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Abstract

Background: The archaeal exosome is an exoribonucleolytic multiprotein complex, which degrades single-stranded
RNA in 3" to 5’ direction phosphorolytically. In a reverse reaction, it can add A-rich tails to the 3-end of RNA. The
catalytic center of the exosome is in the aRrp41 subunit of its hexameric core. Its RNA-binding subunits aRrp4 and
aDnaG confer poly(A) preference to the complex. The archaeal exosome was intensely characterized in vitro, but
still little is known about its interaction with natural substrates in the cell, particularly because analysis of the
transcriptome-wide interaction of an exoribonuclease with RNA is challenging.

Results: To determine binding sites of the exosome to RNA on a global scale, we performed individual-nucleotide
resolution UV crosslinking and immunoprecipitation (iCLIP) analysis with antibodies directed against aRrp4 and
aRrp41 of the chrenarchaeon Sulfolobus solfataricus. A relatively high proportion (17-19%) of the obtained cDNA
reads could not be mapped to the genome. Instead, they corresponded to adenine-rich RNA tails, which are post-
transcriptionally synthesized by the exosome, and to circular RNAs (circRNAs). We identified novel circRNAs
corresponding to 5" parts of two homologous, transposase-related mRNAs. To detect preferred substrates of the
exosome, the iCLIP reads were compared to the transcript abundance using RNA-Seq data. Among the strongly
enriched exosome substrates were RNAs antisense to tRNAs, overlapping 3-UTRs and RNAs containing poly(A)
stretches. The majority of the read counts and crosslink sites mapped in mRNAs. Furthermore, unexpected crosslink
sites clustering at 5-ends of RNAs was detected.

Conclusions: In this study, RNA targets of an exoribonuclease were analyzed by iCLIP. The data documents the role
of the archaeal exosome as an exoribonuclease and RNA-tailing enzyme interacting with all RNA classes, and
underlines its role in mMRNA turnover, which is important for adaptation of prokaryotic cells to changing
environmental conditions. The clustering of crosslink sites near 5-ends of genes suggests simultaneous binding of
both RNA ends by the S. solfataricus exosome. This may serve to prevent translation of mRNAs dedicated to
degradation in 3-5' direction.
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Background

Sulfolobus solfataricus is a crenarchaeon with a growth
optimum at 80 °C to 85°C and pH2 to 4 [1, 2] and is a
widely used model organism for analysis of RNA pro-
cessing and degradation in the third domain of life [3].
As most archaea, it harbors a multiprotein complex for
exoribonucleolytic degradation named the exosome [4,
5]. This complex is homologous to the trimeric bacterial
polynucleotide  phosphorylase (PNPase) and the
eukaryotic exosome, both having essential functions in
RNA metabolism. In the past, intense in vitro analyses
provided valuable information on the structure, sub-
strate binding and catalytic mechanism of the archaeal
exosome [5, 6]. Despite this, still little is known about
the natural substrates of the exosome.

The archaeal exosome has a conserved nine-subunit
core comprised of homologs of the eukaryotic proteins
Rrp41, Rrp42, Rrp4 and Csl4 ([4, 6]. The archaeal pro-
teins aRrp4l and aRrp42 contain RNase PH domains
and form a hexameric ring with three phosphorolytically
active sites in aRrp41, which are located near the bottom
of the hexamer [7]. The proteins aRrp4 and aCsl4 con-
tain S1 and KH/Zn-finger domains and build a heterotri-
meric RNA-binding cap on the top of the hexamer [6].
Structurally, this nine-subunit complex resembles bac-
terial PNPase and the nine-subunit core of the
eukaryotic exosome [8, 9]. According to studies of
reconstituted S. solfataricus exosomes, the two proteins
of the trimeric cap have specific functions in interactions
with other proteins and with RNA substrates: aRrp4
shows poly(A)-preference, while aCsl4 is needed for the
tight binding of the archaea-specific exosomal subunit
aDnaG [10, 11]. The protein aDnaG harbors a novel
RNA-binding domain with poly(A) preference, thus en-
larging the RNA-binding platform of the exosome [12].
Further, aDnaG (and the exosome) interacts with the
Sm-like proteins SmAP1 and SmAP2, and this inter-
action seems to influence the subcellular localization of
the exosome and the levels of the A-rich RNA tails in
the cell [13]. Finally, the exosome was found to interact
with aNop5 in the stationary growth phase, and this
interaction depends on aRrp4 [14]. Nop5 is part of an
RNA methylating protein complex [15].

Upon binding of a transcript with a single-stranded
3’-end to the RNA-binding cap of the archaeal exosome,
the 3'-end is threaded through a narrow side (neck) in
the central channel of the hexameric ring until it reaches
the chamber with the three phosphorolytic active sites
[7, 16-18]. Tight binding of the substrate at the neck is
a prerequisite for fast RNA degradation, because in the
phosphorolytic chamber the 3'-end of the RNA is re-
leased after each catalytic step and switches between the
three active sites. RNA of 10 nt spans between an active
site and the neck [19], and therefore smaller RNA
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fragments are degraded more slowly and in a distributive
manner [20]. Interaction of RNA with the cap proteins
may also contribute to the tight binding of the substrate
to the phosphorolytic chamber, because when a labeled
30 nt poly(A) substrate is shortened to 25nt, it can be
outcompeted by longer, non-labeled substrates [10].

The phosphorolytic mode of action of the exosome ex-
plains its dual function as an exoribonuclease and
polynucleotidyl-transferase. In a reaction reverse to
phosphorolysis, the archaeal exosome uses rNDPs to
add adenine-rich (A-rich) tails to the 3'-ends of RNAs, a
function that was also described for PNPase [21, 22]. In
contrast, the nine-subunit core of the exosome in yeast
and human is catalytically inactive, and the (hydrolytic)
ribonuclease activity is exerted by additional subunit(s)
(Rrp44/Dis3 and Rrp6) [23]. The RNA tails added post-
transcriptionally increase degradation of structured RNA
in vitro by the archaeal exosome and most probably,
they also destabilize RNA in vivo [24]. The exosome is a
major exoribonuclease and the only RNA-tailing enzyme
in archaea [21], and is expected to participate in matur-
ation and degradation of essentially all RNAs in the cell.
However, its substrates are not studied at the global level
yet.

To date, transcriptome-wide analyses of RNase sub-
strates were performed mostly for bacterial endoribonu-
cleases as RNA-Seq comparisons between wild type and
mutant strains [25-28] Recently, this approach was also
applied to study the targetomes of 3'-5" exoribonu-
cleases in Streptococcus pyogenes [29]. Furthermore,
crosslinking and immunoprecipitation (CLIP), followed
by RNA sequencing (RNA-Seq), was used to study the
interactome of RNA binding proteins and to identify
sRNA-mRNA interactions in bacteria [30, 31]. Archaeal
RNases were not analyzed by CLIP yet.

In this study, the iCLIP (individual-nucleotide reso-
lution UV crosslinking and immunoprecipitation)
method [32-34] was used to detect RNAs bound to the
archaeal exosome in S. solfataricus. Our data show that
the archaeal exosome interacts with mRNAs, housekeep-
ing non-coding RNAs, antisense and circular RNAs, and
with posttranscriptionally added RNA tails. Importantly,
our results suggest that during the exoribonucleolytic
degradation in 3'-5" direction, the exosome interacts
with the 5'-end of its RNA substrates.

Results

iCLIP of S. solfataricus with antibodies directed against
aRrp41 and aRrp4

An iCLIP experiment was performed with antibodies di-
rected against aRrp41 and aRrp4 of S. solfataricus. Previ-
ous studies revealed very tight interaction between the
exosomal subunits, which withstands washing with 1 M
NaCl during the co-immunoprecipitation (ColIP)
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procedure [35]. Thus, we decided to include 1 M NaCl
in the washing buffer of the iCLIP experiment to avoid
non-specific interactions. To test the UV crosslinking of
RNA to the exosome in S. solfataricus cells, harvested
cells were resuspended and divided into two halves: one
half was irradiated with UV, and the second was not.
After lysis by sonification, each of the two cleared lysates
was divided in three portions for ColP with three differ-
ent polyclonal antibodies. In addition to the aRrp41- and
aRrp4-directed antibodies [36], antibodies against thiore-
doxin (Trx) from the alphaproteobacterium R. sphaer-
oides [37] were used as a negative control, since this
protein is not expected to bind RNA. After the binding
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and washing procedure, co-precipitated RNA was la-
beled with 3P, and proteins with crosslinked, radio-
actively labeled RNAs were detected by autoradiography
following SDS-PAGE and transfer to a nitrocellulose
membrane (Fig. 1a). An autoradiogram revealed much
higher RNA levels in the UV-treated aRrp4l- and
aRrp4-samples (lanes 2 and 4 in Fig. 1a) when compared
to the corresponding non-treated samples (lanes 1 and 3
in Fig. 1a), showing that the immunoprecipitated pro-
teins directly interact with RNA. In CLIP experiments,
the varying length of the crosslinked RNA in the immu-
noprecipitated RNA/Protein complex typically results in
a smear above the expected molecular weight of the
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Fig. 1 Isolation of RNA crosslinked to the exosome of S. solfataricus. a Autoradiogram of a nitrocellulose membrane with transferred,
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coimmunoprecipitated proteins, attached to crosslinked, radioactively labeled RNA. Archaeal cells were subjected to UV irradiation (+ UV) or not
(= UV) to crosslink RNA to RNA binding proteins in vivo. After lysis, the cleared lysate was used for ColP with antibodies directed against the
proteins indicated above. After extensive washing with buffer containing 1 M NaCl, the coimmunoprecipitated, crosslinked RNA was radioactively
labeled directly on the beads. The coimmunoprecipitated proteins with crosslinked RNA were separated by SDS-PAGE and transferred to the
membrane. The uncropped image is shown in Fig. ST (Additional file 1). b Western blot analysis of the nitrocellulose membrane shown in a) with
antibodies directed against aRrp41. On the right side of the gel, recombinant, Hiss-tagged aRrp41 was loaded as positive control (cropped in
panel a; see Fig. S1). Here, a non-blotted gel lane with marker proteins (run in the same gel) is shown on the left. ¢ Representative growth curve
of S. solfataricus in a 10| bioreactor. Cells were harvested for iCLIP at ODgoo of 0.7 (marked with an arrow). d Autoradiogram of the nitrocellulose
membrane with samples used in our iCLIP analysis. Harvested cells were UV-irradiated, divided into 3 portions and subjected to ColP with
antibodies specific to aRrp41, aRrp4 and Trx. Two biological replicates were performed. After ColP, 3-RNA linker ligation and radioactive labeling
of bound RNA, protein-RNA complexes were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The autoradiogram was used
to determine the membrane areas of the protein/RNA complexes (marked on the right side), which were excised and used for iCLIP library
preparation and sequencing. The uncropped image is shown in Fig. S1 (Additional file 1)
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protein [32]. The negative control lanes (Trx, with and
without UV treatment) showed similar low RNA levels
(background) as the non-crosslinked aRrp4l- and
aRrp4-samples (compare lanes 5 and 6 to lanes 1 and 3
in Fig. 1a). A Western blot analysis of the membrane
with aRrp41-specific antibodies confirmed that this exo-
somal subunit (and thus the exosome) was coimmuno-
precipitated with the aRrp4-specific antibodies, but not
with the Trx-antibodies (Fig. 1b). In summary, Fig. 1 a
and b show a specific, UV-crosslink-dependent ColP of
RNA with antibodies directed against the exosomal sub-
units aRrp4 and aRrp41.

The iCLIP experiment was performed with S. solfatari-
cus P2 cells grown to early stationary phase (Fig. 1c).
Figure 1d shows the autoradiogram of the nitrocellulose
membrane with all transferred, crosslinked protein-RNA
complexes. The labeled areas of each lane were used for
iCLIP library preparation and sequencing (see Methods).
The obtained cDNA reads were mapped to the genome
and used for determination of the crosslink sites (see
Methods and the results below). As expected, both Trx
control samples (Trx1 and Trx2) contained fewer reads
than the exosome-samples (aRrp41-1, aRrp4l-2,
aRrp4—-1 and aRrp4-2, see Additional file 2 and Fig. 1d).
Mapped cDNA reads of the iCLIP data were used to de-
termine crosslink sites representing binding sites of the
exosome on its RNA substrates (Additional file 3).

Non-mapped reads corresponding to circular RNAs
Approximately 14 to 19% of the obtained iCLIP ¢cDNA
reads could not be mapped to the genome, in contrast
to 4% in a parallel transcriptome analysis by RNA-Seq
(Additional file 2). Initial evaluation of the iCLIP non-
mapped reads revealed that many of them are identical.
Analysis of these reads revealed that they contain two
short, permuted genomic sequences that flank the 16S
rRNA gene and correspond to a known circular RNA (cir-
cRNA) which is a 16S rRNA processing intermediate [38].
Figure 2a shows the 16S rRNA locus with the mapped
iCLIP ¢DNA reads, crosslink sites and circRNA, along
with RNA-Seq of total RNA as visualized by the integrated
genome browser (IGB). The RNA-Seq reads were used to
compare the enrichment of specific transcript segments in
the iCLIP considering the relative level of the particular
transcript in total RNA (see below).

A previous systematic analysis of circRNAs demon-
strated that S. solfataricus harbors additional circularized
non-coding RNAs including 23S rRNA processing inter-
mediates, excised intron sequences from tRNA precur-
sors, C/D-box RNAs and RNase P RNA [39]. We used a
similar approach to identify circRNAs in the non-
mapped reads of our iCLIP data and detected numerous
circRNA candidates. However, most of them were
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represented by very low read numbers and were present in
only one or two of the four iCLIP samples (Additional file 4).
To avoid false positives, we considered only the four cir-
cRNAs with at least 10 reads in at least three of the exo-
some ColP libraries (Additional file 4). The most abundant
circRNA, which was coimmunoprecipitated with the ar-
chaeal exosome, corresponds to the known 16S rRNA pro-
cessing intermediate mentioned above, followed by the
known processing intermediates of 23S rRNA and two pu-
tative new circRNAs corresponding to the 5'-regions (the
first approximately 150 nt) of two homologous transposase
genes, SSO_RS05855 and SSO_RS06560 (Fig. 2b).

To validate the novel circRNAs, we performed RT-PCR
analysis with RNA from an independent S. solfataricus
culture. Circular and linear RNAs can be distinguished by
treatment with bacterial exoribonuclease RNase R, which
preferentially degrades linear but not circular RNA [39].
Therefore, we treated one-half of the RNA samples with
RNase R, and then performed RT-PCR with the treated
and non-treated RNA. Two sets of primers were used for
this analysis: divergent primers suitable for detection of
the circular RNA form and convergent primers for detec-
tion of both the linear and circular forms (Fig. 3a and b).
As expected, when convergent primers were used, the in-
tensity of the amplicon bands was diminished when the
RNA sample was treated with RNase R (compare lane 7 to
lane 8 in Fig. 3¢, and lane 6 to lane 7 in Fig. 3d). In con-
trast, when the divergent primers for detection of circular
RNAs were used, the intensity of the amplicon band was
essentially not affected by the RNase treatment (compare
lane 2 to lane 3 in Fig. 3¢, and lane 1 to lane 2 in Fig. 3d).
These results strongly suggest that the 5'-part regions of
the mRNAs of genes SSO_RS05855 and SSO_RS06560
undergo circularization, and that the circularized products
are interacting with the exosome.

We also attempted to detect circRNAs by existing tools.
However, tools such as circRNAfinder (https://github.
com/bioxfu/circRNAFinder) und CIRCexplorer [40] were
not feasible, since they rely on annotation of eukaryotic
splicing events. For de novo identification of circRNA can-
didates, we used CIRI2 [41]. The three circRNA candi-
dates detected by this tool mapped to the 16S rRNA
locus, but showed very low read numbers and were differ-
ent from the above mentioned, abundant circRNA (Add-
itional file 4). One of them was detected in two of the
exosome iCLIP samples, while the other two were de-
tected in only one of the samples (Additional file 4). This
suggests that our approach based on ref. [39] is more suit-
able for detection of circRNAs in the exosome iCLIP sam-
ples of the archaeon S. solfataricus than the CIRI2 tool.

Together, the above results suggest that the exosome
is involved in degradation of circRNA intermediates aris-
ing during the processing of 16S rRNA and during the
degradation of transposon mRNAs.
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Non-mapped reads corresponding to A-rich RNA tails analyzed further. We hypothesized that most of them
After removal of the circRNA reads from the pool of represent posttranscriptionally added RNA tails, since
non-mapped reads, the remaining sequences were such non-templated, A-rich RNAs are synthesized by



Bathke et al. BMC Genomics (2020) 21:797

Page 6 of 19

A o B
“— —> —> <+
5 3 5 3
Divergent primers for detection 1 Convergent primers for detection
of circular RNA Circularization of linear and circular RNA
junction
C SSO_RS05855 D SSO_ RS06560
Q & Q & \@ Q@ \@ \;P
& X \ X d <
¥ ¥ 0 & NalEN\ ol of ¥ & 0 & \oll\of
o M ETLS TS TTLT . T o
500 | w - 500
- e |- 200
200 -| kst V e U
v H —-—— (W e |- 100
100 -| H u

Lane 1 2 3 4 5 6 7 8 9

Primer
orientation

Divergent Convergent

Uncropped images of ¢) and d) are shown in Fig. ST (Additional file 1)
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the exosome and are also expected to be used by the
exosome in the process of RNA degradation [21]. We
decided to focus on non-templated sequences located
downstream of a cDNA stretch that can be aligned to
the chromosome (Additional file 5). Most of them are
short poly(A) sequences, but heteropolymeric sequences
were also detected. Analysis of their base content (Add-
itional file 6) revealed that the putative RNA tails,
which were coimmunoprecipitated with the exosome,
contain approximately 73% adenosine.

We further analyzed the nucleotide composition for
each position in the coimmunoprecipitated, putative
RNA-tails and found that the first 10 attached nucle-
otides were mostly A (>70%), and A was clearly
prevalent also in longer tails (Fig. 4 and Fig. S3 in
Additional file 1). This is in line with the exosome
function in synthesizing A-rich RNA-tails [21] and
with its preference for binding of poly(A) [10, 11].
The very short length of the most detected RNA-tails
(see the bottom panels in Fig. 4 and Fig. S3) is in line
with previous results [21].

Based on the above results we suggest that most of the
here detected, non-mapped, poly(A) and A-rich reads
(Additional file 5) represent natural, posttranscription-
ally added RNA-tails, which were in close physical inter-
action with the exosome in S. solfataricus.

Poly(A) stretches in chromosomally templated RNA
bound by the archaeal exosome

The poly(A) preference of two of the RNA binding pro-
teins of the archaeal exosome [10, 11] and previous de-
tection of purine-rich RNA-tails in S. solfataricus [21]
suggested that A- and AG-rich mRNAs might be pre-
ferred substrates of the archaeal exosome. To address
this, the A- and AG-content of annotated protein-
coding genes (CDS) of S. solfataricus was analyzed (Add-
itional file 7). The A- and AG-content results were
similar and below we briefly describe the A-content re-
sults. Most CDS of S. solfataricus have an A-content be-
tween 32 and 37% (Fig. 5a). The lowest A-content (18%)
was found in transposon ISC1395 ORFs, while genes en-
coding ribosomal proteins L29, L31 and S17, which be-
long to an operon, have the highest A-content of 49%.
However, these ribosomal mRNAs were not enriched in
the iCLIP (lower numbers of iCLIP cDNA reads were
obtained when compared to RNA-Seq of total RNA),
probably because they are highly translated.

We also considered the possibility that poly(A) stretches
in transcripts may contribute to their recruitment by the
poly(A)-preferring subunits of the exosome and analyzed
the length of continuous (A), sequences in coding se-
quences (CDS). A median of 5nt poly(A) was observed,
with 22 CDS above the 7 nt upper quantile (Fig. 5b and
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Additional file 7). Besides a number of transposon ORFs
and hypothetical proteins, this group with relatively long
poly(A) stretches contains the alanyl-tRNA synthetase,
signal recognition particle receptor, glutamyl-tRNA (Gln)
amidotransferase subunit D and the quinol oxidase CDS
(SoxABC/soxC). Among the 22 CDS, six transposon ORFs
belong to repetitive sequences, which were not used in
our iCLIP analysis. The poly(A) stretches of the remaining
16 ORFs were examined for enrichment in the iCLIP. As
enrichment we considered at least 2-fold more reads in
the iCLIP than in the RNA-Seq, in at least one of the
iCLIP samples. This enrichment definition was supported
by the genome-wide analysis of the ratio of iCLIP to
RNA-Seq coverage for each CDS position, the median of
which was below 0.06 and the third quartile below 0.20
(Fig. S4 in Additional file 1). Such an enrichment was de-
tected in three CDSs harbouring (A);1, (A)e and (A)s, re-
spectively (Additional file 8). An example is the
transposon 1SC1048 ORF1 mRNA that contains (A)s (Fig.
5c¢). Furthermore, peaks of iCLIP reads were observed at
the poly(A) stretches of five of the remaining 13 CDS, sug-
gesting exosome binding at the poly(A) region of the
mRNAs (Additional file 8). An example is shown in Fig.
5d, at the (A)g region of SSO_RS04655 mRNA encoding
glutamyl-tRNA (Gln) amidotransferase subunit D.

We also analyzed poly(A) stretches in intergenic regions
(IGRs) that may correspond to 5°- and 3'-UTRs or non-
coding RNAs. These poly(A) stretches were identified using
blastn with (A)3o, and the top 20 hits were analyzed (Add-
itional file 8). At one of them, no reads were mapped in the
RNA-Seq and in the iCLIP analyses, suggesting that this
genomic region is not transcribed under the used condi-
tions. At the poly(A) stretches of 13 of the remaining 19
IGRs, enrichment in the iCLIP was detected. The enrich-
ment was defined as at least 2-fold higher peak in iCLIP
compared to RNA-Seq, or a peak in iCLIP although no
RNA-Seq reads were mapped, in at least one of the sam-
ples. A genome-wide analysis of the ratio of iCLIP reads to
RNA-Seq reads at each IGR position in the four exosome
iCLIP samples revealed median values of maximally 0.06
and 75% quartile values of maximally 0.33 (Fig. S4 in Add-
itional file 1). As an example, Fig. 5d shows the aRrp4 iCLIP
enrichment of an (A);3-containing RNA that most probably
corresponds to a 3'-UTR. This enrichment suggests strong
or preferential RNA binding by the archaeal exosome.

Although Fig. 5, which shows results of the first iCLIP
replicate, suggests that RNA with poly(A) stretches was
coimmunoprecipitated mainly when aRrp4-directed anti-
bodies were used, the second iCLIP replicate revealed
that such RNA was coimmunoprecipitated by both
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aRrp4- and aRrp41-directed antibodies (Fig. S4 in Add-
itional file 1).

Identification of mapped RNAs preferentially bound to
the exosome

The iCLIP method was developed for identification of
distinct sets of RNA binding sites at high-resolution
[32]. The archaeal exosome is expected to bind to
many different RNAs, and, due to its processive exor-
ibonucleolytic activity, to occupy many different posi-
tions in a particular substrate by successively
shortening it from the 3’-end. Despite this, it can be
expected that some cellular RNAs are bound and
processed or degraded with higher preference. Alter-
natively, some substrates may occupy the exosome for

a longer time if they are degraded more slowly than
others are. Such substrates should be enriched after
UV  crosslinking and immunoprecipitation with
exosome-specific antibodies.

To identify by iCLIP RNAs that are preferentially
bound to the exosome (enriched RNAs), we compared
the read numbers obtained in the iCLIP experiments
with the read numbers from an RNA-Seq analysis of
total RNA isolated from S. solfatraricus that was grown
under the same conditions (TPM normalization of
RNA-Seq read numbers was applied; see Fig. S5 in Add-
itional file 1 and Additional file 9). Particularly, tRNAs
were preferentially bound by the exosome. Few examples
of enriched transcripts and transcript parts are given
below. Additionally, iCLIP and RNA-Seq reads coverage
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of random regions of the S. solfatarics genome is shown
in Fig. S5 (Additional file 1).

A prominently enriched transcript was an antisense
RNA (asRNA) that is complementary to tRNA-Ser
(Fig. 6a). RNAs that are antisense to tRNAs are com-
mon in S. solfataricus, but their function remained
unclear [38]. According to our data, such asRNAs are
preferred substrates of the exosome, suggesting that
the exosome may be involved in the clearance of
asRNAs.

We also observed enrichment of antisense RNAs to-
gether with their complementary counterparts, which
presumably correspond to overlapping 3'-UTRs of con-
vergently transcribed genes (Fig. 6b). The enrichment of
RNAs from both strands suggests that the exosome par-
ticipates in the degradation of double-stranded RNA
(dsRNA). Alternatively or in addition, dsSRNA may oc-
cupy the exosome due to its slower degradation in com-
parison to single-stranded RNA (ssRNA). Interaction of
the exosome with asRNAs may also point to a role of

the asRNA in promoting an exosome-mediated mRNA
degradation.

Interestingly, we observed crosslink sites clustering
near start and stop codons of CDS (for examples, see
Fig. 7 and Fig. S7 in Additional file 1; see also Fig. 9
below). Figure 7 shows tfb (SSO_RS02225) encoding
transcription factor TFIIB cyclin-related protein and its
flanking regions. Clustering of crosslink sites was de-
tected near the start of the #f» ORF and downstream of
the ORF, in the presumable 3'-UTR (Fig. 7, upper
panel). The RNA-Seq data suggested that the 5'-UTR of
tfb is 30 nt long and the iCLIP analysis revealed that the
first 38 nt of the detected transcript including the 5'-
UTR and the first codons were essentially not cross-
linked (marked with red lines in Fig. 7, bottom panel).
Instead, the data suggest binding of the exosome to the
region +40 to +120 of /b mRNA (+1 being the pre-
sumable transcription start site).

It is noteworthy that the highly abundant rRNAs were
not enriched by the exosome (see Fig. 2a above),
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strongly suggesting that the above-described enrichment
reflects the preferential occupancy of the exosome by
specific RNA substrates. Among the coimmunoprecipi-
tated sequences were rRNA flanking regions as well as
internal rRNA regions (see Fig. 2a above). The mapped
crosslink sites probably represent 1) binding of the exo-
some to rRNA precursors during maturation of rRNA
and 2) degradation of rRNA that serves to remove non-
properly maturated or damaged rRNA. As additional ex-
ample for an RNA that was not enriched by the iCLIP

we show the highly abundant tmoA mRNA (Fig. S8 in
Additional file 1). This underlines the specificity of our
iCLIP results. For iCLIP and RNA-Seq reads coverage of
random genomic regions, see Fig. S5 in Additional file 1.

Most crosslink sites and read counts correspond to
mRNAs

Assuming that each c¢cDNA read corresponds to an
exosomal complex bound to an RNA molecule in the
cell, the iCLIP data offer a possibility to determine
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which RNA classes occupy the exosomes in S. solfa-
taricus. To address this, the transcriptome-wide distri-
bution of crosslink sites was analyzed. However, due
to the exoribonucleolytic nature of the exosome no
clear individual peaks were obtained in the iCLIP (see
Fig. 6, Fig. 7 and Fig. S6 and Fig. S7 in Additional file
1). Thus, we considered the possibility that crosslink
sites were assigned to most prominent 5’-end peaks
and many exosome binding positions represented by
c¢DNA reads could be missed. Therefore, in addition
to the distribution of crosslink sites, the
transcriptome-wide distribution of read counts was
analyzed. According to Fig. 8, the vast majority of
crosslink sites was mapped in mRNAs (sense strand
of protein-coding genes), followed by intergenic re-
gions and asRNAs. Similarly, the vast majority of read
counts was mapped in mRNAs (Fig. S9 in Additional
file 1), suggesting that the crosslink sites results are
not strongly biased. In summary, most exosomal com-
plexes in the cell are occupied by mRNAs.

Unexpected clustering of crosslink sites near start of
protein coding genes
As a consequence of the results presented in Fig. 7 (see
also Fig. S7), we analyzed the distribution of crosslink
sites in annotated genes and found strong enrichment in
the first, 5'-end decile of protein-coding genes (Fig. 9,
Fig. S10 in Additional file 1) and predicted operons (Fig.
S11 in Additional file 1). The relative number of cross-
link sites decreased in 5" to 3" direction, and increased
again in the last, 3"-end decile. The crosslink sites peak
in corresponding asRNA was in the last gene decile
(thus, possibly near the 5'-end of the asRNA). In con-
trast, in rRNA genes most crosslink sites were located in
the last two gene deciles, while in tRNAs and their asR-
NAs the crosslink sites were distributed more evenly (an
exception were the 7th and 9th tRNA deciles) (Fig. 9).
Similar results were obtained by the analysis of read
counts (Fig. S10 in Additional file 1).

Next, we addressed the question whether the higher
number of crosslink sites at ends of protein coding genes
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is due to preferential binding of the exosome to 5'- and
3'-UTRs (or 5'-leaders and 3’-trailers). To answer this
question, the distribution of crosslink sites in a 100 nt
window centered around the 5" and 3’ ends of anno-
tated genes was analyzed (Fig. 10a and b; see also Fig.
S11 and Fig. S12).

Figure 10a shows the distribution of crosslink sites
around the 5'-end of genes. In the 5'-UTRs, a high peak
was detected at position — 1, followed by peaks at posi-
tions - 3, — 4 and - 30. In the reads corresponding to the
-30 peak, an AAATTTTTTA-motif was found
(Fig. 10b). The physiological role of this motif is not
clear. Generally, more crosslink sites were detected at
position +6 and downstream in the genes than in the
5'-UTRs (Fig. 10a). However, a strikingly low number of
peaks was detected between position + 1 and position +
6 in the genes. This “peak gap” may correspond to oli-
goribonucleotides that arise as products of exoribonu-
cleolytic degradation of leaderless mRNAs that are
prevalent in S. solfataricus [42]. The peaks just upstream
of the start codon may represent 5’-ends of such leader-
less mRNAs.
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The distribution of crosslink sites around the 3'-end
of annotated genes is shown in Fig. 10c. Generally, more
crosslink sites were detected in the 3'-UTRs than in the
genes, with the highest peak directly downstream of the
3’-end of the genes. This suggests that translation pro-
tects mRNA from degradation by the exosome. In the
case of non-coding RNAs, this result may reflect 3"-end
trimming by the exosome. Additionally, two high peaks
were detected 5 and 18 nt upstream of the 3'-end of
genes were detected, for which we do not have an
explanation.

Discussion

To the best of our knowledge, this is the first iCLIP
study of an exoribonuclease. Our results highlight the
role of the archaeal exosome as a major RNA processing
and RNA degrading enzyme, which interacts with all
classes of RNAs. Particularly, they suggest a new model
of mRNA degradation (Fig. 10d).

The presence of many cDNA reads that could not be
mapped to the genome was not surprising, because bind-
ing of the exosome to heteropolymeric, A-rich tails that
are synthesized by the exosome [21], was expected. How-
ever, in addition to the A-rich tails, circRNAs were prom-
inent among the non-mapped reads. In addition to the
known circRNAs representing 16S and 23S rRNA pro-
cessing intermediates [38, 39], new circRNAs correspond-
ing to 5'-portions of transposase mRNAs were detected in
our iCLIP analysis. These new circRNAs were not de-
tected in the high-throughput study by Danan et al. [39],
who did not validate mRNA-derived circRNAs. In our
study, the validated SSO_RS05855- and SSO_RS06560-de-
rived circRNAs were among the most abundant circRNAs
that were coimmunoprecipitated with the exosome, and
were even more abundant than tRNA-derived introns.
This suggests that these circRNAs are specifically interact-
ing with the exosome. In the cell, this could contribute to
their clearance by the exosome, if an endoribonuclease
converts the circular RNA to a linear form that is access-
ible for exoribonuceolytic degradation [3]. Alternatively,
degradation may also be started by spontaneous
linearization under the harsh condition to which S. solfa-
taricus is exposed due to its lifestyle. Indeed, Danan et al.
[39] proposed that RNA circularization might represent a
part of the RNA degradation pathway for some RNAs.
Since SSO_RS05855- and SSO_RS06560 encode transpo-
sases, our results suggest that the exosome participates in
the posttranscriptional regulation of transposition and
genome rearrangements, which are prevalent in S. solfa-
taricus [43].

Based on the poly(A) preference of the aRrp4 and
aDnaG subunits of the exosome, we expected preferen-
tial interaction of the protein complex with the most A-
rich mRNAs. However, our results suggest that not the
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higher A-content of certain mRNAs, but rather the pres-
ence of internal short poly(A) sequences is a determin-
ant for RNA recruitment by the archaeal exosome.
Comparison of the data indicating exosome binding to
poly(A) stretches in CDS or IGRs (Additional file 8) sug-
gests strong and/or preferential exosome binding at
poly(A) stretches in non-coding regions. This could be
explained by better accessibility of non-coding RNA re-
gions: ribosome coverage of the poly(A) stretches in
CDS probably prevents exosome binding at those

positions. Further analyses of RNAs enriched by the exo-
some suggested that in the cell, the exosome is strongly
associated or binds for a longer time to tRNAs (Fig. S5
in Additional file 1), specific antisense RNAs, and spe-
cific transcript parts as 3'-UTRs and 5'-UTRs.

The most crosslink sites and most read counts were
mapped to mRNA, although rRNA and tRNA is present
in much higher amounts in the cell. This could be ex-
plained by the applied conditions, since it can be ex-
pected that in the early stationary phase (Fig. 1a) rRNA
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and tRNA genes are not strongly transcribed and there-
fore less such precursor transcripts are processed or de-
graded. Furthermore, in the early stationary phase
mature rRNA and tRNA is probably not degraded. This
result supports the view that mRNA turnover is a major
function of the archaeal exosome. Messenger RNAs are
instable in S. solfataricus and generally in prokaryotes, a
feature that is important for adaptation to rapidly chan-
ging environmental conditions [44, 45].

The analysis of crosslink sites distribution in genes
and their UTRs led to interesting results. While prefer-
ential detection of crosslink sites in 3'-UTRs and 3'-
trailers was expected due to the function of the exosome
as a 3'-5" exoribonuclease, the clustering at the 5'-end
of annotated genes was surprising. One possible explan-
ation for the 5 clustering is an interaction of the 5'-end
of mRNAs with the exosome. This suggests that while
the exosome degrades or processes RNA at the 3'-end,
it also binds to the 5'-end and thereby “circularizes” the
transcript (Fig. 10d). The physical proximity of 5" and 3’
parts of exosome-bound transcripts may enhance RNA
circularization, for example by promoting formation of
secondary structures with bulge-helix-bulge and bulge-
helix-loop motifs [46]. Previously, it was proposed that
RNA circularization might generally be a part of RNA
degradation in Sulfolobus [39]. Furthermore, recently it
was shown that in Euryarchaeota the 5'-3" degrading
exoribonuclease aRNase ] interacts with aCsl4 and is in
a complex with the exosome [47]. This leads to simul-
taneous binding of 5" and 3’ transcript ends in a similar
manner as proposed in Fig. 10d for S. solfataricus, which
belongs to the Crenarchaeota. However, in S. solfataricus
aRNase ] was not found in a stable complex with the
exosome [36, 48]. Thus, either the exosome itself inter-
acts with the 5'-end of transcripts, or an exosome inter-
acting partner that binds RNA 5'-ends remains to be
identified in S. solfataricus.

Conclusions

In this work, we present an iCLIP analysis of an exoribo-
nuclease. In line with the role of the archaeal exosome
as a major 3'-5" exoribonuclease and a polynucleotidyla-
tion enzyme, the mapped crosslink sites were distributed
along mRNAs and antisense RNAs, clustered in 3'-
trailers and were also detected in non-templated 3’-tails.
Our data strongly suggest that the majority of the exoso-
mal complexes in the cell are degrading mRNA mole-
cules, in line with the high instability of prokaryotic
mRNA and the importance of this instability in adapta-
tion to environmental changes. Additionally, a new
insight into the mechanism of RNA degradation in ar-
chaea was obtained by the surprising clustering of cross-
link sites in the first decile of protein coding genes. This
observation suggests simultaneous binding of 5'- and
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3’-ends by the exoribonucleolytic exosome and may
serve to prevent translation of mRNAs dedicated to deg-
radation in 3'-5" direction.

Methods

Cultivation and harvesting of S. solfataricus

S. solfataricus P2 was grown as previously described in a
101 bioreactor [49]. Cells were harvested by centrifuga-
tion at 6000 g and 4 °C for 10 min.

Isolation of RNA and RT-PCR

Total RNA was isolated with TRIzol and residual
DNA was digested with TIRBO-DNase. The RNase
samples were divided into two halves, and one of
them was treated twice with RNase R. Circular RNAs
were validated as described by Danan et al. [39]. Fol-
lowing oligonucleotides (primers) were used for re-
verse transcription followed by semiquantitative PCR.
The divergent primers GTTAAAAGCCCAGTTGAA
GTTAAC and CCCTAAGGGTTTGTTCGTCAG were
used for detection of the circular RNA derived from
SSO_RS05855 mRNA, while the convergent primers
AATGCCCACCTTAGGGTTTCG and GTCTGCCC
ACCTTAAGGTGTTG were used for the detection of
the linear form of the corresponding part of SSO_
RS05855 mRNA. Similarly, the divergent primers
AAAGGCCCAGTTGAAGTTAGCG and AACGCC
CTAAGGGTTTGTTCG were used for detection of
the circular RNA derived from SSO_RS06560 mRNA,
and the convergent primers TGCCCACCTTAGGGTT
TCGCTTC and ATGTCTGCCCACCTTAAGGTG
were used for the detection of the corresponding lin-
ear form of SSO_ RS06560 mRNA. Since the analysed
mRNA regions of both genes are very similar to each
other and to additional 11 loci in the genome of S.
solfataricus P2 (the sequences of the 13 loci share at
least 91% identity), we took care that one of the
primers for detection of circular RNAs targets an
unique sequence, ensuring the specific detection of
circular RNAs. For the RT-PCR (25 cycles of cDNA
amplification), Brilliant III Ultra-Fast SYBR® Green
QPCR Master Mix (Agilent Technologies) was used.
Each 10l reaction mixture contained 100ng RNA.
The PCR products were separated in 10% polyacryl-
amide gels with TBE buffer and stained with ethidium
bromide.

iCLIP analysis and RNA-Seq

Individual-nucleotide resolution crosslinking and immu-
noprecipitation (iCLIP) analyses were performed as de-
scribed in [32], with the following alteration that were
necessary for the application in S. solfataricus. Cells were
cultivated until an ODgyn of 0.7 and harvested as de-
scribed above. Cell pellets were washed with PBS, 0.8 ¢
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were resuspended in 40 ml PBS at 4 °C, and spread on a
large petri dish swimming on an ice-water bath. The cell
suspension was crosslinked four times at 254 nm, 300
mJ/cm?, cells were mixed in between. Crosslinked cells
were harvested as before and stored at — 80 °C.

For cell lysis, 0.5 g of cells were thawed on ice, resus-
pended in lysis buffer (10mM Tris pH7.5, 150 mM
NaCl, 5 mM MgCl2, 10% glycerol, 0.1% Nonidet P40, 1
mM PMSF) and lysed by sonication (five 30 s cycles,
70%). Cells debris was removed by centrifugation, and
supernatant was DNase- and RNase-treated. 10x RQ1
DNase buffer was added to 1x final concentration, and
1:500 vol. Turbo-DNase (Ambion), 1:1000 vol. RNase-
OUT (Thermo Fisher Scientific) and different dilutions
of RNase I (Ambion), in RQ1-buffer (high RNase: 1:1000
vol. and low RNase 1:10,000 vol.). Extracts were incu-
bated for 6 min at 37 °C in a shaking water bath. All fol-
lowing steps were performed on ice / at 4 °C.

Immunoprecipitation was performed as described in
[20]: 4.5ml of lysate was incubated with Protein-A-
Sepharose beads coupled to 100 ul of polyclonal anti-
body raised against His-tagged aRrp41 or aRrp4 [36], or
polyclonal antibody raised against Thioredoxin (Trx)
from the alphaproteobacterium R. sphaeroides [37] as a
negative control, for 2 h. Beads were washed 10 times
with high salt wash buffer (10mM Tris pH7.5, 1M
NaCl, 5 mM MgCl2, 10% glycerol, 0.1% Nonidet P40, 1
mM PMSF). To remove excess of salt, beads were then
washed two times with PNK-buffer (70 mM Tris pH 7.5,
10 mM MgCl2, 0.05% NP-40).

All following steps were performed as described in [32].
In brief: immunoprecipitated crosslinked RNA-protein
complexes were subjected to several enzymatic reactions
on-bead. Subsequent de-phosphorylation of RNA 3’-ends
by phosphatase-treatment, a 3'-RNA linker ligation and
32p_5"-end labelling of the RNA using T4 polynucleotide
kinase and gamma-[**P]-ATP were performed. Complexes
were resolved on a denaturing neutral-pH SDS-
polyacrylamide gel electrophoresis (NuPAGE, Invitrogen),
and transferred to a nitrocellulose membrane. Protein-
RNA-complexes were visualized by autoradiography on
an X-ray film at — 80 °C. Complexes of adequate size were
excised from the membrane and RNA was isolated by pro-
teinase K treatment. iCLIP library preparation was per-
formed as described in [32], and sequencing on an
[llumina MiSeq system, 75 bp single-read.

Following oligonucleotides were used:

3'-RNA linker (L31): P-UGAGAUCGGAAGAGCGGU
UCAG-Puromycin.

Reverse transcription primers (containing random and
experimental barcode,):

Rlclip P-NNAACCNNNAGATCGGAAGAGCGTCG
TGgatcCTGAACCGC.
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Réclip P-NNCCGGNNNAGATCGGAAGAGCGTCG
TGgatcCTGAACCGC.

R9clip P-NNGCCANNNAGATCGGAAGAGCGTCG
TGgatcCTGAACCGC.

R10clip P-NNGACCNNNAGATCGGAAGAGCGTCG
TGgatcCTGAACCGC.

R13clip P-NNTCCGNNNAGATCGGAAGAGCGTCG
TGgatcCTGAACCGC.

R14clip P-NNTGCCNNNAGATCGGAAGAGCGTCG
TGgatcCTGAACCGC.

These reverse transcription primers add the following
barcodes to the 5'-end of the CLIP-tag sequences (re-
verse complementary to primer sequence, termed “BC1-
6” in bioinformatics analyses):

Rrp4 Replicate 1: primer R1 - BC1: NNNGGTTNN.
Rrp4 Replicate 2: primer R9 - BC4: NNNTGGCNN.
Rrp41 Replicate 1: primer R10 - BC2: NNNGGTCNN.
Rrp41 Replicate 2: primer R13 - BC5: NNNCGGANN.
Trx Replicate 1: primer R14 - BC3: NNNGGCANN.
Trx Replicate 2: primer R6 - BC6: NNNCCGGNN.

The control Trx2, which was directly adjacent to the
exosome samples on the membrane (Fig. 1d), had some
contaminations from exosome-samples, while the Trx1
control had a very low number of cDNA reads and the
highest proportion of unmapped reads (Additional file 2).

Two independent bioreactor cultures were used for
the iCLIP experiment. Samples from these cultures and
from a third bioreactor culture were used for RNA-Seq.
No rRNA depletion was performed for any of the sam-
ples. Total RNA was sequenced by Vertis Biotechnologie
AG, Freising, Germany.

cDNA reads mapping

Reads resulting from Illumina sequencing (75 nt) carried
a nine nucleotide barcode at the 5’ end. Barcodes were
composed of a three-nucleotide random barcode, a four-
nucleotide experimental barcode and a final two-
nucleotide random barcode. Several tools from the
FASTX Toolkit (version 0.0.14; http://hannonlab.cshl
edu/fastx_toolkit/index.html) were used for read pro-
cessing. Due to bad sequencing quality of the first nu-
cleotide, it was removed using fastx_trimmer (-f 2).
Reads were subjected to a two-step quality filtering using
fastq_quality_filter (—q 5 -p95 and -q 20 -p 90). The ran-
dom barcode was utilized to remove PCR duplicates via
fastx_collapser. 3" adapter sequences were removed by
fastx_clipper (-a TGAGATCGGA) and manually trim-
ming of remaining nucleotides using awk (4.1.3). Fastx_
trimmer (-f 3) was used to remove the first random bar-
code (2 nt). Separation of reads according to the experi-
mental barcode was done with fastx_barcode_splitter.pl
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(--bol --exact). Remaining barcodes (6 nt) were subse-
quently remove using fastx_trimmer (-f 7). Resulting se-
quences were mapped to the S. solfataricus P2 genome
(Sulfolobus_solfataricus_p2.ASM700v1.dna.toplevel.fa;
obtained from Ensembl Bacteria) via bowtie2 (2.3.4)
(—-sensitive) [50, 51], separating mappable (--no-unal)
and non-mappable (--un) reads in distinct outputs. Sep-
arate BAM and bedgraph files for forward and reverse
mapping reads were created using samtools [52] and
bedtools [53].

Detection of presumable circular RNAs

A major part of the non-aligning reads contained signifi-
cant amounts of sequence fragments from S. solfataricus.
Therefore the occurrence of circRNAs was investigated.
For the detection of circRNAs interacting with the ar-
chaeal exosome, we applied a strategy similar to the one
of Danan et al. [39] that was already proven successful
in Sulfolobus, a prokaryotic organism lacking introns in
protein-coding genes. The central idea of circRNA de-
tection is the identification of a circularization junction.
Sequencing of such a junction will result in a chimeric
read, mapping to the target genome in a non-linear pat-
tern. Briefly, detection of circRNAs harbouring a ligation
site can therefore be performed by identification of two
adjacent blast results in a single read aligning in a per-
muted way to the reference genome.

For circRNA detection only unaligned reads were
used, as circularization junctions can only be contained
in the non-aligning reads. The reads were subject to a
blastn (2.2.31+) [54] search (-word_size 20 -outfmt ‘6
gseqid qlen length gstart qend sstart send sstrand gseq
sseq evalue pident nident mismatch’ -max_hsps 1) with
the S. solfataricus P2 sequence acting as a reference,
whereby a first blast result with a minimum length of
20 nt was obtained. For further analysis blast results
were split according to strandedness. Furthermore, only
those hits were kept that fulfilled the requirement of a
non-aligned sequence within the read 5" or 3" to the
blast result. Those reads were subsequently subjected to
a second blastn search (-word_size 12 -outfmt ‘6 gseqid
qlen length gstart gend sstart send sstrand gseq sseq
evalue pident nident mismatch’ -strand minus / plus, for
the respective strandedness). The blast results obtained
had to fulfil two requirements: They were not allowed to
be more than 4000 nt apart from the position of the first
blast hit and only single positional results were permit-
ted. This allowed for the combination of the second
fragments with their firstly identified counterparts.

Circular RNA detection was also attempted using
CIRI2 (v2.0.6) [41]. CIRI2 relies on alignments generated
by bwa mem (0.7.12-r1039) (options used: -T 19 -t 8).
The resulting sam file was subsequently analyzed
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utilizing CIRI2 (options used: -I, -O, -F) and Perl ver-
sion v5.22.0.

Detection of putative 3"-attachments

As with the detection of circRNAs, reads harbouring a
3’ attachment synthesized by the exosome can only be
found within the set of non-aligning reads. In theory
reads carrying a 3" attachment must consist of a 5" sec-
tion, which maps perfectly to the organism’s genome
while there 3’ attachment does not, preventing align-
ment of the entire read. Therefore detection of 3’ at-
tachments shared considerable similarities with circRNA
detection. Reads with a 5° end alignment to the S. solfa-
taricus sequence were identified. Potential circRNAs
were excluded.

The nucleotide composition of the 3’ attachments of
those reads was statistically assessed for all bases as well
as for each position within the attachments. Data were
summarized by custom Python 3 scripts and plotted
using R (3.4.2).

Evaluation of iCLIP crosslink sites

To evaluate the binding preference of the protein complex,
iCLIP crosslink sites had to be determined. To consider only
those reads with a high mapping quality and unique map-
ping position, reads with a MAPQ-score below 20 were re-
moved (samtools view -q 20) [52]. Replicated experiments
were subsequently merged into a single bam file (samtools
merge), which were sorted (samtools sort) and indexed (sam-
tools index). PureCLIP (1.04) served in determining the
crosslink positions (only standard options were used: -i, —bai,
-g, —o and -nt 4 to profit from multithreading) [55]. To ana-
lyse the distribution of crosslinks within genes, every anno-
tated gene was split into deciles and the number of
crosslinks per decile was counted using bedtools. In this ana-
lysis the RefSeq [56] annotation for GCF_000007005.1_
ASM700v1 (RefSeq assembly accession: GCF_000007005.1
which is identical to NCBI Reference Sequence: NC_
002754.1) served as template, as it offered a higher quality in
the annotation of open reading frames (ORFs) compared to
the respective Ensembl annotation (Sulfolobus_solfataricus_
p2.ASM700v1.38.chromosome. Chromosome.gff3). Counting
results were plotted using R. An identical analysis was per-
formed with artificially annotated operons. Operon informa-
tion for S. solfataricus was obtained from the DOOR
database (http://161.117.81.224/DOOR3/, date of accession
2020.07.31) [57]. All genes belonging to an operon were used
to create an artificial operon annotation. Finally, the distribu-
tion of crosslinks upstream and downstream to the begin-
ning of all 5'- and 3'-UTRs were assessed. Therefore, all
crosslinks at a specific distance were summarized (using cus-
tom scripts) either in 10 nucleotide bins or for every nucleo-
tide within a 100 nucleotide window to each side of the
respective UTR. To compare crosslink abundance between
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different samples, we normalized to the relative crosslink
count of the respective bin, meaning percentage of crosslinks
within the given bin.

The coverage ratio between iCLIP and RNA-Seq map-
pings for all coding sequences (CDS) and intergenic re-
gions (IGRs) was assessed as follows: firstly a bed file
containing all IGRs was creating using bedtools comple-
ment (v2.27.1) [58] and the gff annotation of the RefSeq
entry GCF_000007005.1. The coverage at every inter-
genic position was determined using samtools depth
(1.7) (options: -a -b IGRs.bed) [52]. The resulting cover-
age data were further processed using R (3.4.4) and visu-
alized by the bultin boxplot function.

Motif discovery for a predominant crosslink peak was
performed using meme (-dna -nmotifs 1 -minw 4
-maxw 10) (4.12.0) [59]. Ten basepairs upstream and
downstream of the respective crosslink site were ex-
tracted with samtools faidx (1.7) and supplied to meme
as input data.

Analysis of the nucleotide content of coding sequences
A-content, AG-content and the length of the longest
poly(A) stretch were determined for each coding se-
quence (CDS) based on the RefSeq genome annotation
of Sulfolobus solfataricus P2 (NCBI Reference Sequence:
NC_002754.1) [56] using customized Perl scripts. Box-
plots were plotted using R.
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