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ABSTRACT

Self-cleaving ribozymes are catalytically active RNAs that cleave themselves into a 5'-fragment with a
2',3'-cyclic phosphate and a 3'-fragment with a 5'-hydroxyl. They are widely applied for the construction
of synthetic RNA devices and RNA-based therapeutics. However, the targeted discovery of self-cleaving
ribozymes remains a major challenge. We developed a transcriptome-wide method, called cyPhyRNA-
seq, to screen for ribozyme cleavage fragments in total RNA extract. This approach employs the specific
ligation-based capture of ribozyme 5'-fragments using a variant of the Arabidopsis thaliana tRNA ligase
we engineered. To capture ribozyme 3'-fragments, they are enriched from total RNA by enzymatic
treatments. We optimized and enhanced the individual steps of cyPhyRNA-seq in vitro and in spike-in
experiments. Then, we applied cyPhyRNA-seq to total RNA isolated from the bacterium Desulfovibrio
vulgaris and detected self-cleavage of the three predicted type Il hammerhead ribozymes, whose activity
had not been examined to date. cyPhyRNA-seq can be used for the global analysis of active self-cleaving
ribozymes with the advantage to capture both ribozyme cleavage fragments from total RNA. Especially
in organisms harbouring many self-cleaving RNAs, cyPhyRNA-seq facilitates the investigation of cleavage
activity. Moreover, this method has the potential to be used to discover novel self-cleaving ribozymes in
different organisms.
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Introduction and tertiary structure [4]. Ten of them are self-cleaving
ribozymes [5-12]. These self-cleaving ribozymes carry out
a site-specific phosphodiester scission or ligation reaction
[4]. The cleavage reaction relies on an Sy2-like mechanism
wherein the nucleophile 2'-oxygen attacks the adjacent
phosphorous centre resulting in a 5'-fragment with a 2',3'-

cyclic phosphate (2',3'-cP) and a 3'-fragment with a 5'-

Non-coding RNAs that catalyse chemical reactions are
called ribozymes. They are involved in the catalysis of
fundamental biological processes, such as tRNA maturation
[1], splicing [2] and translation [3]. Today, 15 natural
ribozyme classes are known, each with a unique secondary
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hydroxyl group (5-OH). Self-cleaving ribozymes are very
abundant and found in all domains of life, but only a few
representatives have been linked to a biological function.
They are, for example, involved in the rolling circle replica-
tion of virus-like RNAs [5], in the metabolite-mediated
regulation of gene expression [9] and are parts of mobile
genetic elements [13-16]. To date, self-cleaving ribozymes
have been mostly discovered serendipitously as a result of
studying biological systems. Only a few targeted discovery
methods based on enrichment from in vitro transcribed
genomic DNA libraries [12,17] or bioinformatic analysis
have been described (reviewed in [18]). Most of these
methods identified variants of previously known self-
cleaving ribozyme structural classes. In 2015, three novel
self-cleaving ribozyme classes, namely twister-sister, pistol
and hatchet were discovered using comparative genomic
analysis [11]. However, the activity of all bioinformatically
discovered self-cleaving ribozymes has to be proven indivi-
dually by biochemical analysis, and many of the computa-
tionally predicted candidates did not cleave in these
experiments [19]. Here, we present a high-throughput
approach utilizing RNA sequencing (RNA-seq) to directly
screen for active self-cleaving ribozymes in total RNA.

To apply RNA-seq to extracted RNA molecules, they must
be converted into a library [20-22]. Although the preferred
enzymes employed to create an RNA-seq library are continu-
ously improving, all library preparation protocols contain
several common steps. First, the RNA of interest is ligated
to adapter sequences, either at both ends or just at its 3-end.
These adapter sequences are known DNA or RNA oligonu-
cleotides and serve as primer binding sites in subsequent
steps. After adapter ligation, a reverse transcription (RT) is
performed to create a cDNA. If initially an adapter was only
attached to the 3'-end of the RNA, a second adapter sequence
needs to be ligated to the cDNA prior to PCR amplification.

The most widely used RNA-seq method for studying short
RNAs is based on the ligation of adapters to the 5'-phosphate
(5'-P) and 3’-hydroxyl (3'-OH) end of RNAs using T4 RNA
ligases [23]. However, 2',3'-cP and 5'-OH ends, such as those
generated by self-cleaving ribozymes, are not recognized by T4
RNA ligases. For this reason, such ligases cannot be used to
directly analyse products of self-cleaving ribozymes. However,
the Arabidopsis thaliana tRNA ligase (AtRNL) and the
Escherichia coli RtcB ligase are able to join RNAs with 2',3'-cP
and 5-OH ends [24,25]. To initiate ligation, AtRNL first
hydrolyzes the 2',3'-cP into a 2'-P and a 3’-OH and phosphor-
ylates, then adenylates the 5-OH [24]. The joining of this 5'-
adenylated RNA with the 3'-OH leaves a 2'-P at the ligation site,
which can be efficiently removed by a specific phosphotrans-
ferase, for example Tptl from Saccharomyces cerevisiae [26]. In
contrast to AtRNL, the RtcB ligase hydrolyzes the 2',3"-cP end
to form a 3'-P and 2'-OH. The resulting 3’-monophosphate (3'-
P) is guanylated and then joined to a 5'-OH RNA [27]. Both
ligases, AtRNL and RtcB, have previously been cleverly intro-
duced for adapter ligation in NGS [28,29], but have not been
applied to self-cleaving ribozyme screenings.

Here, we describe a method, called cyPhyRNA-seq, to
capture self-cleaving ribozyme fragments with 2',3"-cyclic
phosphate and 5'-hydroxyl termini. We show the
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development of cyPhyRNA-seq under controlled conditions
in vitro and the enhancement of individual library prepara-
tion steps in spike-in experiments, in which we capture in
vitro transcribed ribozyme fragments from E. coli total
RNA. Finally, we apply cyPhyRNA-seq to capture hammer-
head ribozyme (HHR) fragments from Desulfovibrio vul-
garis cells. This method can be applied to the global
analysis and cleavage pattern investigation of self-cleaving
ribozymes in vivo and serve as tool to screen for active self-
cleaving ribozymes in different organisms as well as RNA
samples derived from a variety of environments.

Results and discussion

Concepts to capture self-cleaving ribozyme fragments by
adapter ligation

cyPhyRNA-seq includes libraries that are specific for RNAs
with 2',3'-cP (found in 5'-ribozyme fragments) and 5-OH
ends (as found in 3'-ribozyme fragments) and an optional
transcriptome analysis to monitor the general expression pro-
file under the investigated growth conditions (Figure 1(a-e)).

For the optional transcriptome library preparation
(Figure 1(a)), an approach where a 5'-pre-adenylated
DNA adapter is specifically ligated to the 3'-OH end of
the RNA by T4 RNA ligase 2 truncated KQ (T4 RNL2
TKQ) can be used [30]. After reverse transcription,
the second adapter is ligated to the cDNA by T4 RNLI1
followed by PCR amplification [31].

To specifically ligate an adapter to the 5-OH of the 3'-
fragment, we initially investigated E. coli RtcB ligase. As ligation
of DNA to RNA by E. coli RtcB is very inefficient [32], only
RNA adapters are well-suited for ligation to 5-OH RNAs. For
most ribozyme candidates, the ligation of an RNA adapter by
RtcB is feasible (Supplementary Text, Supplementary Figure
S1). However, in ribozyme classes, such as hatchet and HDV,
the 3'-cleavage fragments still comprise the majority of the
ribozyme sequence and, more importantly, retain the active
structure [33,34]. For these ribozyme classes, the RNA adapters
are cut off by the ribozyme-catalysed nucleophilic attack either
immediately after ligation or in subsequent reactions, such as
reverse transcription (data not shown). Hence, we abandoned
our exploration of RtcB ligase. Instead, we devised an alterna-
tive method in which we enriched our total RNA pool for 5'-
OH RNAs (explained in the next section) and used T4 RNL2
TKQ for adapter ligation to the 3'-OH (Figure 1(b)).

For cyPhyRNA-seq, we generated an improved variant of
AtRNL that combines the two mutations K152A and D726A
(AtRNL AA). Previous biochemical studies showed that the
introduction of the mutation D726A to the kinase domain
results in the loss of phosphorylation activity to 5-OH ends
and that another mutation, K152A to the KxxG motif of the
AtRNL, abolishes the enzyme’s ability for adenylation of 5'-P
containing nucleic acids [35].

We found that this AtRNL AA variant, in contrast to the
wild-type, can neither ligate DNA adapters with 5'-OH nor 5'-
P, but efficiently joins a 5'-pre-adenylated DNA adapter to
RNAs with 2',3"-cP (Supplementary Figure S2). Therefore, we
used AtRNL AA in our cyPhyRNA-seq approach to increase
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Figure 1. cyPhyRNA-seq method to capture self-cleaving ribozyme fragments. Self-cleavage of a type Il hammerhead ribozyme (HHR) results in a 5'-fragment with a
2'3'-cP and a 3'-fragment with a 5'-OH. For the first ligation reaction, the same 3’-DNA adapter was used in all libraries (a-c). This adapter with a 5'-P was first pre-
adenylated (5"-rApp-DNA) with ATP and TS2126 RNL1 (pp indicates a 5'-5"-diphosphate bond). At the 3'-end, the adapter carries an Amino-C7 protection group
(indicated by an asterisk*) to avoid self-ligation. (a) Transcriptome analysis using T4 RNL2 TKQ for adapter ligation to all RNAs with 3'-OH. In contrast to the other two
methods of capturing ribozyme cleavage fragments, the transcriptome analysis is optional and can possibly provide information about uncleaved ribozymes. (b)
Ligation of 5’-rApp-DNA adapter to the 3'-OH end of the enriched 3'-ribozyme cleavage fragments with a 5’-OH using T4 RNL2 TKQ. Since this ligation is not specific
for ribozyme fragments, a 5'-OH RNA enrichment is necessary (described in e). (c) Ligation of 5-rApp-DNA adapter to the 2',3'-cP end of the 5'-ribozyme cleavage
fragment by AtRNL AA followed by the dephosphorylation of the 2'-P at the ligation site by phosphotransferase Tpt1. (d) Reverse transcription of ligation products
using SuperScript IV (SSIV) and ligation of a second adapter, carrying an Amino-C6 protection group (indicated by an asterisk*), using T4 RNL1 and PCR amplification
with Phusion DNA Polymerase and lllumina compatible primers. (E) Individual steps of cyPhyRNA-seq in total RNA. ‘rRNA depletion, ribozyme enrichment’ step occurs
prior to the first adapter ligation. Total RNA for 5'-ribozyme fragment analysis (part c) is rRNA-depleted by precipitation using PEG and salt, followed by a ‘tRNA
blocking’ procedure. In case of the 3'-ribozyme fragment analysis (part b), total RNA is enzymatically treated to deplete RNAs with 5’-PPP and 5’-P RNAs, followed by
‘tRNA blocking'. (f) Ligation of the 5'-pre-adenylated DNA adapter (a,, adapter) to the 2',3"-cP end of the 5'-hammerhead type | (70% efficiency) or 5'-twister sister
(80% efficiency) ribozyme fragment with AtRNL AA. Ligation efficiencies were quantified by dividing the intensity of the ligation product band by the sum of the
intensity of the ligation product, adapter and ribozyme fragment bands. (g) Ligation of the 5'-pre-adenylated DNA adapter (., adapter) to the 3'-OH end of the
twister, hatchet and HDV ribozyme 3'-fragments by T4 RNL2 TKQ with different efficiencies (twister: 30%, hatchet 65%, HDV: 88%). Ligation efficiencies were
calculated as described for part F.

sensitivity by reducing undesirable ligation reactions to RNAs
other than adapter molecules (Figure 1(c)).

Due to the often-complex structures of self-cleaving ribo-
zymes, we first investigated the ligation efficiency of different
ribozyme fragments for AtRNL AA (Figure 1(f)) and T4
RNL2 TKQ (Figure 1(g)) in vitro. We observed a ligation
efficiency of 70-80% for AtRNL AA and 30-88% for T4
RNL2 TKQ. The lower ligation efficiency of the 3'-twister
ribozyme fragment could be due to its three-dimensional
structure. The twister ribozyme structure is additionally sta-
bilized by two pseudoknots that can still form in the 3'-
cleavage fragment [36] and crystallography studies suggest
that the 5'-end of the 3'-ribozyme fragment is buried within
its structure and thus could be less available for ligation [37].
Nevertheless, even a ligation efficiency as low as 25% has been
shown to be sufficient to capture RNAs with 5’-OH from total
RNA [29]. Therefore, we suppose that the ligation efficiencies
we observed between 30 and 88% are sufficient to capture
ribozyme fragments generated by the majority of self-cleaving
ribozymes.

In AtRNL-ligations, a 2'-P is left at the ligation site that can

negatively affect the subsequent reverse transcription.
Therefore, we removed the 2-P by Tptl [28,38]
(Supplementary Figure S3). After ligation and 2'-

dephosphorylation, the following steps were identical for all
three cyPhyRNA-seq libraries (Figure 1(d)). The ligation pro-
ducts were reverse transcribed, gel-purified to remove excess
RT primer and 3'-adapter (first adapter), and then the cDNA
was used for second adapter ligation by T4 RNL1 [31] and
subsequent DNA amplification.

Capturing self-cleaving ribozyme fragments spiked into
E. coli total RNA

After optimization of all individual steps of our screening
strategy in vitro, we investigated the efficiency of ribozyme
fragment capture from complex RNA populations. Although
most cellular RNAs have 5'-P and 3'-OH ends, RNAs with
2,3'-cP and 5'-OH can be generated independently of self-
cleaving ribozymes, e.g. by spontaneous RNA cleavage at any



phosphodiester linkage. This inevitable background reaction
can be accelerated by millimolar concentrations of divalent
metal ions and is also enhanced in less structured regions of
an RNA, where the phosphodiester backbone frequently sam-
ples an in-line conformation [39]. A number of specific cel-
lular processes, e.g. cleavage by RNA endonucleases [40], and
finally, external factors, such as mechanical stress, e.g. during
handling of the RNA, can also induce random RNA breaks
adding to the pool of 2',3-cP and 5'-OH-containing RNAs.
Such RNAs would be targeted by cyPhyRNA-seq, and it is
important to be able to remove such false positives.
Fortunately, self-cleaving ribozymes cleave site-specifically
and therefore, sequencing reads with a 2',3'-cP should always
end at exactly the same nucleotide and sequencing reads
derived from the ribozyme fragment with 5'-OH should exclu-
sively start at the same nucleotide. This creates distinct profiles
of mapped sequencing reads with a coverage often well above
that created by mere background degradation. Even if wide-
spread throughout the transcriptome, background degradation
occurs at much lower level. Therefore, we expect that 2',3'-cP
and 5-OH-specific reads generated by these events will be
roughly uniformly distributed across the genome.

To investigate the efficiency of capturing ribozyme frag-
ments by cyPhyRNA-seq in the presence of non-ribozyme-
derived RNAs with 2',3'-cP and 5'-OH, we spiked in vitro
transcribed 5-HHR (type I) or 3'-twister (type P1) ribozyme
fragments into E. coli total RNA. E. coli total RNA is not only
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easily accessible, and provides a pool of diverse RNAs with
canonical and self-cleaving ribozyme-like ends, but also has
no known natural self-cleaving ribozymes. The latter fact
allows us to precisely control the amount of ribozyme frag-
ment added to the diverse RNA pool. We compared the
cyPhyRNA-seq signal derived from artificially added self-
cleaving ribozymes to that of background generated by other
RNAs with 2',3'-cP and 5'-OH ends.

In total RNA samples, rRNAs are the most abundant
transcripts (~80%) [41,42] and would dominate the sequen-
cing data in any RNA-seq method ligating an adapter to 3'-
OH ends. Due to background degradation, these rRNAs can
also be rich sources of 2,3"-cPs [43]. Therefore, it is necessary
to reduce the amount of rRNA in the total RNA pool.
A number of rRNA depletion methods and kits are available
[44,45]. We chose an approach to selectively remove large
RNAs by precipitation with polyethylene glycol (PEG) and
salt (Supplementary Figure S4), which can be used for RNA
samples from bacteria as well as eukaryotes [46,47]. Removing
large RNAs, such as rRNAs and mRNAs, results in an enrich-
ment of shorter RNA species. Although self-cleaving ribo-
zymes are expected to be comparatively short (40-150 nt)
based on the assessment of known classes, they could be
part of larger mRNA transcripts. This means they would be
eliminated by the currently used rRNA depletion strategy. In
order to precipitate only rRNAs and thus to prevent the
removal of larger mRNAs possibly harbouring ribozymes,

% reads per RNA type

HHR spike-in

Twister spike-in

- tRNA blocking

RNA type
rRNA
tRNA
mRNA
5'-HHR-
fragment

3'-Twister-
fragment
other ncRNA

+ tRNA blocking

Figure 2. Percent of sequencing reads captured for selected RNA types in E. coli total RNA. E. coli total RNA was spiked with either the 5'-fragment of a HHR (top) or
3'-fragment of a twister ribozyme (bottom) at a ratio of 1:1,000. ‘other ncRNA’ refers to RNAs other than rRNAs, tRNAs and self-cleaving ribozymes added. Strategy
with blocking of mature tRNAs (right) reveals a decrease in tRNA and increase of captured 5-HHR and 3'-twister fragments.
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alternative rRNA-specific depletion methods could be used if
available for the respective organism [48]. However, this is
rarely the case when deviating from the few typical model
organisms. Therefore, we found the current method most
feasible for capturing ribozyme fragments with 2',3"-cPs. For
the capture of ribozyme fragments with 5-OH, we employed
an alternative strategy. As mentioned above, this strategy uses
T4 RNL2 TKQ, which ligates all RNAs with 3’-OH ends and
thus is not specific for RNAs with 5-OH ends. Therefore,
prior to ligation with T4 RNL2 TKQ, we selectively enriched
RNAs with a 5-OH by removing all RNAs that contain 5'-
PPP or 5'-P ends (Supplementary Figure S4). This strategy
would leave ribozyme fragments as part of longer RNAs
unaffected. Hence, they would be detectable by cyPhyRNA-
seq. The conversion of 5'-PPP to 5'-P ends was performed
with the RNA pyrophosphohydrolase (RppH) from E. coli
[49] and the RNAs with 5'-P ends were removed by the 5'-3’
exonuclease Xrnl from S. cerevisiae [50]. Hence, this treat-
ment reduces many abundant RNA species from the total
RNA pool including rRNAs and mRNAs.

The generated libraries were amplified and subjected to
Amplicon-sequencing with read numbers of ~10,000-25,000.
In this spike-in experiment, we evaluated another strategy
involving the circularization of cDNA (Supplementary Text,
Supplementary Figure S5). This method led to a high number
of adapter-adapter reads that did not contain any insert [51].
Thus, we used the two-step adapter addition as described in
Figure 1(e) for further library preparations.

In the Amplicon-sequencing run, we analysed only
unique mapping reads filtered by their unique molecular
identifier (UMI) tags and assigned them based on annota-
tion to general RNA classes, namely rRNAs, tRNAs, other
non-coding RNAs, mRNAs or our added ribozyme cleavage
fragments (Figure 2, Supplementary Table S1). In both
libraries capturing the 5'- and 3'-ribozyme fragments, the
majority of sequencing reads belonged to tRNAs with up to
92% (Figure 2 left). By contrast, only ~4% of the sequen-
cing reads were 5-HHR fragments (Figure 2 top left) and
no reads for 3'-twister ribozyme fragments were detected
(Figure 2 bottom left).

To deplete tRNA reads in both library preparations, we
included a tRNA blocking’ step (Supplementary Figure S4),
in which a hairpin adapter with 3-NTGG overhang is ligated
to mature tRNAs that carry a CCA-end by T4 DNA ligase
[52]. This highly specific ligation has yields of 80-90% and is
applicable to organisms from all domains of life. The ligation
of the hairpin adapter blocks the tRNA ends and eliminates
them from the pool of ligatable RNAs. Applying tRNA block-
ing’ prior to the first adapter ligation reduced tRNA reads
from >80% to 41% (Figure 2 top right) or from >90% to 16%
(Figure 2 bottom right) and at the same time, reads for 5'-
HHR (19%) and 3'-twister ribozyme fragments (6%)
increased. We assume the reduction of tRNA reads in the
library with AtRNL AA-ligation (Figure 2 top right) is due to
the protection of mature tRNAs from degradation at the
CCA-end when ‘tRNA blocking’ is performed. tRNA block-
ing’ effectively decreases the breakdown of tRNA CCA-ends
to C- or CC-ends that otherwise appear to be available for
ligation by AtRNL AA.

The relative increase in the fraction of rRNA reads
(Figure 2 right) can be explained by the extended incubation
during “tRNA blocking’: It is unlikely that all rRNA molecules
are completely degraded by RppH and Xrnl treatments or
eliminated by precipitation. During tRNA blocking’, the com-
paratively long rRNAs are cleaved and breakdown products
are created with sizes that are more similar to the pool of
shorter RNAs isolated during cyPhyRNA-seq. Therefore,
more short rRNA pieces are isolated and amplified by PCR
in tRNA blocking’ than without this treatment. Despite this
increase in rRNA reads in libraries with tRNA blocking’, the
combined removal of rRNAs either by degradation or preci-
pitation followed by the reduction of mature tRNAs enabled
the capturing of ribozyme 3'-fragments and increased the
number of reads corresponding to 5'-ribozyme fragments.

While we do capture ribozyme-specific cleavage fragments,
we also observe signals that likely correspond to background
degradation in mRNA and other non-coding RNAs. However,
while in the simple analysis presented here the signals for
background degradation might seem high; one has to keep
in mind that reads were simply binned into RNA groups
based on overlap to annotation without further pre- or post-
processing. When these reads are mapped to the genome, they
are distributed over many locations. To illustrate this point, in
this test case E. coli has an estimated number of 4400 genes.
However, we only observe 122 reads in mRNAs and 80 reads
in ncRNAs other than ribozymes (Supplementary Table S1)
and these reads were distributed over several different
mRNAs or ncRNAs. For the HHR fragment, we count 130
reads. Therefore, the number of reads is high for the ribozyme
fragments, while for the other RNA types the counted read
number is distributed over many different genomic loci, and
thus very small per individual locus.

In summary, we were able to capture the spiked ribozyme
fragments with cyPhyRNA-seq from E. coli total RNA and
significantly improved ribozyme-specific sequencing output
by reducing tRNA reads.

Identification of three active type Il hammerhead
ribozymes in Desulfovibrio vulgaris

Next, we applied our strategy to screen for self-cleaving ribo-
zymes in the bacterium D. vulgaris. We chose this organism
because it is cultivatable, fully sequenced and encodes three
computationally predicted type II HHRs, whose activity had
not been examined. These HHRs are found at distinct genome
locations (HHR type II, D. vulgaris loc 1-3, Supplementary
Table S2) near different hypothetical and phage-like protein
coding genes (Figure 3(a,c)). HHRs [53] and other bacterial
self-cleaving ribozyme classes, such as twister, twister sister,
pistol and hatchet have also been previously observed to occur
in similar genetic contexts in other bacteria [10,11]. Self-
cleavage of the three predicted type II-HHRs results in a 5'-
fragment of 29-32 nt (depending on the representative) and
a 3'-fragment of 39 nt. These fragment lengths correspond to
minimal sizes expected for these RNAs and can be detected by
cyPhyRNA-seq even if the self-cleaving ribozymes are not part
of longer transcripts in vivo (Supplementary Table S2). For
the analysis of cyPhyRNA-seq data, only deduplicated and
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Figure 3. Genomic context of HHR sequences in D. vulgaris and analysis of ribozyme activity using cyPhyRNA-seq. (a) Genetic context of the type Il HHR locus loc 1
(NC_002937.3: 1,233,046-1,232,978, antisense strand). For illustration, HHR is shown schematically in its secondary RNA structure (light blue). Nearby protein-coding
genes are represented by arrows in white (hypothetical genes with unknown functions), green (protein-coding genes of bacteriophage origin) and dark blue (DNA-
binding proteins). The direction of the arrowheads shows on which strand the gene is located. All HHRs and their adjacent genomic context are shown in 5 to 3’
direction. (b) Sequencing reads mapped to HHR loc 1, described in a, are represented in grey for the two libraries: 5'- fragment with 2',3'-cP (top track), 3'-fragment
with 5’-OH (bottom track). Reads are deduplicated (single ligation events) and unique (map to only one position in the genome). Blue bar above the sequence:
computationally predicted location of the HHR. Black triangle: cleavage site. For each library, number of deduplicated and unique reads covering each position is
scaled to the total number of deduplicated and unique reads on the same strand divided by 10° (RPM). Although this is per se only a per library scaling, the fact that
all libraries show comparable sequencing depth allows the comparison of normalized values across libraries. (c) Genetic context of the type I-HHR loc 2

(NC_002937.3:2,805,967-2,806,034, sense strand) and the type Il HHR loc 3 (NC_

002937.3: 2,806,280-2,806,349, sense strand), which are in close proximity to

each other. Description is the same as in (a). A gene encoding a helix-turn-helix motif (HTH) is represented in purple. Sequencing reads mapping to the HHR loc 2
shown in (d) and to HHR loc 3 shown in (e), which are described in c. The description is the same as in b. Red box with asterisk highlights area where we find
a mixture of reads that is not discernable in this representation: some reads extend through the cleavage site, indicating uncleaved ribozymes, but some reads do
start exactly 3" of the cleavage site (see supplementary text, supplementary Figure S6).

uniquely mapping reads were analysed (Supplementary
Table S3). To assess ribozyme cleavage signals and to pos-
sibly distinguish them from signals derived from other
events such as background cleavage, we 1) evaluated the
general read profiles depicting all deduplicated, uniquely
mapping reads (Figure 3), 2) plotted only the start and
end positions of these reads, and 3) we used a peak calling

method to filter these signals (Supplementary Figure S6, S8-
11, see below).

As the method to capture 5'-fragments relies on the liga-
tion of the first adapter specifically to RNAs with a 2',3"-cP,
we expect that the reads corresponding to 5'-ribozyme frag-
ments end at the cleavage site. Similarly, reads collected by
our method to capture the 3'-fragment with a 5'-OH should
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start at the cleavage site. In our application of cyPhyRNA-seq
to D. vulgaris, the general read profiles at HHR locations
(Figure 3(b,d,e) and Supplementary Figure S6, S8) match
this assumption. The read profiles show a sharp drop in
read number directly at the site of ribozyme cleavage. Thus,
an evaluation of read profiles generated by cyPhyRNA-seq
can be used to reveal the activity of self-cleaving ribozymes
in this organism.

The highest number of uniquely mapping reads were
detected for the HHR loc 3 and the lowest number of reads
was visible for the nearby HHR loc 2. The fact that most reads
only cover the predicted ribozyme motif was surprising to us,
but can be explained by the comparatively short read lengths
acquired in this sequencing. The average read length mapping
to a HHR was <40 nt, with the average length of all dedupli-
cated, uniquely mapping reads being ~55 nt. It is also likely
that RNA outside the structured ribozyme motif is more
prone to background degradation, which would lead to the
detection of shortened reads. Alternatively, it is likewise pos-
sible that natural transcription start and termination sites are
flanking the ribozyme motif, which would also result in the
observed read distribution.

To visualize the start and end of reads within a general
read profile more clearly, we created a depiction of where
within the genome the first nucleotide of a read (its 5'-end)
and last nucleotide of a read (its 3'-end) maps (Supplementary
Figure S6, S8-11). This depiction clearly shows that the major-
ity of reads collected at a self-cleaving ribozyme locus end
(2',3'-cP library) or start (5'-OH library) at the cleavage site
(Supplementary Figure S6, S8). Only for the HHR loc 2 this
analysis of read start and end points is inconclusive, which is
likely due to the extremely low number of reads collected at
this genomic locus. Other types of RNAs such as tRNAs,
rRNAs or mRNAs show a distribution of many start/end
positions across their annotated genomic loci without
a distinct enrichment at a specific site (Supplementary
Figures S9-11).

This representation of start/stop positions enables a clear
distinction between reads that span the entire predicted ribo-
zyme and those that only include a ribozyme cleavage frag-
ment. When applying cyPhyRNA-seq to capture the 5'-
fragment with a 2',3'-cP (Figure 1(c)), some reads from the
HHR loc 3 become apparent that also start at the cleavage site
(Figure 3(e), top track, area highlighted in red box,
Supplementary Figure S6C). This can result from unspecific
ligation of AtRNL AA. While AtRNL AA does not recognize
the more prevalent RNAs with a 5'-P or 5'-PPP as efficiently,
our investigations showed that the enzyme is able to ligate the
5'-pre-adenylated DNA adapter to 3'-OH ends of RNAs with
a 5-OH (Supplementary Supplementary Text, Figure S7).
This unspecific ligation was only slightly detectable for the
HHR loc 3, and not at all for the HHR loc 1 and loc 2. This
indicates that this side-reaction does not cause severe pro-
blems in assigning RNA ends originating from site-specific
ribozyme cleavage in cyPhyRNA-seq. The reads for HHR loc
3 that possibly originate from unspecific AtRNL AA ligation
can be explained by the higher expression levels of this ribo-
zyme that is reflected in the higher overall read number for
HHR loc 3. A higher number of reads for HHR loc 3 was also

observed for the libraries derived from bacteria exposed to
heat-shock (see below and Supplementary Figure S8).

When we used the method to capture the 3'-fragment with
a 5'-OH (Figure 1(b)), we detected some shorter fragments of
~15-20 nt (Figure 3(b,d,e), bottom tracks) that probably result
from the additional treatment with RppH and Xrnl.
Alternatively, these shorter reads could indicate that tran-
scripts of HHR loc 1 and loc 2 are less stable and have
a shorter half-life in the cell. In case of HHR loc 2, the
lower read number detected could reflect an extremely low
expression level.

Next, we investigated if the distribution of read start/end
positions could be used as an indicator of site-specific RNA
cleavage. The enrichment of read-ends over background at a
specific site would enable the computational automation of
detecting genome regions likely containing self-cleaving ribo-
zymes. More specifically, regions where site-specific RNA
cleavage occurs could be distinguished from regions of ran-
dom RNA background degradation. To automate ribozyme
detection, we exploited methods of ‘peak calling’ often used in
CLIP-seq data analysis. In CLIP-seq, UV-crosslinking of an
RNA-binding protein (RBP) of interest to its target RNA is
used to identify RNA-binding sites of RBPs [54]. The cross-
linking process leads to noisy datasets due to the plethora of
possible interaction sites between RNA and protein. However,
not all of these interactions represent true binding sites.
Therefore, strict filtering strategies (i.e. peak calling) have to
be applied to distinguish signal from noise, especially in
genome-wide approaches.

To investigate the applicability of CLIP-seq-peak-calling-
methods to cyPhyRNA-seq data from D. vulgaris, we used the
well-established peak caller Piranha [55]. This allowed us to
exclude ~ 95% of uniquely mapping, deduplicated reads and
focus on the remaining 5% for the identification of significant
signals that could correspond to ribozyme-specific cleavage
(Additional file 1, Supplementary Text). With Piranha, we
derived a number of loci that showed distinct peak patterns,
which overlap with the annotated ribozymes (Supplementary
Figure S6, S8) and other RNA classes (Supplementary Figure
S9-11, Additional file 1).

Several self-cleaving ribozyme characteristics allowed us to
further filter peaks to distinguish signals typical for these
catalytic RNAs from background degradation. Ribozyme-
specific peaks are expected to have a narrow average peak
width (close to 1) in contrast to tRNAs and rRNAs that have
higher average peak widths (Supplementary Text, Additional
file 1). An average peak width of 1 indicates that most reads
mapping to this genomic area end (or start, depending on the
library) at the same position. This is to be expected for site-
specific RNA cleavage and can be observed for peaks derived
from both sequencing approaches (Supplementary Figure
S6, S8).

Because most reads stop or begin at the cleavage site, we
expect that the peaks of the 5- and 3'-fragments of self-
cleaving ribozymes map adjacent to each other in the genome.
We used this to devise an even more stringent peak filter as
peaks derived from site-specific cleavage should not be found
more than + 3 nt apart in the two sequencing libraries
(Additional file 1 and Supplementary Text). Indeed, the



HHR loc 1 and loc 3 display this expected peak pattern, for
HHR loc 2 only a peak in the method for the 5'-fragment was
observed (Supplementary Figure S6 and S8). At the same
time, this combined filtering strategy immediately eliminated
most of the peaks that map to other transcripts such as
tRNAs, rRNAs or mRNAs (Supplementary Figures S9-11,
Additional file 1). These peaks likely result from background
degradation or other unspecific RNA cleavage processes. In
these loci, several peaks are found immediately next to each
other leading to increased average peak widths and drastically
increased peak numbers per annotated RNA type.

cyPhyRNA-seq has the potential to examine self-cleaving
ribozyme activity at different growth conditions. This would
allow investigating whether ribozymes are regulated in an
organism, for example during certain growth phases, nutri-
tional restrictions or other stress conditions. To demonstrate
that the method can be used to compare different conditions,
we applied heat-shock to one of the samples (Supplementary
Figure S8). The results suggest that also under these growth
conditions all HHRs are active. However, fewer reads were
detected that mapped to HHR loc 2 (Supplementary Figure
S8B). Furthermore, more unspecific ligation products were
visible for the 5'-fragment method (Supplementary Figure
S8C, top track). This could be due to an increase in overall
RNA background degradation during the heat-shock. It
appears that heat-shock has no influence on HHR activity in
D. wvulgaris. Applying cyPhyRNA-seq to another condition
further illustrates the reproducibility of our method.

Both cultivation conditions showed that only 3-9% of
rRNA reads were detectable for all libraries, suggesting that
large rRNAs (23S rRNA and 16S rRNA) can be efficiently
removed from total RNA with rRNA depletion using
PEG8000 and NaCl or RppH and Xrnl (Supplementary
Table S4). The percentage of mRNA reads was 13-22% and
1-6% for other ncRNAs. However, most of the sequencing
reads belonged to tRNAs (66-83%). The high number of
tRNA reads is not surprising, because tRNAs are the most
abundant transcripts (~15% by mass) after rRNAs (~80% by
mass) in bacterial cells [41]. Furthermore, they are neither
eliminated by precipitation with PEG and salt nor by enzy-
matic degradation. Nevertheless, tRNA blocking’ only works
efficiently for mature tRNAs with intact CCA-end. This leaves
all tRNAs with a shortened CCA-end, extended, alternative
CCA-ends or tRNAs cleaved elsewhere, e.g. in the anticodon
loop, as substrates for first strand ligation during library
preparation. This is illustrated by the large number of start/
end positions of sequencing reads mapping to tRNAs
(Supplementary Figure S9A, middle tracks). In the resulting
peak analysis, we therefore observed one wide peak that
results from many adjacent start/end signals. These peaks do
not represent RNA cleavage events at one specific position,
but are distributed over the general area of the anticodon loop
and tRNA. Additionally, mature tRNAs with intact CCA-end
are effectively reduced by “tRNA blocking’ as we mostly
observe tRNAs with deficient ends. About 69% of tRNAs are
shortened to a CC-end and more than 29% of tRNAs are
extended at their CCA-end by at least one additional nucleo-
tide (Supplementary Figure S9C). After observing activity for
the type II HHRs by cyPhyRNA-seq, we additionally
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demonstrated that all of them cleave during in vitro transcrip-
tion (Supplementary Figure S12).

Conclusion

In the past, self-cleaving ribozymes have been mostly discov-
ered by chance or comparative sequence analysis. Although
computational analysis can predict self-cleaving ribozyme
candidates, the cleavage activity of individual representatives
has to be biochemically confirmed, which limits the scale of
candidates that can be investigated. Now, cyPhyRNA-seq
offers a high-throughput screening approach for the targeted
detection of active self-cleaving ribozymes on a global scale.

cyPhyRNA-seq exploits a biochemical characteristic inher-
ent to every known natural self-cleaving ribozyme: the cata-
lysis of site-specific RNA scission to generate a cleavage
fragment containing a 2',3'-cP and another fragment with a
5-OH group. We use RNA-seq libraries specific for these
RNA-ends and extend established peak calling protocols to
filter signal from noise in cyPhyRNA-seq data. This leads to
the detection of reads that most likely correspond to RNA
fragments derived from site-specific cleavage. Only such reads
are characterized by mapping uniquely to a specific genomic
location at their 3-end (for the library that captures RNAs
with a 2,3’-cP) or 5'-end (for the library that enriches RNAs
with 5'-OH group) and additionally both ends are expected to
be located precisely next to each other or in very close proxi-
mity. Thus, using both library preparation methods in parallel
enables a more reliable detection of possible self-cleaving
ribozyme candidates or site-specific cleavage locations in a
transcriptome.

Other biochemistry-based methods have been devised to
discover self-cleaving ribozymes. In vitro selection was applied
to the human genome and led to the discovery of the CPEB3
ribozyme, an HDV-like ribozyme [17]. Recently, another
approach was developed to identify ribozymes in humans,
which is based solely on the enrichment of RNAs with 5'-
OH using RppH and Xrnl, similar to parts of our method
[12]. However, in contrast to our method, this approach does
not capture RNAs with 2,3’-cP, but rather adds a T7 promo-
ter sequence to fragmented gDNA and these DNAs were used
for in vitro transcription. While the in vitro transcription of
random gDNA fragments has the potential to find self-
cleaving RNAs that are only scarcely expressed in vivo, this
approach cannot easily detect ribozymes that need protein or
metabolite cofactors. cyPhyRNA-seq can be used to screen for
active self-cleaving ribozymes in total RNA, even if they need
cofactors to be fully active. Moreover, ribozymes that have
a very short 3'-ribozyme fragment would hardly be discovered
by the approach introduced by Chen et al. [12], which makes
the use of capturing methods for both ribozyme fragments in
cyPhyRNA-seq  more  comprehensive.  Additionally,
cyPhyRNA-seq allows for the investigation of ribozyme activ-
ity under different cultivation conditions, for example certain
stresses, different life-stages or growth-phases, especially in
organisms that contain many self-cleaving ribozymes.
Alternatively, reverse transcription quantitative PCR (RT-
qPCR) can be used to study differences in expression of
known self-cleaving ribozymes [17,56]. Thus, while RT-
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qPCR seems most useful for isolated ribozyme examples that
are known, cyPhyRNA-seq is advantageous when simulta-
neously investigating several distinct self-cleaving ribozymes
in one organism. These analyses by either RT-qPCR or
cyPhyRNA-seq could help in deciphering unknown biological
roles for some self-cleaving ribozymes.

We used cyPhyRNA-seq to identify ribozyme fragments,
but this approach is also applicable to RNAs with identical
termini produced in other cellular processes [40] or treat-
ments [57,58]. These cellular processes include cleavage by
certain endoribonucleases (e.g. RNase A [59] or MazF [60])
and stress-induction of tRNAs (e.g. oxidative stress) [61].
Several approaches to capture RNAs with 2',3’-cP have
already been described [28,43]. However, their use for the
identification of self-cleaving ribozymes was never
attempted, but rather these approaches were applied to
research questions involving highly abundant RNAs.
cyPhyRNA-seq represents a method with the potential to
investigate extremely rare RNAs. This is facilitated by an
improved ligation of RNAs with 2',3'-cP ends, for which we
generated a variant of the AtRNL (AtRNL AA). In contrast
to the wild-type enzyme, this variant has lost its 5'-
phosphorylation and adenylation activity. Therefore, the
activity of AtRNL AA is limited to the ligation of 5'-pre-
adenylated adapter molecules to RNAs with 2',3'-cP termini
resulting in an enhanced ligation. Another improvement of
cyPhyRNA-seq is the enrichment for relevant RNAs by
enzymatic treatments and tRNA blocking’, which is espe-
cially important for capturing 3'-ribozyme fragments. By
using the RppH/Xrnl treatment and ‘tRNA blocking’, we
significantly reduced highly abundant RNAs in total RNA,
namely rRNAs and tRNAs, allowing the detection of less
common RNA species. The use of tRNA blocking’ could be
equally beneficial in research questions where, for example,
tRNA fragments, RNA-targets of site-specific ribonucleases
or snoRNAs are studied, because a targeted decrease in
mature tRNAs will lead to an increase in target RNA
reads. The potential of our method for the analysis of
tRNA fragment expression will be investigated in future
work. Furthermore, cyPhyRNA-seq provides the means to
capture both ribozyme cleavage fragments, which supplies
complementary data for both parts of the catalytic RNA
were possible. Several ribozymes classes have one cleavage
fragment that could be shorter than 10 nt, if transcription
in the natural context starts (in case of HDV and hatchet),
or ends (e.g. for hairpin, pistol and twister sister) with the
conserved ribozyme RNA. These shorter ribozyme frag-
ments are indistinguishable from other background degra-
dation events creating very short RNAs. Furthermore, the
in vivo stability of the 5'- and 3'-ribozyme fragment may
vary. The fragment stability could depend on currently
understudied factors such as specific recognition by ribo-
nucleases or protection from degradation by their intricate
structures. Therefore, it can be beneficial to capture both
fragments where possible and thus, increase the chance of
detecting as many ribozyme cleavage products as possible.

With its global, transcriptome-wide analysis, cyPhyRNA-
seq is well-suited to look at organisms that have a large

collection of ribozymes such as Schistosoma mansoni (para-
sitic worm), Aedes aegypti (mosquito) and Xenopus tropicalis
(frog) that contain thousands of self-cleaving ribozyme repre-
sentatives [53]. Apart from the investigation of cleavage activ-
ity of known or predicted ribozymes in an organism,
cyPhyRNA-seq also has the potential to be used to discover
new self-cleaving ribozyme classes. Therefore, we plan to
apply cyPhyRNA-seq to screen for novel self-cleaving ribo-
zymes in diverse organisms and metatranscriptomes.

Methods
Protein expression and purification

The two mutations K152A [35] and D726A [35] were intro-
duced into the wild-type AtRNL sequence of pET28a_AtRNL
plasmid (Addgene plasmid #32,242) by site-directed mutagen-
esis using the PCRBIO HiFi Polymerase (PCR Biosystems)
according to manufacturer’s instructions and primers
described in Supplementary Table S5. Afterwards, E. coli
BL21 (DE3)-RIPL cells were transformed with the resulting
pET28a_AtRNL AA plasmid. Protein expression was per-
formed in 400 ml TB [62] containing 30 pg/ml kanamycin
and 35 pg/ml chloramphenicol at 30°C until an ODgo of 1.2
was reached. Then, 400 ml of ice-cold TB was added contain-
ing antibiotics (see above), ethanol and isopropyl-p-
D-1-thiogalactopyranoside (IPTG) to final concentrations of
2% and 0.4 mM, respectively. After cultivation at 16°C and
200 rpm for 20 h, the cells were harvested by centrifugation at
4,000 g and 4°C and stored at —80°C. Cells were resuspended
in 30 ml Buffer A [50 mM Tris-HCI (pH 7.5 at 4°C), 500 mM
NaCl, 5 mM DTT, 5% glycerol] and 0.2 mg/ml lysozyme was
added. Cell suspension was incubated on ice for 30 min and
cells were disrupted by sonication for 7 x 10 sec with 60 sec
breaks at 70% intensity. After centrifugation at 30,600 g and
4°C for 30 min, supernatant was sterile filtered and loaded
onto a HisTrap FastFlow column (I ml, GE Healthcare)
equilibrated with Buffer A. The column was washed with
Buffer A containing 5% Buffer B [50 mM Tris-HCI (pH 7.5
at 4°C), 500 mM NaCl, 5 mM DTT, 5% glycerol, 500 mM
imidazole]. The elution was performed in three steps using
20%, 50% and 100% of Buffer B. Peak fractions were pooled
and purified by size exclusion chromatography (SEC) using
a HiLoad 16/60 Superdex 200 pg (GE Healthcare) column
equilibrated in Buffer A. Peak fractions were combined and
concentrated using a Vivaspin 6 column (30 kDa cut-off).
Tptl from Saccharomyces cerevisiae was expressed from
pET-24b-TPT1 [38] in E. coli BL21 (DE3) cells. Cells were
grown at 37°C in 400 ml LB [62] containing 30 pg/ml kana-
mycin. At an ODggo of 0.4, overexpression was induced by
adding 1 mM IPTG. The cell culture was incubated at 37°C
for 2 h, harvested by centrifugation at 4,000 g and 4°C and
stored at —80°C. After resuspension in 12 ml Buffer C [20 mM
Tris-HCI (pH 7.5 at 4°C), 500 mM NaCl, 4 mM MgCl,, 10%
glycerol, 0.5 mM P-mercaptoethanol], cells were lysed by
sonication (7x 10 sec with 60 sec breaks at 70% intensity)
and centrifuged at 30,600 g and 4°C for 30 min. Sterile filtered
supernatant was used for the purification with a HisTrap



FastFlow column (1 ml, GE Healthcare) equilibrated in Buffer
C. The column was washed with Buffer C containing 5%
Buffer D [20 mM Tris-HCI (pH 7.5 at 4°C), 500 mM NaCl,
10% glycerol, 4 mM MgCl,, 0.5 mM B-mercaptoethanol,
500 mM imidazole]. Elution steps contained 20%, 50% and
100% Buffer D. Peak fractions were purified using a HiLoad
16/60 Superdex 75 pg column (GE Healthcare) equilibrated in
Buffer E [40 mM Tris-HCl (pH 7.5 at 4°C), 150 mM NaCl,
4 mM EDTA, 8 mM MgCl,, 2 mM DTT]. Peak fractions were
combined and concentrated using a Vivaspin 6 column (10
kDa cut-off).

T4 RNL2 truncated KQ and TS2126 RNL1 were expressed
and purified as described previously [63,64]. The final protein
solutions were diluted with an equal volume of 80% glycerol
and stored at —80°C.

RNA synthesis and preparation of oligonucleotides

Ribozyme cleavage fragments (Supplementary Table S2)
were generated by T7-based in vitro transcription from
PCR products (with T7 promoter) of the respective ribozyme
(Supplementary Table S5) [65] in the presence of [a®*P]-
ATP (Hartmann Analytic). The cleavage fragments were
gel-purified as described previously [66]. 3'-DNA adapter
(5-TGGAATTCTCGGGTGCCAAGG-Amino-C7-3"), RT pri-
mer (5-GCCTTGGCACCCGAGAATTCCA-3") and circulariza-
tion-RT primer (5'-P-GATCGTCGGACTGTAGAACTCTGAAC
/iSp18/ CACTCA/ iSP18/ GCCTTGGCACCCGAGAATTCCA-
3') (Supplementary Table S5) were radioactively labelled using
[y°P]-ATP (Hartmann Analytic) and T4 Polynucleotide
kinase (NEB).

Adenylation of the 3'-adapter using TS2126 RNL1

The 3-DNA adapter (Supplementary Table S5) was adeny-
lated using the TS2126 RNLI [67] and purified using phenol/
chloroform extraction and ethanol precipitation [68]. For
in vitro experiments, the non-radioactive adapter was mixed
with 5'-labelled adapter in a ratio of 5:1.

First adapter ligation by AtRNL and 2'-dephosphorylation

For the ligation reaction, 2.5-10 pmol of in vitro transcribed
ribozyme RNA (Supplementary Table S2) and twice the
amount of adenylated 3'-DNA adapter (Supplementary
Table S5) were combined, incubated at 65°C for 5 min and
then cooled down on ice. A 10 pl ligation reaction included
the RNA-adapter-mix, 1x reaction buffer [20 mM Tris-HCl
(pH 7.5 at 23°C), 5 mM MgCl,, 2.5 mM spermidine, 100 uM
DTT], 15% PEG and 0.6 uM AtRNL variant AA was incu-
bated at 25°C for 2 h. For in vitro experiments, reactions were
stopped by adding 3x RNA loading dye [10 mM Tris/HCI
(pH7.6 at 23°C), 80% formamide, 0.25% bromophenol blue
and 0.25% xylene cyanol] and separated by PAGE using a 15%
denaturing PAA gel containing 8 M urea. To remove the
resulting 2’-phosphate at the ligation site, the reactions were
incubated with 1x reaction buffer, 10 mM nicotinamide ade-
nine dinucleotide (NAD) and 0.6 uM Tptl in a 20 pl reaction
at 30°C for 30 min.
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First adapter ligation by the T4 RNL2 TKQ

The ligation was carried out with 2.5-10 pmol of in vitro
transcribed ribozyme RNA (Supplementary Table S2) and
twice the amount of adenylated 3'-DNA adapter
(Supplementary Table S5). After incubation of the RNA and
adapter at 65°C for 5 min and cool down on ice, 1x T4 RNL
buffer (NEB), 20% PEG, 10% DMSO and 1 uM T4 RNL2
TKQ was added to a final volume of 20 ul. The ligation
reaction was incubated at 25°C for 16 h. For in vitro experi-
ments, reactions were stopped by adding 3x RNA loading dye
and separated by PAGE using a 15% denaturing PAA gel
containing 8 M urea.

Reverse transcription and second adapter-ligation by T4
RNL1

To the ligation reactions with AtRNL AA (after 2'-
dephosphorylation) and T4 RNL2 TKQ, 0.9 pM non-
radioactive and 0.3 uM 5'-labelled RT primer (Supplementary
Table S5) was added, incubated at 65°C for 5 min and cooled
down on ice. Reverse transcription was performed using the
SuperScript IV RT (Thermo Scientific) at 55°C for 30 min. To
degrade RNA, 200 mM NaOH was added and the mixture was
incubated at 95°C for 3 min. After neutralization with 200 mM
HCI, 3x RNA loading dye was added and cDNA was gel-
purified using a 15% denaturing PAA gel (with 8 M urea),
followed by ethanol precipitation.

Purified cDNA was incubated for 5 min at 65°C and cooled
down on ice. Then, 5 uM of second adapter (5'- P-
GATCGTCGGACTGTAGAACTCTGAAC-Amino-C6 - 3/,
Supplementary Table S5), 1x T4 RNL buffer (NEB), 1 mM
ATP, 1 mM hexammine cobalt chloride, 12.5% PEG and 10 U
T4 RNL1 (NEB) was added to a final volume of 20 ul. The
ligation reaction was incubated 16 h at 16°C followed by heat-
inactivation at 65°C for 10 min.

Reverse transcription using the circularization-RT primer
and circularization

To the ligation reactions with AtRNL AA (after 2'-
dephosphorylation) and T4 RNL2 TKQ, 0.9 pM non-
radioactive and 0.3 pM 5'-labelled circularization-RT primer
(Supplementary Table S5) [69] was added and incubated at
82°C for 2 min. After cooling down on ice, reverse transcrip-
tion was performed using the SuperScript IV RT (Thermo
Scientific) at 55°C for 30 min. RNA was degraded by incubat-
ing the reactions with 200 mM NaOH at 95°C for 3 min. The
reaction was neutralized with 200 mM HCI and 3x loading
dye was added. Then, cDNA was gel-purified with a 8% PAA
gel containing 8 M urea and ethanol precipitated.

After purification, cDNA was incubated for 2 min at 82°C
and subsequently circularized using 1x adenylation buffer
(50 mM MOPS, 10 mM KCl, 5 mM MgCl,, pH 7.5), 50 uM
ATP, 2.5 mM MnCl,, 1 mM DTT and 900 ng TS2126 RNL1
in a 20 pl reaction at 60°C for 2 h, as described before
[64,67,69]. TS2126 RNLI1 was inactivated at 80°C for 5 min.
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DNA amplification with TruSeq Small RNA Illlumina
adapters

PCR samples (50 pl) included 5 pl circularization or second
adapter ligation reaction, 1x GC buffer (Thermo Scientific),
0.5 uM forward and reverse primer (Supplementary Table S5),
200 pM dNTPs and 0.04 U/ul Phusion High-Fidelity DNA
Polymerase (Thermo Scientific). The amplification was per-
formed by denaturation at 98°C for 10 sec, annealing at 60°C
for 20 sec and elongation at 72°C for 40 sec and 16 cycles.
PCR products were analysed on a 3% agarose gel, stained with
250 ng/ml ethidium bromide using the 50 bp ladder (NEB) as
size standard.

Preparation of E. coli total RNA and ribozyme fragments
for spike-in experiment

E. coli TOP10 cells were grown to an ODgy of 1.2 and
centrifuged at 4,000 g and 4°C for 10 min. Total RNA was
isolated using TRIzol™ reagent (Thermo Scientific). The
HHR 5'-fragment with 2',3'-cP and twister ribozyme 3'-
fragment (Supplementary Table S2) with 5-OH were pro-
duced by in vitro transcription and self-cleavage, PAGE-
purified and ethanol precipitated. 1 ng of ribozyme cleavage
fragment was added to 1 pg E. coli total RNA and cyPhyRNA-
seq library preparations were performed.

Preparation of D. vulgaris total RNA for characterization
by cyPhyRNA-seq

180 ml medium 63 (German Collection of Microorganisms
and Cell Cultures, DSMZ) was inoculated with 400 pl
liquid culture of Desulfovibrio vulgaris (DSM 644) and
incubated at 37°C under anaerobic conditions. Daily, pH
was measured to monitor cell growth. After 90 h incuba-
tion, 50 ml cell culture was transferred to a fresh bottle
and incubated at 42°C for 2 h (heat-shock). This cell
culture and 50 ml of the main culture (after 92 h incuba-
tion, exponential growth phase) were centrifuged for
10 min at 4°C and 4,000 g and cell pellets were resus-
pended in 2 ml TRIzol™ reagent (Thermo Scientific).
After adding TRIzol™, the samples were frozen immedi-
ately in liquid nitrogen and stored at —80°C until needed.
The total RNA was isolated according to the manufac-
turer’s instructions.

Enrichment of short RNAs from total RNA and ‘tRNA
blocking’

Short RNA enrichment using polyethylene glycol
(PEG8000) and NaCl, was performed for the samples to
capture 5'-ribozyme fragments. In a 100 pl reaction,
PEG8000 and NaCl were added to the samples to final
concentrations of 5% and 0.5 M [46]. Samples were incu-
bated at —20°C for 30 min and subsequently centrifuged at
10,000 g and 4°C for 30 min. The supernatant was trans-
ferred to a new tube and three volumes of absolute ethanol
were added. After the incubation at —20°C overnight, the
samples were centrifuged at 17,000 g for at least 1 h. The

supernatant was removed and the pellet was washed with
70% ethanol, air-dried and dissolved in 4-6 ul diethyl
pyrocarbonate (DEPC)-water.

Samples to capture the 3'-ribozyme fragments were treated
with RppH and Xrnl to remove RNAs with 5-PPP and 5'-P.
1 ug of total RNA was incubated with 1x NEBuffer 2, 0.25 U/
ul RppH (NEB), 0.05 U/pl Xrnl (NEB) and 0.02 U/ul RNase
inhibitor Murine (NEB) for 15 min at 37°C. The samples were
purified using GeneJET RNA Cleanup and Concentration
Micro Kit (Thermo Scientific).

Samples were used for ‘tRNA blocking” with the hairpin
adapter (Supplementary Table S5), 30 U T4 DNA Ligase
(NEB) and 0.02 U/pl RNase Inhibitor Murine (NEB) as
described previously [52]. The hairpin adapter is ligated to
the 3’-end of the tRNA. The reactions were incubated at 32°C
for 5 h and the enzyme was heat-inactivated at 65°C for
10 min. Samples were purified using phenol/chloroform
extraction and ethanol precipitation and dissolved in 5 pl
DEPC-H,0 [68].

Library preparation for cyPhyRNA-seq

First adapter ligations for 5- and 3'-ribozyme fragment
libraries contained enriched RNA and 40 pmol of pre-
adenylated 3’-DNA adapter with unique molecular identifier
(UMI, Supplementary Table S5). The UMI is a stretch of
random nucleotides (analogous to a barcode) that tags each
molecule ligated in the first step of library preparation. In our
protocol, we used the UMI to estimate the abundance of an
RNA and reduce quantitative bias introduced by PCR [70]. As
positive control, in vitro transcribed ribozyme fragments were
used for size selection during gel purification after RT
(Supplementary Table S2, S5).

For the spike-in experiment, reverse transcription and
subsequent circularization were performed with the circu-
larization-RT primer. PCR reactions contained 2.5-5 pl
circular ¢cDNA as template and primer with partial
Ilumina adapter sequences (Supplementary Table S5,
Amplicon-EZ sequencing, GENEWIZ). Libraries were pur-
ified using the QIAquick PCR purification kit (#28,104,
Qiagen), adjusted to a final concentration of 20 ng/pl each
and sequenced (~10,000-25,000 reads, GENEWIZ).

Samples of D. vulgaris were used for reverse transcrip-
tion and second adapter ligation by T4 RNL1. PCR reac-
tions were performed with TruSeq Small RNA Illumina
adapters (i7) and 5 ul cDNA directly taken from
the second ligation reaction. Libraries were purified using
the QIAquick PCR purification kit (#28,104, Qiagen) or
solid phase reverse immobilization beads (Vazyme VAHTS
DNA Clean Beads) and sequenced with ~30 Mio reads,
150 bp paired-end by HiSeq Illumina sequencing
(GENEWIZ).

Annotation of self-cleaving ribozyme candidates in
Desulfovibrio vulgaris

A comprehensive annotation for known ribozyme classes
in Desulfovibrio vulgaris [71] was generated by applying
cmsearch from the infernal package [72] for a set of



multiple-sequence alignments. These alignments were
derived from Rfam [73,74] or provided by Zasha
Weinberg (personal communication) [10,11,73]. After
curation and filtering, a final set of predicted ribozyme
loci was derived, which was used for downstream analysis
of cyPhyRNA-seq data.

Analysis of reads created by amplicon sequencing

Spike-in experiments were analysed based on Amplicon
sequencing (Amplicon-EZ, GENEWIZ, Supplementary Table
S3). The general workflow applied here consists of following
steps: Identification of UMIs, Trimming of barcodes,
Mapping of reads and Counting. In detail, reads were pre-
processed with UMItools [75] to identify and trim UMI
sequences and mark them for downstream counting, followed
by trimming of remaining adapters with TrimGalore [76]. An
artificial genome was created by adding the spike-in ribozyme
fragment sequences (Supplementary Table S2) to the E. coli
genome retrieved from https://www.ncbi.nlm.nih.gov/gen
ome/1672genome_assembly_id=753562 together with the cor-
responding annotation, which was also complemented by the
spike-in ribozyme fragment IDs. This genome was indexed
and reads were mapped with STAR [77]. Command-line calls
for this workflow steps are listed in the Supplementary Text.
Unique reads which map only at one position in the genome
were extracted and counted with featureCounts [78] followed
by manual inspection and deduplication for reads mapping to
spiked-in ribozyme fragments.

Analysis of reads created by lllumina HiSeq sequencing

cyPhyRNA-seq with Desulfovibrio vulgaris total RNA on
Ilumina HiSeq generated ~ 30 M reads per library
(Supplementary Table S4). Quality control of raw, trimmed and
mapped cyPhyRNA-seq data was conducted with FastQC [79],
followed by adapter and quality trimming with Trim Galore [76].
For UMI-based deduplication, trimmed reads were processed
with UMI-tools [75] before and after mapping. Reads were
mapped against the reference with STAR [77]. After deduplica-
tion, unique mapping reads were extracted, counted with
featureCounts [78], underwent peak calling [80] and were inter-
sected with our ribozyme annotation for further analysis. The
complete workflow is illustrated in Supplementary Figure S13.

UCSC genome browser tracks

Tracks for the UCSC genome browser [81] were generated
with in-house scripts following the UCSC manual [82]. Tracks
depicting read coverage were normalized for easier compar-
ison as follows: The number of reads covering each position is
scaled to the total number of reads on the same strand divided
by 10° (reads per million, RPM). Although this is per se only a
per sample scaling, the fact that all samples show comparable
sequencing depth allows the comparison of normalized values
across samples.
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