1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Nat Chem Biol. Author manuscript; available in PMC 2014 July 01.

-, HHS Public Access
«

Published in final edited form as:
Nat Chem Biol. 2014 January ; 10(1): 56-60. doi:10.1038/nchembio.1386.

A widespread self-cleaving ribozyme class is revealed by
bioinformatics

Adam Roth12*, Zasha Weinberg!2", Andy G. Y. Chenl, Peter B. KimZ, Tyler D. Ames!2 T,
and Ronald R. Breakerl:2:3%

Adam Roth: adam.roth@yale.edu; Zasha Weinberg: zasha.weinberg@yale.edu; Andy G. Y. Chen: andy.chen@yale.edu;
Peter B. Kim: peter.kim@yale.edu; Tyler D. Ames: tames@phosplatin.com

1Department of Molecular, Cellular and Developmental Biology, Yale University, Box 208103,
New Haven, CT 06520-8103, USA

?Howard Hughes Medical Institute, Yale University, Box 208103, New Haven, CT 06520-8103,
USA

3Department of Molecular Biophysics and Biochemistry, Yale University, Box 208103, New
Haven, CT 06520-8103, USA

Abstract

Ribozymes are noncoding RNAs that promote chemical transformations with rate enhancements
approaching those of protein enzymes. Although ribozymes are likely to have been abundant
during the RNA world era, only ten classes are known to exist among contemporary organisms.
We report the discovery and analysis of an additional self-cleaving ribozyme class, called twister,
which is present in many species of bacteria and eukarya. Nearly 2700 twister ribozymes were
identified that conform to a secondary structure consensus that is small yet complex, with three
stems conjoined by internal and terminal loops. Two pseudoknots provide tertiary structure
contacts that are critical for catalytic activity. The twister ribozyme motif provides another
example of a natural RNA catalyst and calls attention to the potentially varied biological roles of
this and other classes of widely distributed self-cleaving RNAs.

Contemporary biological catalysis is dominated by protein enzymes, but some classes of
natural RNA molecules also possess catalytic activity!. Ribozymes are presumed to have
been far more abundant during the RNA world era?, but their numbers are likely to have
diminished drastically during the course of evolution due to competition from protein
catalysts. Nonetheless, of the relatively few known natural ribozyme classes, some have
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phylogenetically broad distributions and play fundamental roles in protein synthesis and
RNA processing. Atomic resolution structures of the large ribosomal subunit have revealed
that the peptidyl transfer reaction is RNA-catalyzed3, and processing of the 5’ ends of
tRNAs and certain other RNA substrates is mediated almost universally by the
ribonucleoprotein complex Ribonuclease P, which contains a catalytic RNA subunit*®. In
addition, there are two widely distributed classes of self-splicing ribozymes®’, and structural
and functional similarities between one of these (group Il intron) and the RNA core of the
spliceosome suggest that eukaryotic splicing is also mediated by RNA catalysis®.

There are also five known classes of small ribozymes that catalyze site-specific self-
cleavage®. Some of these ribozymes were initially discovered as components of satellite
RNAs10-12 where the processing functions of the catalytic domains are essential for satellite
replication via rolling circle mechanisms. More recent searches have revealed that some of
these self-cleaving RNAs are distributed far more broadly, however. The hammerhead13-16
and hepatitis delta virus (HDV)7 ribozyme classes have been identified in multiple domains
of life, where they might function in processes such as retrotransposition and genetic
control'8-22_ The gimSribozyme, which is a specialized self-cleaving RNA that serves as a
genetic control element23, occurs commonly in Gram-positive bacteria?4. Typically residing
in the 5 UTR of the mRNA encoding glucosamine 6-phosphate synthase, the gimS
ribozyme employs a metabolic product of this synthase, glucosamine 6-phosphate, as a
coenzyme in the self-cleavage reaction?2-27 and thus operates as a component of a negative
feedback loop.

Given the broad distribution of natural self-cleaving ribozymes, and given that many
artificial classes have been identified using in vitro selection methods28:29, it is likely that
additional natural self-cleaving ribozyme classes are yet to be discovered. We used
bioinformatics to identify the twister motif, a doubly pseudoknotted RNA structure that
represents the sixth natural class of small self-cleaving ribozymes. Like hammerhead and
HDV ribozymes, twister RNAs occur in diverse eukaryotic and bacterial species, suggesting
potentially varied biological roles.

Identification of a widespread structured RNA motif

Using a bioinformatics pipeline30, we identified a small, highly conserved RNA motif (Fig.
1) that occurs commonly in the bacterial class Clostridia as well as in diverse eukaryotic
species (Supplementary Results, Supplementary Table 1, Supplementary Data Set 1). We
termed this novel motif “twister” because its conserved secondary structure resembles the
ancient Egyptian hieroglyph “twisted flax”. Although twister RNAs are comparable in size
and structural complexity to riboswitches31, their genetic contexts often bear striking
similarities to those of hammerhead ribozymes (Fig. 2), which suggested that twister RNAs
and hammerhead ribozymes could be functionally interchangeable. For example, individual
hammerhead ribozyme sequences frequently occur in proximity to one another as well as to
members of the twister class of RNAs. Also, many examples of the twister motif are
circularly permuted, with the termini for a given representative contained within stem P1
(Fig. 1a, type P1), stem P3 (Fig. 1b, type P3), or stem P5 (Fig. 1c, type P5). Permutations of
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this type are common among hammerhead ribozymes but, curiously, have never been
observed for any of the approximately two dozen known riboswitch classes. Moreover, like
hammerhead ribozymes3-16, twister RNAs are present in some eukaryotes, often in large
numbers.

Twister RNAs self-cleave in vitro

Given these observations, we speculated that twister RNAs represent a previously
undiscovered class of self-cleaving ribozymes. This hypothesis was examined by conducting
in vitro transcriptions using wild-type (WT) or mutant DNA templates corresponding to
twister representatives from four eukaryotic and bacterial species. Indeed, all four WT
twister RNAs appeared to undergo quantitative self-cleavage during transcription in vitro
(Supplementary Fig. 1). In contrast, DNA templates with mutations in highly conserved
nucleotides yielded products that matched the sizes expected for uncleaved RNAs. These
results indicated that at least some of the conserved nucleotides among twister RNAs are
important for self-cleaving ribozyme function.

To confirm ribozyme activity in vitro, we generated bimolecular constructs of various
twister representatives and monitored the cleavage of a “substrate” RNA in the presence of
an appropriate “enzyme” RNA (Fig. 3, Supplementary Fig. 2). For example, we created a
bimolecular ribozyme complex corresponding to a twister RNA from the parasitic wasp
Nasonia vitripennis by splitting the original contiguous RNA within L3 (Fig. 3a). The
resulting substrate domain was rapidly cleaved only in the presence of the enzyme domain
and Mg2* (Fig. 3b). The reaction yielded a 5 cleavage product with a terminal 2/,3’-cyclic
phosphate group, and a 3’ cleavage product with a 5" hydroxyl group as determined by
electrophoretic mobility (Fig. 3c) and mass spectrum analysis (Supplementary Fig. 3).

The ribozyme products are consistent with those expected from cleavage by internal
phosphoester transfer due to attack of the 2’ oxygen of U5 on the adjacent phosphorus atom,
with subsequent departure of the 5’ oxygen of A6. This general mechanism (Supplementary
Fig. 4) for twister catalysis is identical to that used by members of the other five classes of
self-cleaving ribozymes discovered previously®. As expected for a ribozyme that uses this
mechanism, no cleavage product was detected when the nucleotide corresponding to U5 of
the substrate lacked the 2’ oxygen nucleophile (Supplementary Fig. 5). Also consistent with
this mechanism, ligation products were generated during prolonged incubations of
individually purified cleavage fragments, indicating that the reaction is reversible
(Supplementary Fig. 6).

Evidence for twister ribozyme activity in vivo

To provide evidence that twister ribozymes self-cleave in vivo, we performed reverse
transcription and polymerase chain reaction (RT-PCR) amplifications using total RNA from
N. vitripennis adults (Supplementary Fig. 7a, b). For three of the four twister ribozymes that
were analyzed in this organism, we did not detect RT-PCR amplification products using
DNA primers that bracketed the entire ribozyme sequence. In contrast, the use of primer
pairs targeting sequences 3’ to the cleavage site generated amplification products of the
expected size for each of the twister representatives. These findings indicate that the selected

Nat Chem Biol. Author manuscript; available in PMC 2014 July 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roth et al.

Page 4

twister RNAs are expressed in N. vitripennis adults, and are consistent with robust cleavage
activity in vivo for at least three of these examples. RT-PCR analyses of two twister
ribozyme representatives from rice (Oryza sativa Japonica) yielded results similar to those
obtained with N. vitripennis (Supplementary Fig. 7c). Interestingly, the detection of N.
vitripennis twister 4 RNA in uncleaved form (Supplementary Fig. 7b) suggests that the half-
lives of certain twister ribozymes can be extended under some conditions. Twister 4 RNA
exhibited robust self-cleavage during transcription in vitro (Supplementary Fig. 7d), so the
detection of the corresponding uncleaved transcript using RT-PCR appears not simply to
reflect intrinsically low activity of this twister representative.

Biochemical evidence for the secondary structure model

The importance of various sequences and substructures of twister ribozymes was evaluated
in vitro using mutant versions of a bimolecular construct based on a twister representative
from the bacterium Clostridium bolteae. Consistent with previous results, mutations of
highly conserved nucleotides decreased cleavage activity. Furthermore, disruptions of
proposed base-pairing interactions individually within P1, P2, P4, and the two pseudoknots
resulted in drastic reductions in catalytic activity (Supplementary Fig. 8). In contrast, twister
RNA constructs carrying compensatory mutations designed to restore base-pairing within
these substructures recovered at least modest cleavage activity. These findings indicate that
the formation of the predicted stems is critical for ribozyme activity, whereas the precise
sequences of these substructures are generally less important.

Effects of pH and metal ions on twister ribozyme activity

The amount of substrate processed by the N. vitripennis bimolecular ribozyme construct was
approximately 50% in 15 seconds at 23°C, but longer incubation times did not increase this
yield without additional thermal denaturation steps. This complex probably forms alternative
structures that, barring additional denaturation, cannot refold to adopt the active structure on
a short timescale. To avoid this problem, we prepared several bimolecular constructs based
on twister sequences from other species and identified RNAs that are less prone to
misfolding.

We observed efficient substrate processing (Fig. 4a and Supplementary Fig. 9) using a
bimolecular construct corresponding to a type P3 twister representative, which was
identified among sequences derived from uncultivated organisms (environmental sequences)
(Supplementary Figs. 1a and 5a). The kgyps Value for this construct under standard reaction
conditions approached 10 min~1, thereby precluding accurate rate constant determinations
using manual methods alone. Consequently, in order to obtain reliable measurements over a
range of Mg2* concentrations, we reduced kyps values by employing a suboptimal reaction
buffer adjusted to pH 5.5. Rate constants for this twister representative were sharply
dependent on Mg2* concentration, displaying a slope of ~4 on a log-log plot, before
approaching a plateau above 1 mM Mg?2* (Fig. 4b). We used an analogous approach to
assess the effects of pH on the rate constant of this ribozyme. Reaction buffers containing
sub-physiological concentrations (50 uM) of Mg2* permitted accurate determinations of Kyps
values in the plateau phase above pH ~6.5 (Fig. 4b). Below this value, rate constants
decreased as pH was reduced, with an approximate slope of two on a log-log plot. If the
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effects of pH and Mg2* concentration on rate enhancements are independent of one another
(as has been observed with the hammerhead ribozyme32), the kops for this twister
representative under simulated physiological conditions (pH 7.4, 1 mM MgCl,) is estimated
to approach ~1000 min~1,

Several observations indicated that neither the non-bridging phosphate oxygen atoms nor the
5" oxyanion leaving group at the cleavage site of twister RNAs form inner-sphere contacts
with divalent metal ions. Most of the divalent metal ions that were tested fully supported
ribozyme cleavage (Fig. 4c), indicating a lack of cation selectivity. This finding is more
consistent with structural rather than catalytic roles for divalent metal ions. Moreover, cobalt
hexammine, which mimics fully-hydrated Mg?*, and elevated concentrations of various
monovalent cations also promoted modest activity of the twister ribozyme derived from
environmental sequences (Supplementary Fig. 10a, b). Finally, substrate RNAs with
phosphorothioate modifications at the cleavage site were cleaved with comparable speed and
to a similar extent in the presence of Mg?* or Mn?* (Supplementary Fig. 11). Collectively,
these data suggest that twister ribozymes do not require the direct participation of divalent
metal ions in the cleavage mechanism.

DISCUSSION

The kinetic characteristics of twister ribozymes can be used to make additional predictions
about the manner in which members of this class cleave RNA. There are four general
catalytic strategies that can be used by enzymes to promote RNA cleavage by internal
phosphoester transfer33-35, These strategies are: orienting the reactive atoms for in-line
nucleophilic attack (a), neutralizing the negative charge on a non-bridging oxygen of the
cleavage site phosphate (j8), deprotonating the 2’ oxygen nucleophile (y), and neutralizing
the developing negative charge on the 5’ oxygen leaving group (8) (Supplementary Fig. 4).

Twister ribozymes must employ a catalysis to orient the labile linkage for in-line
nucleophilic attack. Also, the rate constants increase sharply between pH 5 and pH 6.3, and
one component of this pH dependence is likely due to vy catalysis, which would ostensibly be
optimized under physiological (neutral) conditions. The majority of RNA-cleaving
ribozymes and deoxyribozymes created by using directed evolution appear to use a
combination of a and vy catalysis only34. However, enzymes employing just these two
strategies cannot generate a maximal kops of more than ~2 min~1 under the standard reaction
conditions used in this study, which is far below what is observed for twister ribozymes.

Thus, twister ribozymes are predicted either to exploit more than just a and v catalysis, or to
employ a different combination of two or more of the four possible catalytic strategies to
attain such high catalytic speeds. Regardless of the precise catalytic strategies used by
twister ribozymes, it is clear that all six classes of natural self-cleaving RNAs exceed the ay
speed limit for phosphoester transfer33-35, This strongly suggests that rapid strand cleavage
is required for most ribozyme contexts, and that this selection pressure has resulted in
ribozyme catalytic cores capable of exploiting more than just in-line orientation and 2/
hydroxyl deprotonation.
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Of the six known classes (including twister) of self-cleaving ribozymes, three appear to have
clear and consistent biological functions. The metabolite-dependent gimSribozyme
participates in genetic control by serving as the key component in a negative feedback
loop?3. There are hundreds of known representatives of the glmSribozyme class in bacteria,
typically residing in the 5’ untranslated regions of genes required for glucosamine 6-
phosphate production?4. Self-cleavage of these ribozymes is triggered by direct interactions
with glucosamine 6-phosphate, resulting in decreased expression of the downstream
genes?3:36, The hairpin ribozyme class, of which only three examples are known3’, appears
to be important for processing the multimeric genomes of viral satellite RNAs. Similarly, the
single known example of the Neurospora VS ribozyme class is presumed to be important for
processing the abundant Varkud satellite transcript present in the mitochondria of this
fungus3®.

In contrast, there are many thousands of examples of hammerhead, HDV, and twister
ribozymes located in many different genetic contexts and in organisms from different
domains of life. This highlights a key question: what are the biological functions of these
abundant self-cleaving ribozymes? Some hammerhead and HDV ribozymes have been
shown or predicted to be important for processing selfish RNAs18:3%-41 ‘and these
representatives are likely to cleave immediately upon transcription. However, additional
biological roles have been proposed for self-cleaving ribozymes®42, It has also been
suggested that ribozyme-mediated regulation of gene expression could be effected through
factor-dependent self-cleavagel®-22, akin to the metabolite-dependent control of an
allosteric self-splicing RNA%3. If so, there could be control mechanisms and regulatory
signals for self-cleaving ribozymes embedded within the noncoding regions of many
transcripts.

ONLINE METHODS

Bioinformatic analysis of RNA sequences

We identified the type-P1 twister ribozyme structure using a previously established
protocol# that was applied to Clostridiales bacteria present in Refseq®® version 44. The
genes nearby to these RNAs seemed reminiscent to us of hammerhead-associated genes
from a previous studyl®. We hypothesized that the RNA might function as a self-cleaving
ribozyme and that permuted forms also might exist. We detected the permuted forms by
manually permuting our multiple-sequence alignment of type-P1 twister ribozymes to the
anticipated structure of type-P3 and type-P5 forms and using these to conduct homology
searches.

In addition to previously described homology search strategies6 that were applied to all
three permuted forms of twister ribozymes, we searched manually defined patterns using
DARN!47, We sought homologs of twister in all sequences in RefSeq*® version 41, the
“microbial” (bacterial and archaeal) subset of RefSeq version 44, the environmental
sequences used previously6, and additional environmental data from IMG/M#8 and
assembled Human Microbiome Project sequences®®. These databases contain roughly 1011
base pairs of genomic or metagenomic sequences.

Nat Chem Biol. Author manuscript; available in PMC 2014 July 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roth et al.

Page 7

To identify possible hairpins located upstream of twister ribozymes (PO in Fig. 1a), we ran
RNAfold®0 on the 30 nucleotides 5 to each type P1 ribozyme, and selected the 3/-most
hairpin (if any). We anticipate that many of these predicted hairpins might not be
biologically relevant, since even random sequences can commonly form hairpins. Therefore
stems that were weak, that contained relatively large terminal loops (more than 8
nucleotides) or that were far from the P1 stem of the ribozyme (more than 4 nucleotides)
were generally discarded, except in some circumstances when their terminal loops
conformed to the stable tetraloop patterns GNRA, UNCG or CUUG. There were virtually no
good candidates for PO hairpins among eukaryotic twister sequences, suggesting that twister
ribozymes in eukaryotes lack this element. In view of this observation, we never predicted a
PO hairpin in eukaryotic twister sequences.

The consensus features of twister ribozymes presented in Fig. 1a were calculated based
solely on type-P1 twister ribozymes, as depicted in the figure. Nucleotide frequencies and
covariation, as well as a semi-automated drawing were the output of the R2R computer
program®2,

Analysis of genes associated with self-cleaving ribozymes

Predictions of protein-coding genes were obtained as described previously*4, with more
recently obtained sequences annotated using metagenemark®2. Conserved domains in the
predicted proteins were predicted using the Conserved Domain Database®3 version 2.25 as
described previously“.

We then defined an initial set of genes near each hammerhead®, HDV?® and twister
ribozyme. These are all of the self-cleaving ribozymes currently known to be present in
bacteria, except for gimSribozymes®. gimSribozymes were not analyzed because their gene
associations are well understood and dissimilar to those of the other self-cleaving ribozymes.
Bacterial hammerhead ribozyme locations were obtained by using alignments from a
previous study!® as queries for the cmsearch program®*. HDV ribozymes were predicted
using a bacterial HDV ribozymel7 in Faecalibacterium prausnitzii as an initial query for
manually iterated searches using cmsearch.

Genes were collected that are located within 6 kb of a self-cleaving ribozyme and that are at
least 200 bp from the edge of a sequence fragment (Fig. 2). The latter criterion was imposed
because many metagenome sequences are fragmented due to limited coverage, and truncated
protein-coding genes near fragment edges could complicate the analysis.

The occurrence frequencies reported might be underestimated because genetic elements with
nearby truncations in a metagenomic contig were counted, but such truncations might
eliminate some ribozyme sequences that are present in the genome. Although bacterial HDV
ribozymes are often located nearby to other HDV ribozymes, they otherwise exhibit gene
associations that are different from the other ribozyme classes examined. Therefore, HDV
ribozymes are not included in our comparison (Fig. 2). The analysis of permuted forms other
than twister type P1 and hammerhead type Il ribozymes was complicated by the fact that
fewer representatives are found in bacteria. Therefore, such permuted forms were not
included in our comparison.
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For the vertical axis (Fig. 2), we use the fraction of genetic elements residing within 6 kb of
the twister or hammerhead RNAs to avoid including very common domains (such as
cd00156 with 686,759 representatives). Sequences corresponding to such domains are likely
to reside near those corresponding to one of these RNASs simply due to the abundance of the
conserved domains, rather than to a functional association with the RNAs.

The protein domains whose positions are most highly associated with the designated twister
or hammerhead RNAs represent 12 of 45,719 conserved domains in the database used. As a
means to gauge the relative abundances of these domains, we note that the least- and most-
common of these 12 associated domains occur 705 and 4,139 times in proteins, respectively,
and 7,108 domains of the 45,719 occur between 705 and 4,139 times.

Note that genetic elements commonly associated with twister RNAs are hammerhead
ribozymes, and vice versa. (Further, hammerhead ribozyme sequences sometimes occur
multiply and in proximity to one another, and this is also true for twister ribozymes.) The
frequent associations of twister and hammerhead RNAs suggest that the functions of these
two RNA classes are interchangeable.

Assays of self-cleavage during transcription

Double-stranded DNA templates encoding twister RNAs from O. sativa [NC_008404.1
(sequence accession number)/1825405-1825354 (coordinates, 5’ to 3’)], S. mansoni
(NW_003038506.1/256125-256056), R. intestinalis (NZ_ABYJ02000020.1/1803-1854),
and environmental sequence (ASMM170b_GJFD58A01ENAB6/114-41; this sequence was
obtained from IMG/M“8 under taxonid 2100351011) were generated by extending the
synthetic oligodeoxynucleotide 5-TAATACGACTCACTATAGG (containing the T7
promoter) on the appropriate antisense DNA, or by simultaneously extending partially
complementary oligodeoxynucleotides (Sigma-Aldrich and Integrated DNA Technologies)
using SuperScript 11 reverse transcriptase (Invitrogen) according to the manufacturer’s
instructions. Transcriptions in vitro were performed as previously described®>.

Internally 32P-labeled products were then separated using denaturing (8 M urea) 15%
polyacrylamide gel electrophoresis (PAGE) and detected with a Typhoon Trio+ Variable
Mode Imager (GE Healthcare).

Cleavage assays for bimolecular ribozyme constructs

Bimolecular twister ribozyme constructs were based on type P1 representatives from
Nasonia vitripennis (NW_001815459.1/1079284-1079348), Nematostella vectensis
(NW_001834173.1/63183-63244), Oryza sativa (NC_008404.1/26415927-26416006), and
Clostridium bolteae (NZ_ABCC02000048.1/9855-9790), and on a type P3 example from
environmental sequence (coordinates provided above). Substrate and enzyme strands of the
bimolecular complexes were individually synthesized, resulting in the elimination of L3
sequences from parent ribozymes of type P1, and in the elimination of the L1 sequence from
the type P3 parent.

Substrate RNAs, including those containing deoxyuridine and phosphorothioate
modifications, were purchased from Integrated DNA Technologies and 5’-end-labeled with
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v-32P [ATP] and T4 polynucleotide kinase (New England Biolabs) according to the
manufacturer’s instructions. Double-stranded DNAs encoding enzyme RNAs were prepared
as described above and used as templates for transcriptions in vitro, also as above. Before
being added to cleavage reactions, all RNAs were purified by denaturing PAGE, eluted from
gel slices in 10 mM Tris-HCI (pH 7.5 at 23°C), 200 mM NaCl and 1 mM EDTA, and
concentrated by precipitation with ethanol. Bimolecular cleavage reactions were incubated
at room temperature and contained 30 mM HEPES (pH 7.5 at 23°C), 100 mM KCI, 20 mM
MgCly, 5 nM 5’ 32P-labeled substrate and 100 nM unlabeled enzyme RNA, unless otherwise
indicated. Substrate and enzyme RNAs were combined, heated to 80°C for 1 min, and
cooled to room temperature before cleavage reactions were initiated with MgCl,. Unless
otherwise indicated, reactions were halted by adding an equal volume of stop solution (90%
formamide, 50 mM EDTA, 0.05% xylene cyanol and 0.05% bromophenol blue). Reaction
products were separated using denaturing 20% PAGE and detected as above.

Ligation assay

The twister ribozyme derived from environmental sequence was transcribed in vitro as
described above. The internally 32P-labeled cleavage products generated during this step
were individually purified by denaturing PAGE, eluted and concentrated also as described
above. Ligation reactions contained the 5" and 3’ cleavage products (500 nM and 2.5 uM,
respectively) and 5 mM MgCly, but were otherwise prepared exactly as the bimolecular
twister ribozyme cleavage assays described above. Reaction products were separated using
denaturing 10% PAGE and detected and quantified as described elsewhere in Online
Methods.

Cleavage site mapping

The cleavage reaction contained ~100 nM 5’ 32P-labeled N. vitripennis substrate RNA and
~500 nM enzyme RNA, and was incubated at 23°C for 30 min in the presence of 5 mM
MgCl, under otherwise standard conditions. Subsequently, aliquots of the reaction products
were incubated for 3 h at 23°C under neutral conditions or in the presence of 25 mM HCI.
The acid-treated sample was then neutralized with NaOH, while the no-acid control received
the same molar quantity of NaCl. To prepare RNA ladders, the radiolabeled substrate was
partially digested in the presence of 25 mM sodium citrate (pH 5.0 at 23°C), 4 M urea, 0.6
mM EDTA, and 0.2 U/uL RNase T1 (from Aspergillus oryzae; Boehringer Mannheim) for
11 min at 55°C, or in the presence of 50 mM Na,CO3 (pH 9.0 at 23°C) and 1 mM EDTA for
7 min at 90°C. Samples were mixed with equal volumes of a urea-containing gel loading
buffer and analyzed by denaturing 20% PAGE as above.

Mass spectrum analysis of ribozyme cleavage products

A 50 pL reaction containing 20 mM HEPES (pH 7.5 at 23°C), 100 mM NaCl, 20 mM
MgCl,, and substrate and enzyme RNAs at concentrations of 3 UM and 4 M, respectively
(corresponding to the C. bolteae bimolecular construct; Supplementary Fig. 8a), was
incubated for 1 min at 37°C. Following precipitation with ethanol and centrifugation, the
reaction products were resuspended in 10 pL water and subjected to monoisotopic (exact
mass) spectrometry (Novatia LLC).
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Rate constant (kops) measurements

Excepting variations in MgZ* concentration and pH, reactions were performed under
standard conditions using the bimolecular twister construct derived from environmental
sequence. Cleavage reactions for the Mg?* profile were terminated with 1.5 volumes of a
solution containing 75% formamide, 125 mM EDTA, 0.05% xylene cyanol and 0.05%
bromophenol blue. Cleavage levels were quantified using ImageQuant software (Molecular
Dynamics). Apparent first order rate constants were determined by nonlinear curve fitting
using MATLAB (MathWorks), with the equation f; = (f., — fg) * e Kobst + f__, where f;, f,
and fy are the fractions cleaved at time = t, upon exhaustive incubation, and att = 0,
respectively, and kqps is the apparent first order rate constant.

RT-PCR amplification

N. vitripennis pupae were obtained from Ward’s Natural Science. Newly emerged N.
vitripennisadults and leaves from O. sativa Japonica seedlings were pulverized under liquid
nitrogen with a mortar and pestle, and genomic DNA and total RNA were isolated using
TRIzol (Ambion) according to the manufacturer’s instructions. RNA samples were treated
with RQ1 DNase (Promega), and reactions were either terminated with RQ1 DNase Stop
Solution as suggested by the manufacturer or extracted successively with phenol/chloroform
(1:1) and chloroform/isoamyl alcohol (24:1) and concentrated by ethanol precipitation.
Following a 1 min denaturation step at 80°C, 1.5 ug of DNase-treated RNA and 75 pmol of
random hexamer primers (Applied Biosystems) were added to 25 pL reactions containing
SuperScript 11 reverse transcriptase (Invitrogen) or to mock reactions that lacked reverse
transcriptase, and these reactions were incubated (under conditions prescribed by the
manufacturer) successively at room temperature for 15 min, 37°C for 15 min, and 42°C for
1 h. Subsequently, the genomic DNA preparations and the products of the reverse
transcription reactions were used as templates in PCR amplifications with gene-specific
primers (Supplementary Fig. 7e), using either standard or touchdown®® protocols. PCR
products were analyzed on 3% agarose gels and stained with ethidium bromide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Consensus sequence and secondary-structure model for twister self-cleaving ribozymes
(a) Detailed consensus model based on 2690 twister ribozymes depicted in its type P1

configuration, wherein the RNA chain begins and ends at the base of the P1 stem. The
arrowhead identifies the cleavage site. Gray, black and red nucleotides designate
conservation of at least 75, 90, and 97%, respectively; positions in which nucleotide identity
is less conserved are represented by circles. Green shading denotes predicted base pairs
supported by natural covariation. Notations i and ii identify predicted pseudoknots. Numbers
in parentheses are the variable lengths of linker sequences that sometimes form stem
structures as indicated. R and Y denote purine and pyrimidine, respectively. (b, ) The RNA
chains of naturally occurring type P3 and type P5 configurations enter and depart the motif

at the optional P3 or P5 stems, respectively.
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Figure 2. Common associations between various genetic elements and twister or hammer head
RNAs

Plot of the ten genetic elements most frequently associated with twister type P1 (left) or
hammerhead type Il (right) RNAs as ranked by the fraction of occurrences of the element
located within 6 kilobases (kb) of these RNAs. Other permuted ribozyme forms were not
analyzed (see Supplementary Methods). Conserved protein domains from the Protein
Families (pfam) or Clusters of Orthologous Groups (COG) databases with a stated
relationship to Mu bacteriophages are designated. Protein domains of unknown function are
labeled with a question mark. Genetic elements associated with both ribozyme classes are
assigned a color, whereas other elements are depicted in gray.
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Figure 3. Sequence, structure and activity of atwister ribozyme from N. vitripennis
(a) Sequence and secondary structure of the bimolecular construct derived from a twister

ribozyme from N. vitripennis. Red nucleotides correspond to the ten most highly conserved
nucleotides of the consensus sequence; other annotations are as described in the legend to
Fig. 1a. Non-native guanosine residues were added to the 5" end of the enzyme strand to
facilitate transcription invitro. (b) Activity of the N. vitripennis bimolecular ribozyme
construct. Trace amounts of 5 32P-labeled 22-nt substrate RNA (S) were incubated for 0 or
15 min in the absence (-) or presence (+) of 20 mM Mg?2* and the corresponding unlabeled
RNA enzyme domain as indicated. 5’ 32P-labeled cleavage product (5’ Clv) was separated
from the uncleaved substrate by denaturing 20% PAGE. (c) For mapping the cleavage

site, 32P-labeled substrate (S) was partially digested with RNase T1 (T1; cleaves after G
nucleotides) or with alkali (TOH), or was reacted with unlabeled enzyme RNA, followed by
product separation using denaturing 20% PAGE. The products of the ribozyme reaction
were loaded on the gel without (=) or with (+) prior acid treatment, or samples of each were
combined (mix) to directly compare product mobilities. The asterisk denotes a band with a
mobility that would be expected for a side product of RNA synthesis that is shorter by one
nucleotide than the full-length substrate; this is not unusual for synthetic RNA preparations.
A version of this figure containing full-length gel images is shown in Supplementary Figure
12.

Nat Chem Biol. Author manuscript; available in PMC 2014 July 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Roth et al.

Page 17

a time (min)

0 05 1 5 10 30 45 60

5 Clvp> L ———
0.05 mM Mg?; pH 7.25

b log ¢ (Mg, M)

5 4 3 2 -1 0

1
| | ..i... | |
.- Mg?* Profile
0 - B MES (pH 5.5)
FE a4k 880000
E u 0P "%%00
22 ® pH Profile
0 2 (0.05 mM Mg?)
D 3t ® MES
o - [ ] © HEPES
O Tris
-4 = - o
-5 ’ | | |
4 5 6 7 8 9
pH
c — M92+ Mn2+ Ca2+ Co2+ Ni2+ Cd2+ Sr2+ Zn2+

Sham— e — ——
5 Clvp> ———— ——

Figure4. Kinetic characteristics of atwister ribozyme derived from an environmental DNA

(a) Representative time course for cleavage of a bimolecular twister ribozyme derived from
an environmental sequence (Supplementary Fig. 5a). Other details are as described in the
legend for Fig. 3b. (b) Effects of Mg2* concentrations and pH on twister ribozyme rate
constants. (c) Twister ribozyme activity assays in the presence of various divalent metal
ions. 5" 32P-labeled substrate was incubated with excess enzyme RNA for 1 min in the
absence (-) or presence of 1 mM of the divalent metal ions indicated. A version of this
figure containing full-length gel images is shown in Supplementary Figure 13.
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