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RNA ligases play important roles in repairing and circularizing RNAs post-transcriptionally.
In this study, we generated an allelic knockout of ATP-dependent RNA ligase (Rnl) in the
hyperthermophilic archaeon Thermococcus kodakarensis to identify its biological targets.
A comparative analysis of circular RNA reveals that the Rnl-knockout strain represses
circularization of C/D box sRNAs without affecting the circularization of tRNA and rRNA
processing intermediates. Recombinant archaeal Rnl could circularize C/D box sRNAs
with a mutation in the conserved C/D box sequence element but not when the terminal
stem structures were disrupted, suggesting that proximity of the two ends could be critical
for intramolecular ligation. Furthermore, T. kodakarensis accumulates aberrant RNA
fragments derived from ribosomal RNA in the absence of Rnl. These results suggest
that Rnl is responsible for C/D box sRNA circularization and may also play a role in
ribosomal RNA processing.

Keywords: circular RNA, RNA ligase, thermococcus kodakarensis KOD1, rRNA processing, C/D box sRNAs

INTRODUCTION

Numerous RNA molecules are involved in controlling gene expression to maintain cellular RNA
metabolism. In addition to tRNA, mRNA and rRNA, cells also contain a striking diversity of
additional RNA types, such as edited RNAs, circularized RNAs, trans-spliced RNAs, and other non-
coding RNAs (Brennicke et al., 1999; Burroughs and Aravind, 2016; Kristensen et al., 2019). We
hypothesize that RNA ligase, an enzyme that joins free RNA ends together, is a key player in
producing a diverse set of RNAs by altering their structures. The recent finding that RNA ligase is
responsible for generating a circular RNA molecule (circRNA) and could selectively modify the ends
of the RNA raises the possibility that RNA ligase may also function to regulate cellular RNA
metabolism.

ATP-dependent RNA ligase (Rnl) catalyzes the formation of phosphodiester bonds between the
5'-phosphate and 3'-hydroxyl termini of RNA (Uhlenbeck and Gumport, 1982). Ral can join two
single-stranded RNA molecules with or without a complementary bridging polynucleotide. It can
also catalyze intramolecular ligation, leading to the formation of a covalently-closed circRNA. The
biological functions of Rnl are firmly established in bacterial tRNA restriction/repair (Amitsur, 1987;
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Omari et al., 2006; Wang et al., 2007; Nandakumar et al., 2008),
yeast and plant tRNA splicing (Sidrauski et al., 1996; Abelson
et al, 1998; Englert and Beier, 2005), and kinetoplastid
mitochondrial RNA editing pathways (McManus et al., 2001;
Rusché et al., 2001; Schnaufer et al., 2001).

Many archaea species encode Rnl, and its structure is
unique among polynucleotide ligases in that it forms a
homodimeric quaternary structure. The crystal structure
of Pyrococccus abyssi (PabRnl) and Methanobacterium
thermoautotrophicum Rnl (MthRnl) have been solved and
were shown to catalyze an intramolecular ligation of single-
stranded RNA to form a covalently closed circRNA (Brooks
et al., 2008; Gu et al., 2016). MthRnl can also transfer AMP
to RNA containing 3’- phosphate termini to form 2',3'-
cyclic phosphate, and can selectively cleave adenosine
from the 3’-hydroxyl end of the RNA, to form the 2',3'-
cyclic phosphate (Zhelkovsky and McReynolds, 2014;
Yoshinari et al.,, 2017). Although the biological function
of archaea Rnl is not known, RNA immunoprecipitation
studies in P. abyssi suggest that it can interact with circular
non-coding RNAs, including C/D box guide RNA (Becker
et al., 2017).

Here we generated an allelic knockout of the Rnl gene in
Thermococcus kodakarensis (TkoRnl; TK1545) and analyzed the
change in RNA metabolism using high-throughput RNA-Seq
technology. We showed that deletion of TkoRnl selectively
dissipates circular C/D box sRNAs and other small RNA
species. The conserved C/D box sequence elements were not
strictly required for ligation activity of the archaeal Rnl. We also
found that deletion of TkoRnl produces aberrant rRNA
fragments, suggesting that TkoRnl may also participate in
rRNA maturation process.

MATERIALS AND METHODS

Strains, Media, and Culture Conditions

The T. kodakarensis KUW1 (Sato et al, 2005) and gene
disruptant strain were cultivated under anaerobic conditions at
85°C (optimum growth temperature) in a nutrient-rich medium
(ASW-YT) or a synthetic medium (ASW-AA). ASW-YT medium
(1 L) contains 5 g yeast extract (Y) and 5 g tryptone (T dissolved
in artificial seawater (ASW) (Sato et al, 2003a). ASW-AA
medium is a synthetic medium that contains a mixture of
vitamins, modified Wolfe’s trace minerals, and the 20
canonical amino acids dissolved in 0.8 x ASW (Sato et al,
2003a; Atomi et al, 2004). Elemental sulfur (2 g) was added
into 1 L ASW-YT and ASW-AA media before culturing. For all
liquid media, resazurin (0.5 mg/L) was supplemented as an
oxygen indicator, and 5.0% Na,S was added until the medium
became colorless. For colony isolation, solid ASW-AA medium
containing 1 g of Gelrite and 0.4 g of polysulfide per 0.1 L was
used. The E. coli Mach1-T1 was used to construct the targeting
plasmids and was grown at 37°C in LB medium containing
ampicillin (100 mg/L). For RNA isolation and growth analysis,
cells were cultured in MA-YT-P medium (0.8 x Marine Art SF1
reagent [Osaka Yakken Co. Ltd., Osaka, Japan], 5 g/L of yeast
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extract, 5 g/L of trypton, and 5 g/L of sodium pyruvate) which
lacks elementary sulfur.

Deletion of TK1545 Gene

A DNA fragment containing the TK1545 gene along with its 5'-
and 3’-flanking regions (~1.0 kbp) was amplified with forward
(5’ ACTCTCTCCTTTTCTCCAATTTCGG-3') and reverse (5'-
TCAGGATTTTGCAAA GTACTGACTGG-3'") primers using T.
kodakarensis KUW1 genomic DNA as a template for PCR and
was cloned into the Hinc II site of pUC118 to obtain pUC-
TK1545. The RNL coding sequence in pUC-TK1545 was replaced
with a DNA fragment containing pyrF gene (TK2276: orotidine
5'-phosphate decarboxylase) and its promoter element as
described (Sato et al, 2003b). This was accomplished by
amplifying pUC-TK1545 using two outward primers (5'-AGC
TGTAAGGGGCCTGTGGACATTTC-3" and 5'- GATATCACC
GAGAAGAGTGGGAGC-3') complementary to the upstream
and downstream sequence of the TkoRNL coding sequence. The
amplified plasmid fragment was ligated with a Pvull-Pvull
restriction fragment (763 bp) containing the pyrF marker gene
derived from pUD?2 plasmid (Sato et al., 2003b). All the sequences
of the inserted region were verified with DNA sequencing. The
resulting targeting plasmid, with pyrF marker gene inserted
between the 5'- and 3'-flanking regions of RNL gene, was used
to transform T. kodakarensis KUW1 strain. Cells grown in ASW-
YT-S0 medium at 85°C for 10 h were harvested and suspended in
200 puL of 0.8 x ASW and kept on ice for 30 min. Then, 3 ug of the
plasmid was gently added into the suspended cells and kept on ice
for 1h. Transformants were cultivated in an uracil-free ASW-
AA-SO at 85°C for 40h. Next, 200 pL of the culture was
transferred to a fresh medium and cultivated under the same
conditions to enrich transformants displaying uracil prototrophy.
The cultures (100 uL) were spread onto ASW-AA-SO solid
medium and incubated at 85°C for 3 days. Only cells that
obtained a phenotype exhibiting uracil prototrophy by
homologous recombination can grow in the absence of uracil.
Single colonies were selected and then cultured in ASW-YT-S0
medium at 85°C for 10 h. Throughout this article, the term wild-
type (WT) refers to KUW1 and tk1545 KO refers to TkoRnl
deletion in the KUW1 strain. The cells of the tk1545 KO strain
were harvested and suspended in distilled water. Genomic DNA
was extracted from the cells using phenol-chloroform treatment.
The replacement of TK1545 gene with pyrF gene was verified with
PCR (Figure 1A).

RNA Isolation and RNA-Seq Analysis

T. kodakarensis WT and tk1545 KO (1.6 L) were cultured in MA-
YT-P medium at 85°C and harvested when the absorbance at
660 nm reached ~0.7 (late-log phase). Total RNA was isolated
using TRIzol reagent (Invitrogen) following the manufacture’s
instruction. The total RNA and small RNA libraries were
prepared using standard Illumina protocol by UB Genomics
and Bioinformatics Core at The State University of New York
(SUNY) at Buffalo, United States. The high-throughput RNA-
sequencing was performed using Illumina HighSeq2500
technology (51-base; pair-ended read). Raw reads were
trimmed, and FastQC was used to determine the clean reads.
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For both WT and tk1545 KO datasets, 80 percent of the reads had
Phred quality scores >35. The reads were mapped to T.
kodakarensis reference genome (NC_006624.1) using bowtie2-
2.2.9 with the option preset set to sensitive and alignment type set
to local mode. The reads per kilo-base per million mapped reads
(RPKM) were calculated using featureCount (Liao et al., 2014).
From the WT dataset, 101 million reads were obtained, of which
94.86% mapped to the reference genome, with a median RPKM of
9.8. From the tk1545 KO dataset, 58 million pairs of reads were
obtained, of which 94.54% were mapped to the reference genome
with a median RPKM of 10.9 (Supplementary Data S1).

For the small RNA-Seq, the 5'-adaptor sequence (5'-GTT
CAGAGTTCTACAGTCCGACGATC) and 3'-adaptor sequence
(5'-TGGAATTCTCGGGTGCCAAGG) were trimmed using
Cutadapt, with 80 percent of the reads having Phred quality
scores of >35. The reads aligned to reference genome as described
above. We obtained 22 million pairs of reads from the WT
sample, of which 79.94% mapped to the reference genome.
From the tk1545 KO sample, 16 million reads were obtained,
and 81.43% mapped to the genome (Supplementary Data S1).

Analysis of circRNA from RNA-Seq Data

A custom Perl script was used to identify RNA-Seq reads
containing circular junction sequences. The screening was
done to identify RNA-Seq reads containing two segments of at
least 20-nts matching the reference genome; the two matched
segments should be encoded in the same direction but inverse
order in the reference genome. From total RNA Seq data, 410,073
and 281,828 reads containing circular junctions from the WT and
tk1545 KO were identified, respectively (Supplementary Data
$2). To reduce redundancy, reads containing similar junction
sequences within five nucleotide variations were classified into
the same group, which decreased the number of candidate
circRNA reads to 12,632 for WT and 9,744 for tk1545 KO.
Subsequently, circRNA junction reads with less than 100
independent read counts were eliminated. This criterion
identified 113 and 63 reads containing circRNA junction
sequences from WT and tk1545 KO, respectively. A similar
strategy was used to identify circRNAs from the small RNA-
Seq datasets, except that circRNA reads predicted to be longer
than 10kb and read counts of less than 20 were eliminated
(Supplementary Data S3).

Detection of circRNA Using RT-PCR

We performed RT-PCR to detect predicted circular RNAs.
Primers containing gene-specific sequences were used for
reverse transcription reaction. The reaction mixture (40 uL)
containing total RNA (200 ng) from either WT or tk1545 KO
was incubated with 25 uM gene-specific primer, 0.5 mM dNTP,
and 50 U ReverTra Ace-a (Toyobo, Japan) in a supplied reaction
buffer at 55°C for 10min (for primer sequences, see
Supplementary Table S1). The reaction was terminated at
95°C for 10 min, and an aliquot (1 pL) was used as a template
for PCR. PCR (50 pL) contained 0.2 uM circular junction primer
and gene-specific primer, 2.5 U Paq5000 DNA polymerase
(Toyobo, Japan) programmed for 25 cycles (95°C for 30s;
60°C for 30s; 72°C for 10s). PCR products were separated on
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3% low-range ultra-agarose gel, stained with ethidium bromide,
and visualized using UV.

RNA Ligase and RNA Substrates

His-tagged MthRnl and His-tagged T4 RNA Ligase 2 (T4 Rnl2)
were produced in E. coli and purified from soluble bacterial
extracts using Ni-agarose chromatography as described
previously (Ho and Shuman, 2002; Torchia et al, 2008). In
vitro transcription was used to synthesize RNAs from PCR
amplified linear DNA templates containing a T7 RNA
polymerase promoter. RNAs containing 5’ triphosphate were
purified by electrophoresis through a non-denaturing 8%
polyacrylamide gel. The RNAs were then treated with calf
intestinal ~ alkaline phosphatase, extracted by phenol-
chloroform, and ethanol precipitated. The in vitro transcribed
RNAs and the chemically synthesized 24-mer RNA were labeled
at the 5'-end with [y->*P] ATP using T4 polynucleotide kinase
and purified on the non-denaturing polyacrylamide gel.

Cloning of Small RNA Fragments

Total RNA (15 pg) from WT and tk1545 KO were separated using
10% denaturing polyacrylamide gel, and RNA ranging from 70 to
120 nt was isolated by elution from the gel with Tris-EDTA (TE)
buffer. RNA was ethanol-precipitated and resuspended to 50 pL
with TE buffer. The isolated small RNA was used for the adapter-
mediated RNA cloning with SOLiD Small RNA Expression Kit
(Ambion). Ligation and reverse-transcription were performed
according to the manufacturers’ instructions. ¢cDNA was
amplified using Taq DNA polymerase, inserted into TOPO
cloning vector (Invitrogen), and transformed into E. coli
DH5a. The region of cDNA insertion within the TOPO vector
was PCR amplified directly from the bacterial colonies, and
product size was analyzed on 1.8% agarose gel. The majority
(90%) of the plasmid recovered contained primer-dimer insert.
Therefore, PCR product corresponding to >40 bp ¢cDNA insert
was regarded as a “positive” clone and was sequenced to reveal the
identity of cloned RNA species. PCR product length
corresponding to <40bp insert was omitted, as it likely
represented a fragment derived from a primer dimer.

RESULTS

Deletion of T. kodakarensis Rnl Gene

TK1545 encoding for T. kodakarensis ATP-dependent RNA
ligase (TkoRnl) was removed via homologous recombination
using a non-replicating targeting vector carrying orotidine-5'-
monophosphate decarboxylase gene (pyrF) flanked by ~700 bp of
upstream and downstream TK1545 DNA sequence. The plasmid
was transformed into T. kodakarensis strain KUW1 (ApryF) and
the Ura" transformants were recovered. Deletion of TK1545 locus
was confirmed using PCR analysis (Figure 1A). Expression of
TK1545 was verified using RNA-Seq analysis, as described below.
No significant difference in growth phenotype was observed
between the WT and tk1545 KO strains in nutrient-rich
medium, at optimal (85°C) and elevated temperatures (93°C)
(Supplementary Figure S1), which implies that TkoRnl is not
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FIGURE 1 | Differentially expressed genes by deletion of TkoRnl gene. (A) Generation of RNA ligase knockout in T. kodakarensis. The TK1545 gene was replaced
with the pyrF selectable marker (763 bp). The positions of four pairs of PCR primers and their expected product sizes are depicted in (1-4). The lower panel shows an
agarose gel electrophoresis of PCR products derived from WT and tk7545 KO genomic DNAs. (B) Total RNA extracted from WT and tk1545 KO strains were separated
using 10% denaturing polyacrylamide gel electrophoresis. Ethidium bromide staining of the gelis shown. (C) Transcriptosome analysis of WT and tk71545 KO. Total
RNA isolated from WT and tk7545 KO cells were subjected to RNA-Seq analysis. Each dot represents an individual gene and are depicted according to read per million
mapped reads (RPKM) values. The RPKM value with less than one RPKM were set to 0. Genes with RPKM of <2.0 in both WT and tk7545 KO were omitted. Differentially
expressed genes are depicted as colored dots. Green dots represent the 10 genes that are up-regulated, and red dots represent 13 genes that are down-regulated by
more than 2-fold in tk1545 KO (excluding the tk71545 gene). The RPKM for tk1545 from the WT and tk7545 KO were 9.05 and 0.04, respectively. Genes that show
greater than two-fold change are listed in (D) and in Supplementary Table S2.

essential for viability. Polyacrylamide gel electrophoresis analysis
of the small RNA population suggested that the relative
distribution of short RNA species, ranging from 80 to 140 nt,
differed significantly between the two strains (Figure 1B).
Compared to the parental strain, the level of ~140-nt species
was reduced while that of the ~80-nt species was increased in the
tk1545 KO strains. Therefore, both total and small RNA-Seq
analyses performed to evaluate the physiological
consequences of TkoRnl deletion.

were

Transcriptome Analysis

Total and small RNAs isolated from the wild-type and tk1545
KO strains were sequenced on an Illumina HighSeq platform
sized at 51-bp and mapped uniquely to the annotated genome.
The gene expression abundance was normalized using RPKM

(Supplementary Data S2), and scatterplots were used to assess
the expression variation of the genes between the WT and
tk1545 KO from the total RNA-Seq dataset (Figure 1C).
Finally, 23 genes were identified that showed altered
expression changes of >2-fold, of which 13 were up-
regulated, and 10 were down-regulated in tk1545 KO
compared to the WT (Figure 1D; Supplementary Table
§2). Many of these genes that exhibit differential gene
expression are encoded on the same polycistronic
transcription unit; iron transport proteins (TK0714,
TK0715, and TKO0716), phosphate transporter proteins
(TK2060 and TK2061), sulfur reductase subunits (TK2071
and TK2072), and Acetyl-CoA acetyltransferase pathway
(TK0179, TK0180, and TK0181). The genes encoded within
each operon were either enhanced or reduced to a similar
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TABLE 1 | List of circRNAs in T. kodakarensis. The top part of the table shows list of circRNAs that were detected in WT but were either absent or significantly reduced in
tk1545 KO small RNA-Seq dataset. The bottom part of the table shows a list of circRNAs that were detected in both WT and tk7545 KO. The value in parenthesis shows
the number of reads detected in total RNA-Seq dataset.

Locus/ Circular junction Predicted T. kodakarensis (WT) T. kodakarensis (tk1545 KO) Alias and predicted
CircRNA (+/- 5 nucleotides) length? Number of Number of Number of Number of transcription start site®
name aligned read circular reads aligned read circular reads
sRO1 47786 to 47847 62 2,167 395 1,776 7 TKOcand Sno. 19 47910
(368) (18) (193) ©)
sR05 116401 to 116466 66 445,142 354 333,035 0 Tko-sRO7 116468
(531) (54) (286) ©)
sR13 279797 to 279863 67 59,144 47 58,048 0 Tko-sR14 279865
(142) @ 62 ©)
sR15 316130 to 316191 62 1,629,229 698 1,623,609 8 Tko-sR16 316202
611) (113) (852) ©)
sR20 558818 to 558879 62 1,622 21 1,400 0 Tko-sR20 558914
(84) (46) @37) ©)
sR28 832364 to 832425 62 65,322 72 54,801 1 Tko-sR26 832424
(340) (123) (156) ()
sR29 940146 to 940209 64 475,600 36 283,215 0 Tko-sR29 940134
(651) (11) (335) ()
sR31 963853 to 963919 67 562,648 4,655 721,884 34  Tko-sR31 963842
(252) (343) (11) 1)
sR34 1103565 to 1103626 62 20,161 119 19,347 0 Tko-sR35 1103625
(797) (14) (478) )
sR37 1159583 to 1159644 62 356,961 44 195,173 1 Tko-sR37 1159732
(139) (21) (94) (©)
sR38 1167276 to 1167338 63 11,287 106 4,940 0
11 (©) 94) ©)
sR41 1226838 to 1226899 62 1,967 31 610 0 Tko-sR41 1226903
(359) (202) (19 )
sR42 1226948 to 1227017 70 12,085 7,194 17,658 10 Tko-sR42 1226948
(226) (145) (83) ()
sR46 1371729 to 1371790 62 176,232 188 79,569 3 Tko-sR50 1371720
(540) (258) (118) )
sR49 1446209 to 1446268 60 62,328 358 36,039 1 Tko-sR52 1446266
(224) (376) (104) ()
sR52 1476851 to 1476917 67 28,701 467 42,613 6 Tko-sR54 1476850
(349) (4) (208) ()
sR58 1947796 to 1947856 61 926 95 845 0
(66) ©) (52 ©)
sR61 2070055 to 2070116 62 100,212 92 31,284 0 Tko-sR67 2070114
(235) (22) (188) ©)
ncRNAO1 1053772 to 1053834 63 1,267,983 68 587,087 3 Tko-sR33 1053770
(198) (48) (113) ©)
ncRNAO2 1257020 to 1257081 62 8,320 139 6,342 0 TKOcandSno66 1257078
(42) (1395) ©) ©)
ncRNAO3 1593064 to 1593134 71 7,565 403 9,633 1
(149) (4) (83) ©)
TK0058 51411 to 51477 67 1,816 589 780 1 Tko-sRO1 51477
(535) (493) (194) (1)
TK2034 1826865 to 1826930 66 771 66 477 2 Tko-sR22° 1826865
(159) (22) (84) ©)
TK2109 1894519 to 1894579 61 14,240 28 11,134 0
(1,092) (857) (164) (4)
tRNA-Trp 1945728 to 1945789 62 28,907 2,023 23,156 1,292
(3,195) (1,415) (1,680) (987)
TK0135 108461 to 116468 8,008 457,060 90 576,950 110
(1,94,213) () (114,857) ©)
TK0894 779653 to 779796 144 317 28 215 28
(1,487) 0) (1,207) )
TK1980 1784662 to 1785579 918 1,322 42 739 53
(104,981) 0) (72,305) )
16S RNA-c1 2022801 to 2024382 1,682 404,505 96,319 268,720 53,186
(65,116,954) (6,836) (30,650,056) (4,733)

(Continued on following page)
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TABLE 1 | (Continued) List of circRNAs in T. kodakarensis. The top part of the table shows list of circRNAs that were detected in WT but were either absent or significantly
reduced in tk1545 KO small RNA-Seq dataset. The bottom part of the table shows a list of circRNAs that were detected in both WT and tk7545 KO. The value in

parenthesis shows the number of reads detected in total RNA-Seq dataset.

T. kodakarensis (WT)

T. kodakarensis (tk1545 KO) Alias and predicted

Locus/ Circular junction Predicted
. . a

CircRNA (+/- 5 nucleotides) length Number of

name aligned read

23S RNA-c1 2024584 to 2027631 3,048 867,077
(109,488,453)

23S RNA-c2 2024595 to 2027605 3,011 867,051
(109,486,015)

Number of
circular reads

- b
Number of transcription start site'

circular reads

Number of
aligned read

27,733 610,944 11,628
(282,955) (62,941,809) (205,719)
83 610,939 35
(42,016) (62,940,686) (23,246)

@Position of circular junction and predicted length of each circRNAs, were determined by mapping to the T. kodakarensis reference genome (See Supplementary Data S3).

PThe alias and predicted start site of transcription are from (J4ger et al., 2014).
SAnnotated as SR22 in (Jager et al., 2014).

extent in tk1545 KO. Transcriptome analysis from the small
RNA-Seq data is shown in Supplementary Figure S2.

Computational Predictions of Circular RNAs
It has been widely reported that non-coding RNAs, including
tRNAs, C/D box sRNA, and rRNA processing intermediates are
circularized in archaea (Tang et al., 2002; Starostina et al., 2004;
Danan et al., 2012; Randau, 2012; Su et al., 2013; Becker et al.,
2017). We hypothesize that if Rnl is responsible for generating
circRNAs, we would identify its RNA target by comparing the
circRNA reads obtained from WT and tk1545 KO. Our criteria
for detecting circular reads from the RNA-Seq data were as
follows: 1) the 51-nts RNA-Seq reads containing two
segments, and each segment has a minimum 20-nts match to
the reference genome sequence; 2) the two matched segments
within the read are encoded in the same transcriptional direction,
but are positioned in inverse order in the reference genome
(Danan et al, 2012); and 3) the two matched segments are
fused to form a unique circular junction sequence. Variation
in the circular junction within five nucleotides in the locus was
classified into the same group to reduce redundancy
(Supplementary Data S2). The predicted length of individual
circRNA was deduced from the distance between the two
homologous segments in the genome reference. For the total
RNA-Seq data, we selected reads that support more than 100
counts (Supplementary Data S2). For the small RNA-Seq data,
we selected read supported more than 20 counts and did not
include reads that were predicted to be longer than 10kb
(Supplementary Data S3).

In the WT T. kodakarensis, 31 circRNA reads were detected
from the small RNA Seq data set, many of which were derived
from C/D box sRNAs (Supplementary Table S2). The C/D box
sRNA molecule has four sequence elements: the C box and C’ box
motifs with the consensus sequence RUGAUGA, and the D box
and D’ box motifs with the consensus sequence CUGA. Of the 61
putative T. kodakarensis C/D box sRNAs we identified, 26 C/D
Box sRNAs had circRNA reads (Supplementary Table S3).
Analysis of P. abyssi RNA-Seq dataset detected 24 circRNA
reads (Toffano-Nioche et al., 2013), many of which were
shown to be circularized (Becker et al., 2017). Other circRNA
reads detected from T. kodakarensis include protein coding genes
(TK0058 [HAD superfamily hydrolase], TK2034 [Universal stress

protein], TK2109 [lipoyl synthase], TK0894 [hypothetical
protein], TKI1980 [ferredoxin oxidoreductase, alpha subunit],
TK0135 [ferredoxin oxidoreductase, beta subunit]) and non-
coding RNAs designated here as ncRNAO1, ncRNAO02, and
ncRNAOQ3 (Table 1; Supplementary Data S2). Some of these
RNAs were previously reported as C/D box sRNA (Jdger et al,
2014). CircRNAs were also detected in abundance from rRNA
operon and tRNA™™ as previously reported (Danan et al., 2012).

TK1545 is Required for C/D Box sRNA

Circularization

Analysis of tk1545 KO RNA-Seq data revealed that 24 out of 31
circRNAs that were detected in WT were either absent or
significantly reduced in tk1545 KO (Table 1). These included
18 C/D box sRNAs, three non-coding RNAs, and three protein-
coding genes (TK0058, TK2109, and TK 2034). Similar results
were obtained when RNA-Seq analysis of WT and tk1545 KO
were analyzed on a SOLIiD sequencing platform (Supplementary
Table $4) (Liu, 2022). Figure 2A shows a sequence alignment of
circRNAs that were affected in tk1545 KO. All these circRNAs
have a similar length (61-71 nts) and homology to the C/D box
SRNA. The terminal ends are generally GC-rich, and sequences at
the termini can hybridize to form a stem, a structural
characteristic found in C/D box sRNA. Secondary structure
analysis suggests that hybridization between the two terminal
ends could be critical for RNA circularization (Supplementary
Figure S3). The majority of the RNAs that were circularized (21
out of 24 shown in Figure 2A) could potentially form three or
more base pairings to form a terminal stem (Supplementary
Figure S3A). In contrast, 16 out of 17 non-circular C/D box
sRNAs are less likely to form a terminal stem with two or less base
pairings (Supplementary Figure S3B). We note that relative
abundance of six C/D box sRNAs (sR14, sR35, sR38, sR4l,
sR54, and sR61) out of sixty-one C/D box sRNAs that we
identified, were reduced by 2-fold or more in tki1545 KO
compared to the WT (Figure 2B).

There were no significant changes in the level of circRNA
reads derived from tRNA™™ intron and 16S and 23S rRNAs. We
note that circularization of TK0135, TK0894 and TK1980, all of
which have predicted circRNA size of >100 nts, were not
significantly affected by TkoRnl deletion. Circular TK0894,
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FIGURE 2 | Effect on RNA circularization by TK1545 knockout. (A) Sequence alignment of circRNAs which were reduced or absent in tk71545 KO (see Table 1).

Putative circular C/D box RNAs are listed on top and other circRNAs are listed on the bottom. The positions of conserved motifs (C box, C’ box, D box, and D’ box) are
indicated. Identical nucleotides are highlighted in black with white text and conserved nucleotides are highlighted in gray. (B) Expression of C/D box RNA. Expression
analysis of sixty-one T. kodakarensis C/D box RNA listed on Supplementary Table S3. Red dots represent the six C/D box RNAs reduced by more than 2-fold in

tk1545 KO. (C) RT-PCR analysis was used to detect circRNAs from total RNA isolated from WT and tk7545 KO. The primer set used to detect circular RNA species is
indicated on the right of the gel. A circular tRNAT™ intron primer was used as a positive control tRNA-Trp). As a negative control, assay was performed without reverse
transcriptase treatment using tRNAT™ intron primers [tRNAT™ (no RT)], or with the TKO705 primers (Gene ID 3234407: NADP-dependent glyceraldehyde-3-phosphate
dehydrogenase, which is not circularized in both WT and tk7545 KO). The size of the molecular weight markers is indicated on the left. PCR product that migrates
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TK1980 and TKO0135 were not detected in the whole RNA-seq
data (Table 1), suggesting that these RNAs may likely circularize
after the degradation or processing of the transcript into
small RNA.

RT-PCR analysis was performed to verify whether the circular
RNA species are present in T. kodakarensis (Figure 2C). In this
procedure, reverse transcription primer was designed to
hybridize the gene specific sequence. If this primer hybridizes
to circular RNA, reverse transcription will generate a long
“rolling-circle” single-stranded ¢cDNA. Subsequent PCR with
circular junction and gene specific primers generate a ladder
of DNA fragments, which can be visualized on the gel
electrophoresis (Starostina et al., 2004). A tRNA™ primer was
used as a positive control because tRNA™™ introns accumulate
circRNA reads in both WT and tk1545 KO, generating a ladder of
DNA fragments from WT and tk1545 KO RNAs (Figure 2C,
tRNA-Trp) but not when reverse transcriptase was omitted in the
reaction (no RT). Out of the 18 candidate circRNAs, 16 were
detected circularized in the WT, but not in tk1545 KO. A circular
form of C/D box sR01 and TK2109 could not be detected in WT
or tk1545 KO (Figure 2C; lanes 3 and 26, respectively), possibly
due to a heterogeneous mixture of circular junction sequences in
these RNAs. While most of the circular junction sequences

represent ligation between the predicted 5'-end and 3'-end,
some of the circRNA reads had a few nucleotides missing at
the circular junction, which may have affected the PCR
amplification step.

RNA Ligation Activity on C/D Box sRNA

To determine whether Rnl preferentially recognizes C/D box
sRNA sequence elements, we assayed for the ligation activity
in vitro using a 5'-monophosphate terminated C/D box sR42
and sR31 sRNAs as substrates. These two C/D box sRNAs were
selected because both are highly enriched and circularized in the
WT sample (Table 1; Figure 2C). We previously showed that
TkoRnl is capable of circularizing 24-mer single-stranded RNA,
but the circularization activity was weak compared to the M.
thermoautotrophicus enzyme (MthRnl) (Yoshinari et al., 2017;
Zhang and Tripathi, 2017); thus, MthRnl was used for the
ligation assay. MthRnl is a homolog of TkoRnl (NCBI
BLAST E-value of 6 x 107°). The biochemical activity of
MthRnl has been extensively characterized and all amino
acid residues found to be essential for the MthRnl ligation
activity are conserved in TkoRnl (Zhelkovsky and
McReynolds, 2014; Torchia et al., 2008; Gu et al, 2016;
Yoshinari et al., 2017).
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Incubation of MthRnl with either 5’-monophosphate
terminated sR42 or sR31 RNAs generates a circRNA molecule
that migrates slower than the linear pPRNA on a denaturing PAGE
(Figure 3A). The circularity of the slower migrating RNA
product was verified by its resistance to alkaline phosphatase
and RNase R treatment (data not shown). Under identical
conditions, MthRnl could not ligate a non-structured 67-mer
RNA, suggesting that a structure on the C/D box sRNAs is
necessary for RNA circularization. Ligation in the absence of
added ATP reflects the presence of pre-adenylated ligase
intermediate in the enzyme preparation (Torchia et al., 2008;
Gu et al., 2016). We also note that inclusion of ATP in the
reaction did not affect circularization of sR42 and sR31 RNAs.
This contrasts with ligation of a 24-mer pRNA substrate, which

Archaea ATP-Dependent RNA Ligase

circularization in the presence of ATP, as shown previously
for MthRnl (Torchia et al., 2008; Gu et al., 2016), and T4 Rnl2
(Ho and Shuman, 2002; Yin et al., 2003; Nandakumar et al.,
2004).

The circularization activity was not significantly affected when
the conserved C/D box sequence was substituted with different
bases (Figure 3A; sR42-a and sR31-a). However, a mutant form
of sR31 RNA that can alleviate hybridization between the
terminus was a poor substrate for ligation (Figures 3A,B;
sR31-b). Furthermore, MthRnl was inert for circularizing the
RNA when both the C/D box and the 3’-terminal sequences were
altered (Figures 3A,B; sR31-c). As a control reaction, we showed
that bacteriophage T4 Rnl2 could efficiently circularize both the
linear 67-mer and sR31-c RNAs (Supplementary Figure $4). We
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FIGURE 4 | Effect of TK7545 knockout on rRNA circularization and processing. (A) Circular RNAs derived from T. kodakarensis 16S-tRNAN2-23S rRNA operon. A
diagram on the bottom represents a5 kb segment of T. kodakarensis 16S-tRNAY3-23S rRNA operon, corresponding to 2022701-2027700 of NC_006624.1 reference
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circRNAs (Supplementary Data S2). Predicted length and position were determined from total RNA-Seq reads containing the junction sequence. Small RNAs
fragments derived from WT and T. kodakarensis were cloned into TOPO vector via adaptor-mediate RNA ligation. The cloned fragments derived from WT (WT: green) or
tk1545 KO (ml: red) were aligned to the reference genome. The number on the right represents number of identical RNA fragments recovered in the RNA cloning
experiment (i.e., 2 x indicates twice). See Supplementary Figure S5 for circular junction and alignment of small RNA fragments with the 16S-tRNA*2-23S rRNA operon.
(B) Read-coverage in 23S rRNA at the 3"-end from total RNA-Seq dataset from WT (top) and tk7545 KO (bottom). (C) Read-coverage in 23S rRNA at the 3'-end from
small RNA-Seq dataset from WT (top) and tk71545 KO (bottom). The read counts (y-axis) for the tk7545 KO were normalized to the WT read counts. The position of H98 is
marked below the WT read-coverage.

strictly required for circularization by MthRnl. The sequence
surrounding the termini could be important for guiding the two
termini in close proximity to be recognized by archaea Rnl to
allow for intramolecular ligation.

Other circRNAs in T. kodakarensis

It has been widely reported that tRNA introns and rRNA
processing intermediates are circularized in various archaea
species (Danan et al., 2012; Su et al., 2013; Becker et al., 2017;
Jiittner et al., 2019; Qi et al., 2020; Breuer et al., 2021). In both
WT and tk1545 KO, high-levels of circRNA reads were
detected from the 16S-23S rRNA operon and tRNA™P
intron (Supplementary Data S2). Inspection of circular
junction sequences in total RNA-Seq data reveal that
tRNAT™ intron (1,415 reads), 16S circRNA-1 (6,835 reads)
and 23S circRNA-1 (282,955 reads) are likely cleaved at the
Bulge-Helix-Bulge (BHB) motifs by tRNA splicing
endonuclease and joined by tRNA ligase RtcB to form a
circular rRNA processing intermediate, as reported (Trotta
et al., 1997; Englert et al., 2011; Popow et al., 2011). The
circularized tRNA™'P intron was also detected in our RT-PCR
analysis in abundance, both in WT and tkI545 KO

(Figure 2C), implying that deletion of TkoRnl does not
have an impact on the RtcB ligation pathway.

Effect on rRNA Processing by Rnl
Knock-Out

In addition to the circular rRNA processing intermediate, we
also detected a high level of circular junction reads (42,016
reads) near the predicted 5-and 3’-ends of 23S rRNA
(Figure 4A; 23S circRNA-2). Recent studies in Pyrococcus
furiosus suggest that 3’-end of 23S rRNA could be fused to
the 5'-end by an RNA rearrangement as a consequence of
excision of 40-nts helix 98 (H98) located ~100 nucleotides
upstream of the mature 3’-end (Birkedal et al., 2020). Similar
to P. furiosus rRNA, the H98 could be excised in T.
kodakarensis, evinced by low coverage of RNA-Seq reads
within the equivalent segment (Figure 4B).

We noted earlier that the relative distribution of small RNA
species was altered in tk1545 KO (Figure 1B). While this change
is partially attributable to the reduced level of circular C/D box
sRNAs in tk1545 KO, it cannot solely account for the observed
differences because a fraction of C/D box sRNAs are likely
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circularized. We therefore cloned and sequenced the small RNA
fragments accumulated in WT and tk1545 KO. RNA populations
in the range of 70-120 nts were isolated from WT and tk1545 KO
cells by gel electrophoresis, annealed to an adapter
oligonucleotide containing six degenerate nucleotides at the 3’
end, ligated, and then converted into cDNAs by reverse
transcription. The cDNA fragment was cloned into a plasmid
using TA cloning and transformed into bacteria. Plasmids
isolated from the individual colonies were sequenced using the
Sanger method. Note that the adaptor sequence used for RNA
cloning has a degenerate sequence at the ends, which allowed us
to verify that each obtained clone was derived from an
independent RNA and that no single clone was over-
represented during PCR amplification.

Alignment of sequences retrieved from small RNA cloning
shows that all the fragments obtained were derived from 16S and
23S rRNAs. There were no overlaps between the fragments
recovered from WT and tk1545 KO, indicating that this
difference is a consequence of Rnl deletion. Fragments isolated
from WT were all derived from 23S rRNA, between the excision
site of H98 to the 3’-end of the predicted 23S rRNA (WT-1
through WT-4 colored as green in Figure 4A; Supplementary
Figure S5). In the tk1545 KO, nearly half of the cDNA fragments
matched the 23S rRNA. Notably, all the fragments mapped
upstream of the H98 near the sarcin-ricin loop (SRL) (rnl-5
through rnl-7; colored in red and Supplementary Figure S5). The
remaining half of the fragments were derived from 16S rRNA that
mapped at the 5'-end of 16S rRNA (rnl-1 through rnl-3; colored
in red). Consistent with this finding, analysis of small RNA-Seq
data reveals that the reads-coverage upstream of H98 are more
abundant in the TkoRnl deletion strain than the WT.
(Figure 4C). Taken together, our results suggest that Rnl may
participate in rRNA processing, either directly by joining the
breaks near the SRL or indirectly through the formation of
circular C/D box sRNA.

DISCUSSION

Here we generated an allelic knock-out of ATP-dependent RNA
ligase in T. kodakarensis to determine the biological targets of
archaeal Rnl. Whereas TkoRnl was not essential for the growth of
T. kodakarensis under standard laboratory conditions, we showed
that its absence abolishes circularization of C/D box sRNAs. The
conserved C/D box sequence element, however, was not sufficient
for circularization because not all C/D box sRNAs were
circularized in T. kodakarensis. Furthermore, we demonstrated
that recombinant Rnl was capable of forming circular C/D box
sRNA with a mutation in the conserved sequence element. The
archaeal Rnl could not circularize unstructured RNA of a similar
length or C/D box sRNAs that have disrupted terminal stem
structures. We conclude that archaeal Rnl may preferentially
recognize the terminal stem, and the proximity of the two ends
could be critical for intramolecular ligation.

We also detected numerous circular RNA-Seq reads derived from
16S and 23S rRNAs in T. kodakarensis. As expected, circularization
of tRNA intron or rRNA processing intermediates was not affected

Archaea ATP-Dependent RNA Ligase

in the absence of Rnl, which implies that Rnl does not affect the RtcB
ligation pathway. Our finding that C/D box sRNAs are prime
substrates for archaeal Rnl is consistent with the previous
findings that circular C/D box sRNA-Rnl complexes were
detected in P. abyssi (Becker et al., 2017).

The functional significance of circular C/D Box sRNA is
unclear. C/D box sRNAs have been reported to function as a
guide RNA for methylating tRNAs and rRNAs. Circular C/D Box
sRNA may alter the specificity to guide RNA to regulate rRNA
methylation. However, we did not detect significant differences in
the expression, or the overall read coverage, of rRNA genes from
the whole transcriptome RNA-seq analysis, between the WT and
TkoRnl deletion strains. Comparative transcriptomics analysis
revealed that TkoRnl may alter that abundance of subset of C/D
Box sRNAs (Figure 2B). TkoRnl could also be involved by
regulating the expression of genes involved in sulfur or iron
metabolism (Figure 1; Supplementary Table S2). We note that
only one biological replicate was analyzed in this study. While it is
clear that TkoRnl is responsible for C/D box sRNA
circularization, further analysis is necessary to evaluate the
biological function of Rnl in archaea.

Similar to P. furiosus, T. kodakarensis appears to excise H98
from 23S rRNA (Figure 4B), consistent with the finding that the
H98 is not present in the cryo-EM structure of T. kodakarensis
70S rRNA (Birkedal et al., 2020; Sas-Chen et al., 2020). We found
that T. kodakarensis accumulates ~90 nts fragments consisting of
a sequence that matches the H98 3'-cleavage site to the predicted
3'-end of 23S rRNA. We speculate that the excision of H98
releases the 3’-end fragment and may have accumulated in T.
kodakarensis. Intriguingly, we did not retrieve the same
fragments from the TkoRnl deletion strain. Instead, we
recovered fragments that mapped upstream of H98 near the
SRL. SRL interacts with the translational elongation factors that
hydrolyze GTP during translocation (Wool et al., 1992; Szewczak
et al, 1993; Schmeing et al, 2009), and the cleavage or
modification by ribotoxins could block ribosome translocation
(Wool et al., 1992; Szewczak et al., 1993; Schmeing et al., 2009).

While it is tempting to speculate that Rnl directly participates
in joining the breakage upon excision of H98, we fail to detect any
RNA-Seq reads suggesting such “cis-splicing” events near the 3'-
end of T. kodakarensis 23S rRNA. Furthermore, TkoRnl is not
likely involved in rearranging the 3'- and 5'-ends of the 23S rRNA
as observed in P. furious (Birkedal et al., 2020) because permuted
reads containing junction sequence between the 5'- and 3'- ends
of 23S rRNA were detected in both WT and TkoRnl deletion
strain (Table 1; Supplementary Data S2, S3). Therefore, Rnl
ligation activity may not act on rRNA directly. It is plausible that
Rnl may act indirectly through the formation of circular C/D box
sRNA, which in turn could regulate rRNA processing.

Nonetheless, the phylogenetic analysis suggests a possible link
between the archaea Rnl, C/D box sRNA circularization, and H98
processing. A high abundance of circular C/D box sRNA
molecules was detected in T. kodakarensis, P. furiosus, P.
abyssi, and Methanopyrus kandleri (Starostina et al., 2004;
Danan et al, 2012; Su et al, 2013; Toffano-Nioche et al,
2013). They all encode a homodimeric type-3 Rnl (Gu et al,
2016) and possess H98 or an equivalent structural element in
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their large subunit of rRNA. In T. kodakarensis and P. furiosus,
H98 is excised evinced by discontinuous RNA-Seq map coverage
((Birkedal et al., 2020) and this study). While many species from
Methanomicrobiales and Archaeoglobales encode Rnl, the helix
equivalent of H98 is replaced with a short linker sequence
(Birkedal et al, 2020). In contrast, Haloferax volcanii,
Nanoarchaeum equitans, Sulfolobus solfataricus, Sulfolobus
acidocaldarius, and Pyrobaculum aerophilum, do not encode
homolog of type-3 Rnl. Circular tRNA intron and rRNA
intermediates are present in abundance, but only a modest
number of circular C/D box RNAs were reported in H.
volcanii, S. solfataricu, S. acidocaldarius, and N. equitans
(Danan et al.,, 2012; Randau, 2012; Becker et al., 2019). The
large subunits of S. acidocaldarius and P. aerophilum rRNAs were
shown to retain H98 evinced by a continuous read coverage at the
3'-end (Birkedal et al., 2020). Because many RNA-Seq data are
depleted for rRNA, it is difficult to evaluate its read coverage.
Availability of complete RNA-Seq data from other archaea
species could provide further insight into the role of Rnl and
its relationship to small RNA circularization and rRNA
processing.
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