acting RNA molecules from P. abyssi cells. Obtained RNA sam-
ples were then reverse transcribed and sequenced using Ion
Torrent technology. During this experimental protocol, RNase
III fragmentation of circular molecules was necessary to allow
ligation of adapters required for high-throughput sequencing.
In the cases were this fragmentation occurs close to the junc-
tion and/or the reverse transcription does not proceed to the
junction, reads originating from circular molecules would be
erroneously classified as linear reads. However, although we are
likely to underestimate the number of “circular” reads, the pre-
cise fragmentation site differs for individual molecules and it
remains unlikely that all circular reads for a given locus would
be missed in our computational analysis. Please note that our

computational pipeline is ideally suited for analyses on pro-
karyotic data sets where RNA splicing is rare, as the frequent
splicing would introduce gaps inside the matches.

The obtained sequencing reads were analyzed using the
computational criteria described in Fig. 2A to identify the
inverted matches, indicative of RNA circularization. At the first
stage of our analysis, our experiments cumulatively supported a
total of 30 000 distinct putative circularization junctions. For a
given locus, the ratio between circular and linear reads varied
substantially from approximately 5% up to 91%, indicating
large in vivo heterogeneity in efficiency of RNA circularization
process. This observation suggests that RNA circularization
may be regulated and/or favored in cases where 5 and 3
extremities are brought together e.g., by structural constraints.
The highest amount of circular reads (91% of all reads) was
found for the intron of tRNA-Trp that carries the C/D box
motif. In this case, 5" and 3’ extremities are maintained in a
close proximity by a bulge-helix-bulge structure already before
ligation, thus likely favoring intramolecular ligation.

The Venn diagram shown in Fig. 4 illustrates the combined
results from 3 individual experimental conditions of RNA-seq
experiments that altogether revealed 133 circular loci (black
numbers in Fig. 4). Interestingly, 127 of these circular loci
(95%) were found in an RNA ligase pull-down fraction, sug-
gesting that Pab1020 is necessary for RNA circularization in P.
abyssi cells. We also stress that both linear and circular RNA
molecules co-precipitated with the Pabl1020 RNA ligase
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Figure 4. Venn diagram summarizing the results of our RNA-seq experiments.
Samples used were: A, circular reads after RIP assays using Pab1020 antibodies; B,
circular reads after RIP assay and ribonuclease R treatment; C, circular reads in total
RNA samples treated with ribonuclease R. Black numbers refer to the categories of
133 junctions (Fig. 2B) and white numbers to 42 junctions with increased enrich-
ment in RNase R experiments (Table 3).

(Table 2). Note that the intersection of the RIP assays (A), RIP
assays with RNase R treatment (B) and total RNA with RNase
R treatment degrading linear molecules (C) contained approxi-
mately 40% of all the circular RNA loci. In agreement with pre-
vious studies,'>'® the most common circular RNAs correspond
to the Box C/D RNA (guiding rRNA methylation) that showed
an enrichment in RNase R experiments (indicated with white
letters in Fig. 4, see also Table 3 for complete listing). These loci
also suggested the presence of 3 novel non-coding RNAs that
are evolutionary conserved within Thermococcales, indicating
their functional importance. rRNAs, including P. abyssi 5S
rRNA, and some coding RNAs did not show obvious enrich-
ment in RNase R experiments, but have been observed in a cir-
cular form also in previous studies [Table S1.'>*°]. Formation
of the circular 5S rRNA could be compatible with the proposed
processing mechanism of the archaeal pre-5S-RNA possibly”'
but it is unclear whether this potential circular form corre-
sponds to an additional processing intermediate or the mature
5S rRNA." When linear isoforms of the naturally occurring C/
D box and 5 S rRNAs were used in binding (Fig. 3A) and circu-
larization (Fig. 3B and C) assays, we observed an activity that
was an order of magnitude higher than was observed for sim-
ple, likely non-structured, oligoribonucleotides (Fig. 1). As we
have not observed intermolecular ligation in our assays (Figs. 1
and 3), we conclude that Pab1020 is both necessary and suffi-
cient for RNA circularization in vitro and in vivo. This notion
is further supported by our observations indicating absence of
tRNA splicing products in our pull-down reactions. Thus, 2
RNA ligase families are not interchangeable.

We postulate that RNA circularization could provide
increased thermostability by limiting thermal denaturation of
stem structures formed between the 5" and 3’ termini of box C/
D RNAs, which is in agreement with the preferential presence
of Pab1020 orhtologs in many extremophiles. However, we

stress that thermal protection of small non-coding RNAs does
not alone explain the functional importance of RNA circulari-
zation, as e.g., circular pseudouridylation guides carrying H/
ACA motifs have not been reported to exist in archaea. The so
called “H and ACA motifs” of these guides are obligatory found
in single-stranded extremities of pseudouridylation guides,”>*
thus likely disfavoring intramolecular ligation.

In conclusion, here we have presented the combined results
from pull-down experiments, RNA-seq experiments and in
vitro circularization assays revealing that Pabl1020 is the key
enzyme required for RNA circularization in Archaea. Our
results suggest the duplication and functional speciation of an
ancestral NTase domain and/or DNA ligase toward RNA ligase
activity and prompt for further characterization of the wide-
spread functional roles of circular RNAs in prokaryotes.

Materials and methods
Strains and cell culture techniques

P. abyssi GE5 was grown in continuous culture in a gas lift bio-
reactor as described previously.’* Cells were collected in the
exponential growth phase, followed by centrifugation at 6000 g
for 15 min at 4°C. Strict anaerobic conditions were maintained
during cell collection, centrifugation and storage of P. abyssi
cells before further studies. Cell pellets were stored at —20°C.

Total RNA extraction from P. abyssi cells

Total RNA was isolated from approximately 10° P. abyssi cells
following a single-step total RNA isolation protocol using the
Tri-Reagent (Sigma-Aldrich). To remove contaminating DNA,
50 g of isolated RNA was incubated with 50 units of RNase-
free DNase I (New England Biolabs) for 30 min at 37°C. DNase
I was inactivated by addition of 8 mM EDTA, pH 8 and 10 min
incubation at 65°C. To obtain highly pure RNA samples, Tri-
Reagent treatment was repeated to yield 40 ;g of final RNA.

Production and affinity-purification of anti-Pab1020
antibodies

RNA ligase Pab1020 was produced and purified as described
previously,”” except that the Cobalt-Hi-Trap column was
replaced by a nickel column. Different Pab1020 mutants con-
structed during this work have been detailed in supplementary
Materials and Methods S1.

6 mg of purified Pab1020 RNA ligase were used to immu-
nize 2 New Zealand rabbits (Genecust, Luxembourg). We used
5 mL Hi-Trap N-hydroxy-succinimide (NHS)-activated col-
umn (GE Healthcare) for the affinity purification of the anti-
bodies following the procedure described in the GE Healthcare
Antibody Purification Handbook (http://www.gelifesciences.
com/handbooks). Briefly, the Pab1020 protein was linked to
the active groups of the column and 6 mL antisera from immu-
nized rabbits were passed through the column. Proteins bound
non-specifically to the column were eliminated using several
washing steps. Fractions containing Pab1020 specific antibodies
were collected using acid elution, immediately neutralized, dia-
lyzed against phosphate-buffered saline and concentrated to
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1.5 mL. Specificity and titer of the obtained antibodies were
confirmed by Western Immunoblots (Fig. S1B).

Formaldehyde cross-link and RNA immunoprecipitation
(pull-down) assays

Approximately 10" P. abyssi GE5 cells were suspended in
25 mM HEPES pH 7, 15 mM MgCl,, 300 mM NacCl and were
fixed using 2% formaldehyde during 20 min with gentle agita-
tion. Crosslinking reactions were quenched using 100 mM gly-
cine, followed by 2 successive washing steps in the same buffer
as above. Obtained cell pellets were suspended in the extraction
buffer containing 25 mM HEPES pH 7, 15 mM MgCl,,
300 mM NaCl, 0.4 M Sorbitol and complete, EDTA-free Prote-
ase cocktail (Roche). To obtain a soluble fraction containing
crosslinked RNA samples, at this stage precipitates were elimi-
nated by a 10-minute centrifugation step at 14 000 g. The
obtained soluble fractions contained approximately 30 ng/ul
RNA (estimated using A,¢ values) and 0.1 mg.mL™" protein
determined using a Bradford protein assay.

For the RNA immunoprecipitation (RIP) assays, to reduce
or eliminate non-specific binding, 300 uL of the above super-
natant were incubated for 1 hour at 4°C with 20 L Protein A-
agarose (Sigma-Aldrich), followed by centrifugation for 2 min
at 10 000 g at 4°C. The resulting supernatant was incubated at
4°C for 3 hours with 5 uL of purified rabbit Anti-Pab1020 anti-
bodies before addition of 20 L Protein A-agarose for an addi-
tional hour. The pellet was recovered after centrifugation for
2 min at 10 000 g. RNA-protein-complexes bound to the beads
were washed 3 times with 25 mM HEPES pH 7, 15 mM MgCl,,
300 mM NaCl and reversal of cross-links was achieved by incu-
bation in the same buffer at 65°C for 1 hour. To recover RNA
that specifically associated with the Pab1020 RNA ligase, sam-
ples were extracted with phenol/chloroform to remove pro-
teins. For all samples, the remaining RNA was recovered using
ethanol precipitation and dissolved in 20 1L water at a concen-
tration of ~10 ng.uL ™",

RNase R digestion of RNA samples

To enrich for circular RNA molecules, 100 ng of obtained RNA
samples were treated with a magnesium dependent 3’ to 5
exoribonuclease RNase R (Epicentre) at 37°C for 1 hour in a
reaction buffer containing 20 mM Tris-HCI (pH 8), 0.1 mM
MgCl, and 100 mM KCI. RNase R treatments were performed
with a ratio of 1 unit of enzyme per 10 ng of RNA. Ethanol pre-
cipitation was performed to remove the enzymes and salts, fol-
lowed by a second RNase R treatment. Exoribonuclease
resistant circRNA molecules were extracted with phenol/chlo-
roform, ethanol precipitated and suspended in water at
~10 ng.uL ™"

Experimental circRNA-seq workflow

RNase R treated and non-treated RNA samples were sequenced
using the Ion Total RNA-seq Kit V2 (Life Technology). Total
and Pabl020 associated RNA samples were used for high
throughput sequencing studies. Briefly, cDNA libraries were
prepared for each sample containing 100 — 800 ng of RNA that
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was treated using RNase III that cleaves inter- or intramolecu-
lar regions of double-stranded RNA.”® This resulted into for-
mation of RNA fragments that were approximately 100-150 bp
after 3 min incubation at 37°C with RNase III. RNA adaptor
sequences were “splint ligated” to resulting linear RNA frag-
ments using partly degenerate directional adapters. The first
cDNA strand was reverse transcribed with the Superscript III
Enzyme Mix (Life Technology) and double-stranded cDNA
was amplified using Platinium PCR SuperMix High Fidelity
(Life Technology) using manufacture’s recommendations.
Obtained DNA samples were diluted to obtain a final concen-
tration of 100 pM, and were attached to beads and amplified
using emulsion PCR. This circRNA protocol resulted into the
clonal amplification of each RNA fragment within the micro-
droplets (Ion Spheres). Beads containing amplified DNA were
enriched to eliminate empty spheres. Resulting samples were
loaded onto an Ion 314 Chip V2 and sequenced in an Ion Per-
sonal Genome Machine Sequencer (PGM™, Life Technology).
Polyclonal sequences originating from microbeads containing
more than one template molecule were filtered out during auto-
matic data processing using the dedicated IonTorrent server.

A computational pipeline for detection of putative circular
reads

Sequencing reads were mapped to the P. abyssi GE5 reference
genome (GenBank: NC_000868.1). Read mapping was per-
formed using Blastn (version 2.2.26+) with the Megablast
option using the following default parameters: word size at least
11, gap opening penalty of 5, gap extending penalty of 2, mis-
match penalty of 3 and match reward of 1. The default expecta-
tion value threshold of 10 was used, and the maximum number
of outputs was limited to 250 alignments per query. The maxi-
mum number of allowed outputs was not limiting our analyses,
as the highest observed number of alignments for any given
query was 182. To detect putative circular reads in sequencing
data, all reads having 2 matches (from the Blastn output) that
together covered the whole read, were selected. We considered
only the permuted matches (Fig. 2A), with no overlap on the
reference genome that were located within a 10 000 nucleotide
window on the genome sequence. When more than 2 nucleoti-
des and less than 11 (our minimum word size parameter) were
missing in a match to cover the read, we looked “naively” for
the small complementary match. This data processing step
resulted into 2 sequence alignment data files in bam format
that corresponded to linear and putative circular reads,
respectively.

Electrophoretic mobility shift assay (EMSA)

Internally labeled RNA and DNA oligonucleotides were used
for EMSA assays. The oligonucleotides used were: AUUCC-
GAUAG(Cy5dT)GACUACA (RNA) and ATTCCGATAG
(Cy5dT)GACTACA (see also Table S2). Where indicated, RNA
or DNA oligonucleotides or in vitro transcripts (2.5 uM) were
incubated with protein samples (0.5-10 M) in gel shift buffer
containing 10 mM Tris-HCI pH 7, 150 mM NaCl, 0.5 mM
DTT, 2.5 mM MgCl,, 0.01 mM ATP, 8 units of RNase Inhibitor
(Biolabs). Binding reactions were performed at 50°C for 30 min
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in a final volume of 20 uL, and were analyzed using native gel
electrophoresis. The final concentration of loading buffer used
was 2 mM Tris-HCI pH 7.5, 10% glycerol, 0.1 mM EDTA pH
8, 20 ugmL™' BSA, 0.1 mg.ml ™' Orange C. Samples were
loaded onto 10% native acrylamide/bisacrylamide gel (19:1)
and electrophoresed in TEG 1X buffer (40 mM Glycine,
0.5mM EDTA pH 8, 250 mM Tris-HCI) at 100V for 3 h at
room temperature. Gels were visualized and analyzed using an
Odyssey system (LI-COR) using the 700 nm channel.

Preparation of fluorescent transcripts using in vitro
transcription

Fluorescent transcripts for box C/D RNAs SR4 and SR29
(Table S2) were transcribed in vitro using synthetic DNA oligo-
nucleotides as DNA template (Eurogentec). DNA templates
were double stranded in the region corresponding to the 17
nucleotides of the T7 promoter sequence (TAATACGACT-
CACTATA). These dsDNA templates were prepared by
hybridizing oligonucleotides corresponding to 10 M T7 Pro-
moter (plus strand), 10 puM T7 Promoter-RNA gene
(PabsnRNA32 or PabsnRNA35, minus strand) in T7 RNA
polymerase buffer (2,5X), by 3 min at 80°C, followed by slow
cooling to ambient temperature. For 5S rRNA transcript, tran-
scription was performed using 1 ug of Dral linearized pUC57
plasmid encoding T7 RNA polymerase promoter and 5S rRNA
gene Pabr05.

Standard 20 wL transcription reactions contained dsDNA
template (10 uM for box C/D RNA template or 0.1 uM for
pUCS57-5S RNA gene Pabr05), 7.5 mM of each NTP, 1X com-
mercial reaction buffer, 12 units of RNasine, 0.25 mM Cy5-
UTP and 2 uL Enzyme mix (T7 RNA Polymerase Megascript
kit Ambion, Life Technology). All transcription reactions were
allowed to proceed for 1 night at 37°C, before addition of 1 uL
DNase Turbo (Megascript kit) and 15 min incubation at 37°C.
Transcripts were analyzed using a 15% denaturing polyacryl-
amide gel electrophoresis (PAGE) and visualized by UV-shad-
owing. This allowed excision and elution of RNA from the gel
with Maxam-Gilbert solution (0.5 M Na-acetate, 10 mM Mg-
acetate, 1 mM EDTA, 0.1% SDS). RNA was precipitated using
ethanol and transcripts were dissolved in diethylpyrocarbonate
(DEPC) treated water to yield a final amount of approximately
700 pmol of transcript.

RNA circularization assays using fluorescent RNA and/or
DNA oligonucleotides

Standard activity assays were performed in a mixture contain-
ing 10 mM Tris-HCl pH 7, 150 mM NaCl, 0.5 mM DTT,
2.5 mM MgCl,, 8 units of RNase Inhibitor (Biolabs), 10 pmol
Cy5-RNA or -DNA molecules and 200 pmol RNA ligase
Pab1020 in a total volume of 20 L. Reactions were initiated by
adding enzymes and incubated for 90 min at 50°C. Proteins
were extracted with phenol/chloroform and obtained RNA
samples were suspended in 10 uL H,O and 5uL denaturing
buffer (Orange C 1 mg per mL in formamide). Reactions sub-
strates and products were resolved using denaturing 18%
PAGE containing 8M urea in 0.5X TBE. RNA molecules were

revealed and quantified using an Odyssey imaging system as
above (LI-COR).

RNA ligase assays on fluorescent box C/D and 5S RNA
transcripts

Standard RNA ligase assays were performed as described above
using Cy5-labeled box C/D or 5S transcripts. After incubation
at 50°C for 120 min, RNA molecules were recovered by ethanol
precipitation and resuspended in 10 uL of RNase R buffer 1X
and incubated for 120 min at 37°C with 10 units of RNase R
exoribonuclease (Epicentre), followed by 60 min incubation at
37°C with 40 ug of Proteinase K. Proteins were extracted by
Phenol/chloroform treatment and RNA were recovered by eth-
anol precipitation and resuspended in 10 uL of water. RNase R
resistant RNA molecules were detected and quantified using a
7% polyacrylamide gel containing 8M urea in 0.5X TBE.
Reverse transcription and PCR (RT-PCR) with outward facing
primers was also used to confirm RNA circularization. In this
case, reaction products recovered either from RNase R treated
or non-treated RNA ligation assays were reverse transcribed
using M-MLV RT (50 units, Promega) and primers comple-
mentary to a central portion of box C/D RNA gene. cDNA
templates were PCR amplified using Taq DNA polymerase and
2 divergent (outward facing) primers to anneal at the ends of
the cDNA sequences. We performed 30 cycles of PCR and PCR
products were visualized after electrophoresis on a 15% - 8 M
urea polyacrylamide gels under denaturing conditions. Bands
were visualized by ethidium bromide staining.
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