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Review Becker et al, Diversity of circular RNAs and RNA ligases in archaeal cells

Abstract

Circular RNAs (circRNAs) differ structurally from other types of RNAs and are resistant
against exoribonucleases. Although they have been detected in all domains of life, it remains
unclear how circularization affects or changes functions of these ubiquitous nucleic acid
circles. The biogenesis of circRNAs has been mostly described as a backsplicing event, but in
archaea, where RNA splicing is a rare phenomenon, a second pathway for circRNA formation
was described in the cases of rRNAs processing, tRNA intron excision, and Box C/D RNAs
formation. At least in some archaeal species, circRNAs are formed by a ligation step
catalyzed by an atypic homodimeric RNA ligase belonging to Rni3 family. In this review, we
describe archaeal circRNA transcriptomes obtained using high throughput sequencing
technologies on Sulfolobus solfataricus, Pyrococcus abyssi and Nanoarchaeum equitans cells.
We will discuss the distribution of circular RNAs among the different RNA categories and
present the Rnl3 ligase family implicated in the circularization activity. Special focus is given
for the description of phylogenetic distributions, protein structures, and substrate

specificities of archaeal RNA ligases.



*Highlights (for review)

Diversity of archaeal circular RNAs.
Enzymatic circularization of Box C/D RNAs.
Atypical dimeric RNA ligase (Rnl3) in hyperthermophiles

Identification of circular RNAs by RNA-seq and bioinformatics analyses



*Manuscript

Click here to view linked References

©CO~NOOOTA~AWNPE

Diversity of circular RNAs and RNA ligases in archaeal cells

Hubert F. Becker™®", C. L’Hermitte-Stead’, H. Myllykallio*

1LOB, Ecole Polytechnique, CNRS, INSERM, Institut Polytechnique de Paris, 91128 Palaiseau,
France.

2 Sorbonne Université, Faculté des Sciences et Ingénierie, 75005, Paris, France.

* Corresponding author

Abstract

Circular RNAs (circRNAs) differ structurally from other types of RNAs and are resistant
against exoribonucleases. Although they have been detected in all domains of life, it remains
unclear how circularization affects or changes functions of these ubiquitous nucleic acid
circles. The biogenesis of circRNAs has been mostly described as a backsplicing event, but in
archaea, where RNA splicing is a rare phenomenon, a second pathway for circRNA formation
was described in the cases of rRNAs processing, tRNA intron excision, and Box C/D RNAs
formation. At least in some archaeal species, circRNAs are formed by a ligation step
catalyzed by an atypic homodimeric RNA ligase belonging to Rnl3 family. In this review, we
describe archaeal circRNA transcriptomes obtained using high throughput sequencing
technologies on Sulfolobus solfataricus, Pyrococcus abyssi and Nanoarchaeum equitans cells.
We will discuss the distribution of circular RNAs among the different RNA categories and
present the Rnl3 ligase family implicated in the circularization activity. Special focus is given
for the description of phylogenetic distributions, protein structures, and substrate

specificities of archaeal RNA ligases.
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1. Introduction

Circular RNAs (circRNAs) differ structurally from other types of RNAs as their 3" and 5" ends
are not free but covalently joined to form a circular structure. The lack of free ends confers
to circular RNAs resistance toward exonucleases and therefore enhance their stability, but it
remains unclear how the circularization affects or changes their function. CircRNAs are
ubiquitous since they have been detected in all domains of life; even if in the past, they were
observed as by-products of pre-RNA processing and were therefore interpreted as the result
of erroneous splicing [1-3]. Following the discovery of the first circRNAs molecules, several
types and categories of circRNAs have been detected in various organisms including i) the
circular single-stranded RNA genomes of plant viroids and the hepatitis delta, ii) circular
excised introns such as group | and Il introns, and intron-tRNAs, iii) circular rRNAs
intermediates in rRNA processing reactions, and iv) noncoding RNAs in archaea with snRNP
functions (see [4, 5] for reviews). Recently, genome-wide RNA-seq experiments have
revealed an abundant genome-wide presence of circRNAs in the mammalian transcriptome,
with evolutionary conservation in terms of sequence and expression, suggesting specific
cellular functions [6-9]. One of the most well-studied examples is the circular CDR1as RNA
observed in human and mouse brain, with a direct implication in gene expression by miRNA
sequestering. CDR1las was described as a sponge for miR-7 RNA since it massively bound
mir-7 with more than 70 binding sites [10, 11]. Other known functions of circRNAs include
roles as splicing or transcriptional regulators (see [12-14] for reviews). The use of circular
RNA as biomarkers is also envisaged not only because the level of circRNAs between healthy

and diseased subjects differ, but also because circRNAa are stable and highly abundant [15].

The biogenesis of circRNAs has been mostly described as a backsplicing event wherein a
down-stream 5’ donor splice site is joined to an upstream acceptor splice site, generating a
circular RNA product [16, 17]. It was also demonstrated that circularization and splicing
processes compete against each other, leading to the coexistence of linear and circular RNA
forms resulting from the splicing of the same RNA precursor [18]. In addition, a second
pathway for circRNA formation was described in archaea in the cases of rRNAs processing,
tRNA intron excision and Box C/D RNAs formation, for which the circularization result from
the intron ligation step of the splicing reaction. In archaea, the 16S and 23S pre-rRNAs are

circularized at sequences adjacent to a BHB (Bulge-Helix-Bulge) motif after endonucleases
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cleavage [19]. In H. volcanii, the Box C/D RNAs are released from pre-tRNA-Trp by a possible
similar mechanism, involving endonuclease and ligase activities [20]. However, in the
majority of cases, Box C/D RNAs are not intron-encoded, and it remains to be determined

how the circularization occurs on a mature RNA with already processed mature extremities.

In many cases, circRNA formation results from the enzymatic activity of ATP-dependent RNA
ligases. They are classified in six different families (Rnl1-Rnl6) based of their structure and
substrate specificity and catalyze the joining of RNA molecules via three
nucleotidyltransferase steps similar to those described for ATP-dependant DNA ligases (see
section 4. Rni3: a new RNA ligase family with circularization activity [21]). Bacteriophage T4
RNA ligase 1 is the founding member of the Rnll family which recognize specifically tRNA
substrates with a break in the anticodon loop [22-24]. For T4 RNA ligase 2 (Rnl2 family), it
was observed that the C-terminal domain is essential for the RNA-adenylation step and the
binding to a nicked duplex RNA substrate [25]. Members of the Rnl3 family are found in
several archaea and present an atypical homodimeric quaternary structure and circularize
single-stranded RNA [26, 27]. Pnkp defines a new RNA ligase family (Rnl4) with signature
structural and functional properties. Rnl4 family was identified, in several bacterial species,
and it was reported that a stable heterocomplex of two bacterial proteins, Pnkp and Henl,
was able to repair transfer RNAs cleaved by ribotoxins in vitro [28, 29]. For Rnl5 ligases, the
recognition of a nicked RNA duplex is supported by a specific amino-terminal domain, since
Rnl5 lacks a C-terminal domain [30, 31]. Recently, Banerjee et al proposed a fungal tRNA
ligase (Trl1) as the founder of an Rnl6 clade of ATP-dependent RNA ligases, due to its unique
C-terminal domain. Trll is involved in the repair of tRNA and mRNA breaks that are

generated during tRNA splicing and non-canonical mRNA splicing [32].

In this review, we will describe archaeal circRNA transcriptomes obtained using next-
generation sequencing technologies. These experiments have been performed on three
archaeal species (Sulfolobus solfataricus, Pyrococcus abyssi and Nanoarchaeum equitans). In
particular, we will discuss i) the computational approach for circular RNAs identification, ii)
the distribution of circRNAs among the different RNA categories and iii) the Rnl3 ligase
family implicated in the circularization activity, in terms of phylogenetic distribution, protein

structure, and substrate specificity.
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2. Methodology for Circular RNA identification by RNA-seq deep sequencing

The detection of circRNAS from RNA-seq data can be achieved by more than ten widely used
algorithms, developed mostly for applications in mammalian cells (see [33-35] for reviews).
These methods are all based on the identification of back-spliced junctions, with reads that
do not align continuously, but rather discontinuously, and in the different orientation with
the respect to the reference genome. These results, in so-called inverted reads, are detected
computationally. The detection of circRNAs with all of these existing algorithms on the same
set of data drew contradictory conclusions with regard to their performance. In the
particular cases of low circRNAs expression, all methods showed some biased performance
on detecting true positives and filtering false positives. One effective improvement in the
strategy was to take advantage of the morphology of circRNAs, and their high stability
against exoribonucleases. That is a reason why RNA samples were treated by RNases R, an
exonuclease degrading linear RNAs, to enhance the representation of circRNAs in the
libraries. One perpetual challenge to improve the existing algorithms is to balance between

sensitivity and precision of detecting and filtering the true positive circRNAs candidates.

In archaea, RNA splicing is less common and mostly observed in pre-tRNA and pre-rRNA with
a uniform splicing mechanism [36]. Introns were spliced by an apparently archaeal-specific
mechanism in which an endoribonuclease cuts a “bulge-helix-bulge” (BHB) motif that forms
at exon-intron junctions, before recruiting RNA ligases [37]. The different RNA splicing
scenario in archaea required the development of an adapted computational program for the
identification of circRNAs. To date, successful identification of a plethora of circular RNAs has
been performed in several archaeal organisms by a combination of biochemical, RNA-seq

and computational approaches.

The first archaeal circular transcriptome was determined for the archaeon Sulfolobus
solfataricus (acidophile and hyperthermophile) by sequencing the total RNA fraction by the
Illumina approach [38]. Sequencing reads were mapped to the reference genome
(NC_002754) using BLASTn, which allows accounting for local matches of all reads.
Circularization junctions were predicted by first identifying uniquely aligned permuted reads,
i.e. with a downstream stretch of the read sequence aligning to an upstream position in the
genome (Figure 1A). Then, more restrictive criteria were applied; such as suppression of

redundancy (junction within 1-3 nucleotides), a specific selection of junctions supported by 2

4
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or more reads, deletion of template switching and finally the addition of an exo-
ribonucleolytic enzyme RNase R treatment. The RNA-seq approach yielded 27.5 million reads
sized in average 40 bp, and 97.82% of them mapped to the genome of Sulfolobus
solfataricus with at least 33bp, indicating a relatively high quality of sequencing data. After
application of all computational criteria, the set of circRNAs identified in S. solfataricus

contained 37 genes, divided into several functional groups.

For Pyrococcus abyssi (a hyperthermophile) [39]), RNA-seq was performed using the lon
Torrent PGM Sequencer on two different types of samples; a total RNA sample and an RNA
fraction obtained by co-immunoprecipitation with RNA ligase Pab1020 after formaldehyde
crosslinking. All the reads were mapped to the P. abyssi reference genome (NC_000868,
1.765.118 base pairs) using BLASTn and the read inversion criteria were used to identify
circular RNAs (Figure 1A). Typical sequencing runs yielded ~ 400.000 reads with a read size of
80 to 90 base pairs, and all of them mapped to the genome. For the enrichment in circular
RNAs, we used RNase R exonuclease treatment that specifically degrades linear RNAs
molecules in a 5’-3’ direction. After analysis of the resulting 285.000 reads, 11-15% of them,
obtained using an RNase R enrichment, were classified as circular. Then multiple strict
constraints were used to identify circRNAs. These included (i) localization of the circular
junction within three nucleotides, (ii) the presence of the circRNA in two independent
experiments and (iii) the junction must be supported by more than three individual
sequencing reads. This pipe-line finally led to the identification of 133 individual circRNA loci

in P. abyssi.

RNA-seq methodology was also used to obtain a global overview of the small RNA diversity
present in the Nanoarchaeum equitans cell, a small archaeon placed in the phylum termed
“Nanoarchaeota” with a minimal, compact genome of only 490 kilobases and an extremely
high gene density with very little noncoding DNA [40]. In this approach, small RNAs were
enriched from a total RNA fraction and sequenced using Illumina HiSeq2000 technology,
generating ~16 million reads with an average length of 62 nucleotides. Reads longer than 15
nucleotides (~12 million reads) were mapped to the N. equitans reference genome
(NC_005213) with CLC Genomics Workbench 5.0 (CLC Bio, Denmark), applying specific
parameters (mismatch, insertion, deletion costs and length fraction). They revealed two

distinct circular junctions in the Box C/D RNA family.
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As has been reported for RNA-seq studies in eukaryotic cells, it is also essential in archaea to
apply multiple and restrictive constraints to allow attaining highly selective circRNAs
identification. In addition to the developed computational criteria, we can highlight
methodological improvements that have highly simplified circRNAs identification in P. abyssi,
such as the circRNAs enrichment in the RNA sample by exonuclease treatment and the
intersection of the circRNAs candidates obtained from independent and complementary

experiments.
3. Functional classification of archaeal circRNAs

Few years before high-throughput sequencing approaches, circular RNAs belonging to
several different functional RNA groups had already been identified in archaea. The presence
of circular RNA molecules was revealed within the excised tRNA-introns in the mesophilic
Haloferax volcanii [41, 42]. Once cleaved from its pre-tRNA-Trp and circularized, the Box C/D
RNA included in the circular intron can guide methylation of nucleotides of the mature tRNA-
Trp [20]. Several large circular introns derived from 23S and 16S rRNAs were described for
hyperthermophilic archaea [43, 44], and proposed as rRNAs processing intermediates [19].
Moreover, the unexpected discovery of significant amounts of circular Box C/D RNAs, in
addition to linear forms, in native complex with proteins required for Box C/D function was
very intriguing [45]. In this case, the circular form of P. furiosus Box C/D RNAs could function
as a guide for 2’-O-methylation on specific nucleotides in RNAs and tRNAs, by forming an

RNP complex with three specific proteins (L7ae, Nop5, and fibrillarin) [45, 46].

Circular RNA transcriptome analysis by deep sequencing (RNA-Seq) has allowed a more
exhaustive and non-biased identification of cirRNAs in the “third” domain of life.
Interestingly, the results on circular transcriptomes for the three archaea (P. abyssi, S.
solfataricus, and N. equitans) converged in terms of the functional categorization of
circRNAs. Three non-coding RNA classes are frequently circular in all of these archaeal
species (Box C/D RNAs, tRNA-intron and rRNA), but circRNAs were also identified in coding
RNAs, and non-annotated RNAs (Figure 1B). The size of the sequencing reads is generally less
than 200 nucleotides, in accordance with the size of most identified RNA categories, but for
longer RNA genes (rRNA and coding RNAs), circles do not cover these loci completely. They

were frequently found to present only a part of the given gene.
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In all the studies described above, particularly high amount of circRNAs were found for Box
C/D RNAs. For instance, 17 and 11 circular Box C/D RNAs loci were identified for P. abyssi
and S. solfataricus, respectively (Table 1). More Box C/D RNA sequences had been identified
for P. abyssi with a relaxation of selection criteria (only inversion of the reads during the
mapping to the genome). This suggests that the majority of the Box C/D RNAs are circular in
archaea (38 out of 56 in P. abyssi cells and 11/13 in S. solfataricus cells). RNA circularization
in thermophiles could provide increased thermostability by limiting thermal denaturation of
the stem structures formed between the 5’ and 3’ termini of Box C/D RNAs.

The excised intron from tRNA-Trp was also described as an abundant circRNA found in S.
solfataricus and P. abyssi cells, with precise identification of the junction point. Intron from
tRNA-Trp does not form a new circRNA category since the intron sequence encodes also for
a Box C/D RNAs. It seems that the circularization occurs simultaneously during the splicing
process and linear intermediates are not expected to occur. This has been suggested by the
absence of enrichment in circular reads after exoribonuclease treatment during the library
preparation [39] and in accordance with previous results that described a highly stable
intron-tRNA-Trp in Haloferax volcanii [41]. Among the five circular tRNA identified in S.
solfataricus and P. abyssi cells, tRNA-Trp is the only example overlapping between both
studies. Both pre-tRNA-Trp contain a “BHB” motif, which will allow the circularization of the
cleaved-out intron during the archaeal splicing mechanisms, as mentioned in section 2.
Furthermore, the cleaved intron sequence carries a C/D Box motif that guides the 2’-O-
methylation on nucleotides in the anticodon loop of mature tRNA-Trp [20], classifying the
archaeal intron of tRNA-Trp in the Box C/D RNA family. The same functional conservation
and circular-intron localization in the tRNA sequence was not observed for the other
identified circular tRNA candidates.

Evidence for circular intermediates of rRNA (5S, 16S and 23S) was also observed but, in
many cases, localization of the precise position of the junction point from permutated reads
was far from evident, possibly reflecting the relatively high length and highly structured
nature of these RNAs. Formation of the circular 55 rRNA could be compatible with the
proposed maturation mechanism of the archaeal pre-55-rRNA [19], but it is unclear whether
this potential circular form corresponds to an additional processing intermediate or the

mature 55 RNA.
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Several additional circRNAs were observed within protein-coding genes, but the number of
circular reads was generally low compared with linear reads for the same locus complicating
their analyses. Furthermore, no spliced reads supporting a mature form of mRNA after
intron excision were detected, suggesting that these circRNAs are probably not intron
excision products [38]. Nevertheless, we cannot exclude an undescribed regulatory function
for circRNAS detected within ORFs or the possibility that these “coding” circRNAs represent
degradation products, based on their variability, small size and supposed random

distribution between ORFs.

Finally, it is very likely that the number of identified circRNAs was an underestimate of the
real number of circRNAs in archaeal cells, as it is hard to distinguish whether reads falling
within an RNA belong to a circular or linear transcript. The threshold selection has been set
arbitrarily to discriminate between background noise and significant results, which is
particularly complicated when circRNAs mapped to repeat regions. In addition, very short
circRNAs, compared to the read length or circRNAs with low expression level, might have
escaped detection. Therefore, in quantitative and qualitative terms archaeal circRNAs might

be even more abundant than reported in these RNA-Seq experiments.

As described above, for many examples in archaeal cells, circRNAs formation likely results
from the enzymatic activity of ATP-dependent RNA ligases, which we are going to describe

below.

4. Rnl3: a new RNA ligase family with circularization activity

RNA ligases, from all families, catalyze phosphodiester bond formation in a conserved three-
step mechanism with different co-factors (ATP, GTP or NADP+) [21, 47]. In a first step, the
side chain of lysine in the active site attacks the AMP group of ATP or NAD+, creating an
enzyme-nucleotide ligase—AMP reaction intermediate. Secondly, the nucleotide is
transferred from the enzyme to the 5’-phosphate of the RNA molecule, creating an activated
5’ adenylated intermediate product (AppRNAs). In the third step, the phosphodiester bond is
formed between the 3’-hydroxyl of the acceptor substrate and the 5’-adenylated phosphate

of the donor, releasing AMP. The special feature of the RNA circularization reaction is that
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donor and acceptor groups belong to the same RNA molecule, resulting in the

intramolecular-ligation reaction of free termini.

The RnI3 RNA ligase family was revealed by structural (X-ray crystallography)
characterization of two archaeal RNA ligase from Pyrococcus abyssi (PDB ID 2VUG) [26] and
Methanobacterium thermoautotrophicum (PDB ID 5D1P) [27]. These structures revealed a
homodimeric structure, which is highly atypical for nucleic acid ligases. A structure of the
third homolog was resolved and deposited on PDB website for an RNA ligase from Aquifex
aeolicus (PDB ID 3QWU) (Osipiuk J. et al, not published), which is a thermophilic bacteria. A
homodimeric structure of RnI3 proteins is highly conserved, as revealed by the
superimposition of the three RnI3 high-resolution structures. A perfect superimposition was
obtained for all domains of these proteins using MolSoft, an improved superimposition
algorithm (Figure 2A). Each monomer consists of four domains: an N-terminal domain, a
catalytic domain (nucleotidyltransferase domain), a dimerization domain and a C-terminal
domain. The N-terminal domain contains a generally common topology with T4 RNA ligase 1
(T4 Rnl1) and has only been observed in these two enzymes to date. The catalytic domain
showed, unsurprisingly, structural similarities with DNA and RNA ligases, and in a more
general manner, with other members of the nucleotidyltransferase superfamily. Rnl3
proteins possess two additional C-terminal domains to the nucleotidyltransferase domain,
which has not been observed in previous RNA ligase structures. The dimerization domain
belongs to three-dimensional swapping domains described during the intertwined dimer
formation process between two identical proteins [48, 49]. In this phenomenon, proteins
often swap only a single secondary structure element such as a B-strand or a-helix rather
than a whole domain of structure, which is also true for RnI3 proteins. Swapping domains
are believed to play an important role in the mechanism of dimerization or oligomerization
in the protein evolution since some proteins remain functional only in their oligomeric state.
A similar result was observed for Pabl1020 RNA ligase since key mutations in this
oligomerization domain generate aggregation of the protein and loss of activity.
Dimerization of Rnl3 proteins could also be a common adaptation associated with
thermophily in archaeal proteins [50]. The C-terminal domain is specific to this protein family
and has no known structural homologs. It was shown that this C-terminal domain is essential

for sealing of 3’-hydroxyl and 5’-phosphate ends, but not for ligase adenylation or for the
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phosphodiester bond formation at the 5’-pre-adenylated RNA ([51], Becker unpublished
results). Both C-terminal domains, flanking the nucleotidyltransferase domain, seem i) to be
essential for the correct folding and solubility of the RnI3 RNA ligase and ii) assist the

catalytic domain for efficient ligation of the ends of RNA substrates.

5. Phylogenetic distribution of RNA ligases belonging to the Rnl3 family

We note that the RNA ligases Rnl3 display two unique features: a homodimeric structure and
a single-stranded RNA circularization activity. Two complementary bioinformatic
approaches, Pfam and UniProt, were used to identify new potential members of RnI3 family
in archaeal and bacterial kingdoms, using Pab1020 sequence and structure as entries for the
search. For the computational analysis of UniProt BLAST results, only proteins with a level of
similarity higher than 90% and conservation of all four protein domains, were selected. More
than a typical BLAST search, Pfam uses alignments and a profile of hidden Markov models
(HMM), which allow better remote homology detection [52, 53]. Results confirmed the
distribution of Rnl3 members mainly within archaea (97 sequences) but also within bacteria
[31 sequences (Figure 3)]. The observation of all examined phyla revealed that Rnl3
members were very frequently found in thermophiles or hyperthermophiles that typically
grow between 50°C and 95°C. As mentioned in section 4, the dimeric organization of the
Pab1020 RNA ligase is essential for its stability, solubility, and activity, i.e. the introduction of
a mutation at essential residues in the dimerization domain would lead to total
disorganization of the protein. On the other hand, deletion of the dimerization and the C-
terminal domains restore the protein solubility, but the truncated Pab1020 RNA ligase
exhibit now a monomeric structure, devoid of circular activity; confirming a direct
correlation between the atypical dimeric structure and the circularization activity of Pab1020
RNA ligase. These results could be in accordance with observations that under drastic
conditions, proteins require several adaptations that confer their ability to retain structure
and function at high temperature. Without these necessary adaptations, proteins undergo
irreversible unfolding, resulting in their aggregation [54]. Thermophilic proteins tend to have
a prominent hydrophobic core, compensated by an increased number of salt-bridging,
disulfide bridges and electrostatic interactions to maintain their activity at high

temperatures [50]. Recent characterization of quaternary organization for thermophilic
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proteins described an organization in dimer or higher oligomeric states to increase the
rigidity of the individual subunits, promote tighter packing of the hydrophobic core, and
reduce exposure of hydrophobic residues to solvent, e.g. for Sulfolobus solfataricus
phosphotriesterase [55], acetyl-CoA synthetases from Ignicoccus hospitalis [56] and
Pyrobaculum aerophilum [57]. Therefore, the higher-order quaternary structure can be
advantageous for the stability of thermophilic proteins and may be a common feature of

thermoadaptation.

6. Circularization activity of archaeal RNA ligases

To understand the mechanistic similarities between Rnl3 family members, we have
compared enzymatic kinetic data obtained for RNA ligases Pab1020 from P. abyssi [26, 39]
and MTH 1221 from M. methanobacterium [27, 58].

Both enzymes require the presence of a divalent cation, preferentially magnesium or
manganese, and are ATP dependent. The mutants K95G (Pab1020) and K97A (MTH1221)
were completely inert in forming circular RNAs or 5’-adenylated-RNAs, illustrating that in
both active sites an invariant lysine is adenylated and represent the crucial catalytic residue
(highlighted in yellow in Figure 2B). Adenyltransferase or ligation assays were performed at
50°C in vitro, and it was observed that only the last step of the reaction, the intramolecular
phosphodiester bond formation, was affected and declined as the temperature decreased
from optimal temperatures to 30°C. These results suggest conformational changes in the
dimer architecture of Rnl3 proteins during the last step of the reaction. However, no
information is available to consider if a sharing of both nucleotidyltransferase domains of
the dimer is possible, or if they are fully independent. At first sight, both
nucleotidyltransferase domains are distant from each other with an approximate distance of
3.5 nm between the catalytic residues of each monomer (Figure 2B). Nevertheless, the
surface-charge distribution of Pab1020 RNA ligase shows clearly the presence of two positive
grooves on each monomer until joining each catalytic site, and extending to the dimerization
domain (Figures 2 C, D). The dimer interface may serve as a platform for RNA binding and
can be a bridging point between both active sites, allowing RNA substrate to cross the dimer

symmetry axis. This hypothesis is already supported by experimental data since mutation or
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deletion of the dimerization domain of Pab1020 and MTH1221 abolish ligation reaction and

trigger a partial aggregation of the proteins [27].

Studies addressing RNA specificity compared to DNA were also undertaken for both enzymes
without leading to the same conclusion. In absence of ATP, MTH1221 converted a synthetic
24-mer pDNA into a DNA circle [27] whereas no ligation reaction was observed for Pab1020
RNA ligase, with a synthetic 18-mer pDNA substrate [39]. Recently, we confirmed the
absence of DNA ligation for Pab1020 enzyme, with a physiological-like substrate. The DNA
homolog sequence of SR4 Box C/D RNA, formed a stable DNA/protein complex with
Pab1020, on native gel mobility assay, but no trace of circular DNA was detected. However,
it has been shown that Pab1020 and MTH1221 allow scalable high yield adenylation of 5’-

phosphorylated ssDNA [59] (Becker et al, results not published).

For the joining of RNA molecules, it was shown that synthetic RNA substrates, with the
corresponding RNA sequence as tested previously for synthetic DNA, were efficiently
circularized by both enzymes [27, 39]. By a combination of RNA immunoprecipitation assays
and RNA-seq approaches, our genome-wide studies revealed 133 individual circRNA loci in P.
abyssi cells [39]. To test whether RNAs interacting with Pab1020 RNA ligase 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 three circRNAs
identified during the circRNAs high-throughput sequencing project on P. abyssi cells. Becker
et al choose two Box C/D RNAs (SR4 and SR29) and the 5S rRNA for this in vitro ligation tests
on respective transcripts. EMSA assays indicated that the three analyzed transcripts formed
specific RNA-protein complexes at near stoichiometric conditions with increased affinity
compared to synthetic RNA. To identify circular RNA molecules on 55 rRNA and Box C/D
RNAs SR4 or SR29, we used RNase R exoribonuclease treatment to discriminate between
circular products and linear substrate RNAs, since only circular RNAs are resistant to
exoribonuclease treatment. The circular form was observed for all three selected transcripts
(Box C/D RNAs SR4, SR29 and the 5S rRNA,) after incubation with Pab1020 RNA ligase and
resistance to RNase R treatment. The RNA ligation activity of Pab1020 was confirmed by
using inverse PCR, with divergent primers, which is expected to amplify only circular
templates. For these three selected RNA molecules, we observed a full-length RT-PCR

product confirming RNA circularization by Pab1020 [39].
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7. Circular RNA biogenesis in organisms without identified Rnl3 enzyme

It will be necessary to obtain the circular transcriptome for more archaeal species to
understand if a single or multiple pathways are required for the biogenesis of circRNAs. For
that purpose, one first interesting question will be to resolve the mechanism of formation of
the circular intron derived from pre-tRNA-Trp in Haloferax volcanii while this organism does
not contain an RNA ligase from Rnl3 family. First, the existence of this circular-intron was
confirmed by different approaches and second, the implication of an RNA ligase seems
expected since the circular intron derived from an endonuclease-ligase two-step reaction, as
described above. The absence of an RNA ligase from Rnl3 family, in Haloferax volcanii,
implies that another protein catalyzes the circularization. Potential candidates are DNA
ligases because it was shown that Rnl3 proteins are closely related to the CDC9 domain
found in ATP-dependent DNA ligases, generating misannotation of members of the RnlI3
family as DNA ligases [39]. An excellent example of this is the putative Aquifex aeolicus RNA
ligase (PDB code 3gwu) annotated as DNA ligase in the PDB databank. As discussed
previously, this bacterial protein is very likely an RNA ligase, as it contains a dimer interface

structure that is only conserved among RnlI3 family members.

Another option is that a clearly identified DNA ligase can ligate both DNA and RNA
substrates, as it was described for a viroid that subverts host DNA ligase 1 into an RNA ligase
[60]. Moreover, in vitro assays on Arabidopsis thaliana DNA ligase 1, using oligonucleotides

substrates, have shown that this enzyme can ligate acceptor RNA to donor DNA [61].

8. Concluding remarks

With the recent high-throughput sequencing technologies, it is now clear that circRNAs are a
large group of RNAs that are gaining considerable interest. Their mechanisms of formation
are not well described today, but it is clear that circRNAs could be formed by backsplicing or

by the direct ligation of 5" and 3’ ends of linear RNAs. In archaea, it seems that the direct
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ligation pathway may be preferred and that Rnl3 RNA ligases are the key enzymes required

for the circularization activity.

In archaea, circRNAs seem to be stable and widely expressed, whereas their biological
functions need to be better understood. Remarkably, emerging evidence indicates that
circRNAs display important functions with implications in physiological and pathological
processes in human cells. Thus, understanding the biogenesis and the biological functions of
circRNAs will be highly relevant for furthering our understanding of these novels and

ubiquitous circular molecules.
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Figures legends

Figure 1: Identification of circRNAs using high throughput sequencing. (A) Obtained reads
were aligned to the reference genome using Blastn. Reads were considered circular if at
least two permuted matches were detected, whereas linear reads were not retained. (B)
Representation of the different functional RNA classes considered circular in sequencing
experiments obtained for P. abyssi and S. solfataricus. The percentage of reads supporting
circular RNA of the different functional groups were indicated for P. abyssi / S. solfataricus.
Box C/D RNA are the most abundant circular RNAs in P. abyssi with 38 circular form out of 59
Box C/D RNA identified in the genome, and a ratio of 11/13 for S. solfataricus. For tRNA
containing an intron, 1/2 was observed circular for P. abyssi and 5/19 for S. solfataricus. For
rRNA, circular forms were observed in 5S, 16S and 23S rRNA as intermediates during the

maturation process as described in section 3.

Figure 2: Architecture of the protein members of the Rnl3 family. (A) Superimposition of the
structures of three RNA ligases, Pab1020 (PDB code 2VUG), MTH1221 (PDB code 5D1P) and
AQ1106 (PDB code 3QWU). The four domains of the proteins are totally superimposed and
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are colored as follows: N-terminal domain, orange; catalytic domain, blue; dimerization,
green; C-terminal domain, grey. MolSoft was used to superimpose multiple protein
structures. (B) Structure of the Pab1020 homodimer. For each monomer, the
nucleotidyltransferase domain is colored in blue and the catalytic lysine residue in yellow. (C)
and (D) The surface electrostatic potential of Pab1020 protein was displayed using the
Chimera software, with the negative potentials (red) and positive potentials (blue). Two
orientations of the protein are represented with a yellow highlight of the catalytic lysine

residue in the extension of a positive groove in panel D.

Figure 3: Phylogenetic distribution of RNA ligases from Rnl3 family in archaea and bacteria.
The phylogenetic distribution was compiled from the Pfam protein families database in
2019, https://pfam.xfam.org and from Uniprot website https://www.uniprot.org/blast/.
Next to the name of kingdom, class and order, the number of sequences / number of species

are shown.
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Table 1

P. abyssi S. solfataricus N. equitans
Class* Size* Class** Size** | Class** Size** Class Size
38 BoxC/D 59-72 17 BoxC/D  59-72 | 11 Box C/D 26-62 2BoxC/D 71-74
5 tRNA 26-114 | 1 tRNA- 71 5 tRNA-intron 21-65
intron
6 rRNA 26-86 3 rRNA 123-3096
13 NA 21-101 | 3NA 61-65 | 9 noncoding RNA  31-69
71 inside 14-216 5 inside ORFs 26-163
ORFs
1 H/ACA RNA 70

Table 1 : CircRNAs distribution in functional RNA categories for P. abyssi, S. solfataricus and N.
equitans RNA-seq experiments. NA= non-annotated, * circRNA identification by inverted
reads alignment, ** application of more strict criteria including the circular junction
identification. For P. abyssi, among the 5 tRNAs identified, the circularization has been only
supported for the intron of tRNA-Trp (second column), with a high number of reads and the
exact identification of the junction-nucleotides.
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