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Abstract

Small nucleolytic ribozymes are RNAs that cleave their own phosphodiester backbone. While
proteinaceous enzymes are regulated by a variety of known mechanisms, methods of regulation
for ribozymes remain unclear. Twister is one ribozyme class for which many structural and
catalytic properties have been elucidated. However, few studies have analyzed the activity of
twister ribozymes in the context of native flanking sequence, even though ribozymes as transcribed
in nature do not exist in isolation. Interactions between the ribozyme and its neighboring sequences
can induce conformational changes that inhibit self-cleavage, providing a regulatory mechanism
that could naturally determine ribozyme activity in vivo and in synthetic applications. To date,
eight twister ribozymes have been identified within the staple crop rice (Oryza sativa). Herein, we
select several twister ribozymes from rice and show that they are differentially regulated by their
flanking sequence using published RNA-seq datasets, structure probing, and co-transcriptional
cleavage assays. We found that the Osa 1-2 ribozyme does not interact with its flanking sequences.
However, sequences flanking the Osa 1-3 and Osa 1-8 ribozymes form inactive conformations,
referred to here as “ribozymogens”, that attenuate ribozyme self-cleavage activity. For the Osa 1-
3 ribozyme, we show that activity can be rescued upon addition of a complementary antisense
oligonucleotide, suggesting ribozymogens can be controlled via external signals. In all, our data
provide a plausible mechanism wherein flanking sequence differentially regulates ribozyme
activity in vivo. More broadly, the ability to regulate ribozyme behavior locally has potential

applications in control of gene expression and synthetic biology.



Introduction
RNA adopts a wide variety of structural motifs, allowing it to fulfill critical biological roles
including catalyzing peptide synthesis, regulating RNA degradation, and mediating innate
immunity.! Small self-cleaving ribozymes are catalytic segments of RNA ranging in length from
50 to 150 nt that perform self-cleavage via an internal phosphodiester transfer reaction.?* Thus far,
ten classes have been identified including hammerhead,* hairpin,> HDV,® Varkud satellite,” g/mS,®
HDV-like,’ twister,!? twister sister,!! pistol,'! and hatchet,!! with each class defined by a unique
structural conformation and catalytic mechanism.

Twister ribozymes have been studied extensively and many of their structural and
biochemical properties have been elucidated.!®!? Structurally, the catalytic core of the twister
ribozyme is comprised of three essential pairings, P1, P2, and P4 (Figure 1A), although variants

suggest that P1 is dispensable for self-cleavage.!®!3-16

The cleavage site is located between
residues —1 and 1 in L1, where residue —1 can be any nucleotide and residue 1 is a conserved A.'°
Self-cleavage occurs via a general acid-base mediated mechanism, in which A1 acts as the general
acid and the first G on the 3’ strand of L1 acts as the general base.!%!3-1517.18 Mutational studies
have demonstrated that changes to the general acid and general base are not well-tolerated.!>1417.19
The reaction can also be assisted by buffer catalysis under biological reaction conditions.?’
Additionally, ~90% of the twister ribozymes that were initially predicted by Breaker and co-
workers possess one or more auxiliary stem-loops, referred to as P3 and P5 (Figure 1A).!1° Even
for twister ribozymes with otherwise identical sequences, these auxiliary stem-loops can vary

greatly in length and sequence.!? Finally, the overall structure is compacted by two pseudoknots,

PK1 and PK2 (Figure 1A), resulting in a well-defined tertiary structure.!%13-16
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Figure 1. Flanking sequence can differentially regulate ribozyme self-cleavage
activity. (A) Secondary structure and tertiary interactions (PK1 and PK2) of a twister
ribozyme. The ribozyme structure is drawn according to its consensus structure' and
characterized crystal structures.''® The cleavage site is designated with a red arrow
between N-1and A1inL1. The general acid (A1) and general base (G) are shown. (B-
C) Upstream and downstream flanking sequences and the ribozyme are colored blue,
magenta, and black, respectively. The cleavage site is marked with a red arrow for
active ribozymes or with an “x” for inactivated ribozymes. (B) A lack of interactions
between flanking regions and the ribozyme promote catalysis by allowing the
ribozyme to assume its catalytic structure (R_ ). Upstream and downstream flanking

ct

sequences adopt self-structures Pup and P, respectively. (C) Self-cleavage can be

inhibited via interactions between flanking sequences and the ribozyme that create
an alternative pairing, szm, which forces the ribozyme to adopt an inactivated state

(R, that is a ribozymogen. This inhibition can be relieved by addition of a

complementary ASO (teal) that binds to the inhibitory region, here the upstream flank.
The ribozyme can then refold to assume its catalytic structure (R, ) and self-cleave.



In nature, ribozymes are flanked on both sides by additional nucleotides, which have the
potential to base pair with the ribozyme. Despite the existence of such flanking sequences, few
studies have assessed how ribozymes are regulated in their native context. Interactions with
flanking sequence can disrupt folding of the ribozyme and impair its function by favoring an
alternative conformation.?!~26 Alternatively, flanking sequence may not interact with the ribozyme,
allowing it to assume its active state and self-cleave.

Indeed, interaction with flanking sequence is a universal mechanism that regulates
functional RNAs beyond ribozymes.?!*> For example, we reported that flanking sequence assists
folding of an RNA thermometer in Bradyhizobium japonicum, by forming three upstream hairpins
that do not interact with the thermometer.?! In another example, we found that the size and
morphology of phase-separated droplets containing G-quadruplexes, a structural motif composed
of layered G-quartets, are dictated by the sequences flanking the G-quadruplex.?? In both large and
small ribozymes, regulation by flanking sequence has also been observed. For instance, the activity
of the large group I self-splicing intron from Tetrahymena thermophila is regulated by flanking
sequence in the 5'-exon that disrupts formation of a catalytic stem, preventing self-splicing.?32
The same type of regulation occurs for the hepatitis delta virus (HDV) ribozyme, wherein upstream
sequence base pairs with the ribozyme, inhibiting native folding and function.?® The addition of
more upstream flanking nucleotides sequester the inhibitory sequence, thereby restoring intrinsic
ribozyme activity. In sum, flanking sequence provides a local and potent mechanism for
modulating the behavior of diverse functional RNAs.

Twister ribozymes are prevalent across much of life, including bacteria, fish, insects,
plants, and reptiles.!%?” The genome of the staple crop rice (Oryza sativa), harbors eight sequences

encoding twister ribozymes, named Osa 1-1 through Osa 1-8.!° Rice is responsible for feeding



over half of the world’s population, making it particularly important to study.?® Unfortunately, rice
is susceptible to damage from abiotic stressors as well as pests and pathogens, such as rice blast
fungus (Magnaporthe orzyae).?® Indeed, ~30% of rice crops are lost annually due to rice blast, and
in severe cases, losses can be as high as 50%.3%3! Intriguingly, according to the latest gene
annotation for rice from Ensembl (Ensembl Annotations release 56), five of the eight rice twister
ribozymes have chromosomal locations near one or more putative disease resistance genes.’?
Understanding how twister ribozymes are regulated in rice may thus provide potential new targets
for treating rice infected with biotic pathogens such as M. oryzae. Moreover, understanding how
flanking sequence regulates ribozymes both in vitro and in vivo is critical for engineering
ribozymes for use in synthetic applications like logic circuits and therapeutics.?***

Herein, we report that native flanking sequences differentially regulate the self-cleavage
activity of twister ribozymes in rice. We present computational and experimental results on three
twister ribozymes including the Osa 1-2 ribozyme which has previously established in vivo self-
cleavage activity,'? as well as the Osa 1-3 and Osa 1-8 ribozymes, which are proximal to putative
disease resistance genes. First, we determined if these ribozymes are expressed in vivo, based on
their coverage in published RNA-seq datasets. We then used predictive folding algorithms and in-
line probing (ILP) to analyze interactions between the ribozyme and their native flanking
sequences. Next, we tested how these interactions impact ribozyme catalysis utilizing co-
transcriptional cleavage assays. Each of the three twister ribozymes present a distinct case, with
either no, strong, or weak interactions between the ribozyme and neighboring sequences. Overall,
our analysis provides insight into the varied effects flanking sequence can have on ribozyme self-

cleavage activity.



Methods and Materials

In vivo expression and self-cleavage activity of twister ribozymes in rice

Twister ribozyme sequences were obtained from the initial publication from the Breaker laboratory
describing these ribozymes.!® The presence of the Osa 1-2, Osa 1-3, and Osa 1-8 ribozyme

35,36

sequences was confirmed in the Os-Nipponbare-Reference-IRGSP-1.0 genome using the

BLASTn webserver (https://blast.ncbi.nlm.nih.gov/Blast.cgi)?’ where the organism was limited to

Oryza sativa from the RefSeq database®® and all other parameters were set to default. Ribozyme

chromosome coordinates are provided in Table S1 and are based on the IRGSP-1.0 genome.3>3¢

35.36 and Ensembl

Neighboring sequences and genes were identified in the IRGSP-1.0 genome
Annotations release 56 for O. sativa Japonica group, respectively.??

RNA-seq data from rRNA-depleted 10-day old root tissue were downloaded from
accession numbers SRR6200382, SRR6200383, and SRR6200476 (151 bp paired-end reads,
sequenced on an Illumina HiSeq X Ten). These datasets were chosen because they had a high
sequencing depth and included non-polyadenylated RNA. Reads were filtered using fastp (version
0.23.2) to remove reads that were low quality, had multiple unknown bases, or were shorter than
15 nucleotides.’® Filtered reads were aligned to the rice genome®-¢ using HISAT2 (version
2.2.1)* and further filtered to exclude unmapped, supplementary (alignments other than the
primary one), and unaligned reads using SAMtools (version 1.17)*! with flag 2308. Replicates
were combined using SAMtools merge.

Coverage per million nucleotides (cpm) for the Osa 1-2, Osa 1-3, and Osa 1-8 ribozymes
was calculated using SAMtools depth (version 1.17).*! To normalize the coverage, read depth at

each nucleotide was divided by the total aligned reads and multiplied by one million. Unless

otherwise noted, default settings were used for the above programs.



Coverage for the Osa 1-2, Osa 1-3, and Osa 1-8 ribozymes is provided in Figure S1, where
ribozymes and flanking sequences are oriented in the 5" to 3’ direction. Ribozymes were considered

to be actively self-cleaving if the coverage between nucleotides -1 and 1 was less than 0.1 cpm.

Conservation of ribozymes and flanking sequences from other rice cultivars and species
To look for single nucleotide polymorphisms (SNPs) in the 3,000 sequenced rice cultivars of O.

sativa, we used the SNP-seek webserver (https://snp-seek.irri.org/_snp.zul).*> Datasets were

limited to the 3k option for the Variety set and 3k filtered for the SNP set. Genomic coordinates
corresponding to the Osa 1-2 and Osa 1-3 ribozymes with 50 nt upstream and 50 nt downstream
were input for the region on chromosome 11. All other parameters were default.

To determine if there was conservation of the Osa 1-2 and Osa 1-3 ribozymes and their flanks
within other Oryza species we searched for similar sequences using the BLASTn webserver

(https://blast.ncbi.nlm.nih.gov/Blast.cgi)*’. Organisms were limited to Oryza australiensis, Oryza

barthii, Oryza brachyantha, Oryza coarctata, Oryza glaberrima, Oryza glumipatula, Oryza
longistaminata, Oryza meridionalis, Oryza meyeriana, Oryza minuta, Oryza nivara, Oryza
officinalis, Oryza punctata, and Oryza rufipogon from the whole-genome shotgun contigs (wgs)
database, and all other parameters remained default. Only species that possessed the Osa 1-2 or
Osa 1-3 ribozymes or sequences that closely resembled them were included in our analysis. This
resulted in exclusion of 6 species for the Osa 1-2 ribozyme: O. australiensis, O. brachyantha, O.
coarctata, O. meyeriana, O. minuta, and O. officinalis. This resulted in exclusion of 7 species for
the Osa 1-3 ribozyme: O. australiensis, O. brachyantha, O. coarctata, O. meyeriana, O. minuta,
O. officinalis, and O. punctata. Those species that did have highly similar sequences to the Osa

1-2 or 1-3 ribozymes were recorded and aligned to O. sativa using the Clustal Omega multiple



sequence alignment webserver (https://www.ebi.ac.uk/Tools/msa/clustalo/).** Default settings

were utilized.

CoFold structure prediction

The CoFold webserver (https://e-rna.org/cofold/), an RNA folding algorithm that takes co-

transcriptional folding into account,*

was used to predict interactions between the rice twister
ribozymes Osa 1-2, Osa 1-3, and Osa 1-8 and their respective flanking sequences as they occur
co-transcriptionally. The Turner free energy parameters were selected, and all other scaling options
were set to default. To mimic RNA interactions that could be produced during transcription, each
ribozyme was folded with either 50 nt of native upstream sequence or 50 nt of both upstream and
downstream sequences. To generate the secondary structural diagrams, CSV files containing the

nucleotide number, RNA sequence, and dotbracket notation output from CoFold were input into

the R2easyR package (https://github.com/JPSieg/R2easyR) to create the Stockholm and R2R meta

files for R2R, a program that depicts RNA secondary structures.*’

Antisense Oligonucleotides
To identify potential activating antisense (AS) transcripts from the pathogen rice blast (M. orzyae),
the 50 nt upstream of the Osa 1-3 ribozyme were input into the BLASTn webserver

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).?” Organisms were limited to M. orzyae (taxid:318829)

from the RefSeq database,*® and all other parameters were set to default. Two regions in the M.
oryzae genome were identified to have extensive complementarity (> 95%) to the upstream
flanking sequence of the Osa 1-3 ribozyme. These two sequences formed the basis of the 46 nt

activating antisense DNA oligonucleotide (ASO) we employed in this study (Table S2). The ASO



was DNA since the interaction is simply dependent on base pairing with the RNA. In addition,
three control ASOs (Scramble 1, Scramble 2, and dT4s) were designed from sequences that would
interact with either the upstream flank, downstream flank, or neither flank of the Osa 1-3 twister
ribozyme (Table S2). All ASOs were ordered from Integrated DNA Technologies (IDT).
Interactions between the activating or control ASOs and the Osa 1-3 ribozyme with either 50 nt of
upstream flanking sequence or 50 nt of upstream and downstream flanking sequences were

predicted using BiFold from the RNAStructure package using default parameters.*®

Co-transcriptional cleavage assays
All ribozyme sequences are provided as both their DNA template and RNA transcripts (Table S2).
Templates were obtained from Integrated DNA Technologies (IDT) as single-stranded DNA. The
DNA templates were prepared as the reverse complement of the following sequences: the
ribozyme with the designated number of flanking nucleotides (no flanking sequence, 50 nt of
upstream flanking sequence, or 50 nt of upstream and downstream flanking sequences), a GG start
sequence that enhances T7 transcription, and the T7 promoter. Folds of all RNAs were predicted
using CoFold (see above), which confirmed that the added GG did not alter the predicted fold.
For each construct, 10 uM each of the above DNA template and T7 promoter
(TAATACGACTCACTATAG) were denatured at 90 °C for 2 min in 25 mM NaCl and annealed
at room temperature for ~10 min to provide a hemi-duplex template. Then, the RNA was in vitro
transcribed in triplicate with trace amounts of [0-**P] ATP under the following conditions: 1 pM
hemi-duplex template, 40 mM Tris (pH 8.3), 2 mM dithiothreitol (DTT), 1 mM spermidine, 625
uM ATP, 5 mM CTP, 5 mM UTP, 9 mM GTP, 25 mM MgCl, 10 pCi of [0-*P] ATP

(PerkinElmer, 250 pCi), and 10% w/v recombinant T7 RNA polymerase (prepared in-house). The

10



concentration of unlabeled ATP was lowered to enhance the fraction of labeled ATP incorporated
into the transcript, and the concentration of GTP was raised to improve the efficiency of
transcription initiation.*’” The NTP solutions were adjusted to pH 8.3 using 1 M Tris base before
being used in transcription. In some assays, activating or control DNA ASO was added to the
transcription mixture to 10 uM final concentration without annealing. All reactions were initiated
with T7 polymerase and incubated for 3 h at 30 °C, which is a temperature at which rice is typically
grown.*® Timepoints (2 pL) were taken at 30, 60, and 180 min, with aliquots quenched in 18 uL
of formamide loading buffer (95% formamide, 50 mM EDTA, 0.1X TBE, 0.1% w/v xylene cyanol,
and 0.025% w/v bromophenol blue), and placed on ice. From each timepoint, 5 puL was
fractionated by polyacrylamide gel electrophoresis (PAGE) on a 10% denaturing (8.3 M urea) gel
run at 20 W for ~1.5 h. After drying, the gels were imaged using a Phosphorimager (Typhoon 650,
GE Healthcare), and the 5'- and 3'-cleavage fragments and full-length ribozyme were quantified
using ImageQuantTL (version 8.2). Fraction cleaved (fcieaved) Was calculated according to equation

1:

IcL 15/+13/

fcleaved = = (1)

IcL+ IFL ISI+I3I+IFL

where Icr, Is, I3, and IrL are the background-subtracted intensities of the cleaved, 5'- and 3'-
cleavage fragments and full-length transcripts, respectively. For each timepoint, feaved Was
averaged across three replicates. Significance of differences in fcieaved for the Osa 1-2, Osa 1-3, and
Osa 1-8 ribozymes with different amounts of flanking sequences were determined using Brown-
Forsythe and Welch ANOVA tests, which account for the standard deviations being non-uniform

across all constructs. This was followed by Dunnett’s T3 multiple comparisons post hoc tests to

11



provide the specific degree of significance between constructs at each timepoint. Resulting P

values are reported in Table S3.

In-line probing of RNA secondary structure

In-line probing was performed on the Osa 1-2 and Osa 1-3 ribozymes with 50 nt of upstream
sequence. We elected not to study the Osa 1-8 upstream+ribozyme construct using ILP. While
CoFold predicted interactions between the ribozyme and its flanking sequence, co-transcriptional
cleavage assays nonetheless showed robust self-cleavage activity of the Osa 1-8
upstream+ribozyme construct. As such, the Osa 1-8 upstream+ribozyme construct was not used
for ILP.

Constructs for ILP were designed similarly to those for co-transcriptional cleavage assays
with the following exceptions: an A1G transition variant was utilized to minimize self-cleavage
activity, and a GGA start sequence was used in place of GG to assist in accessibility of the 5’-end
for radiolabeling. Neither sequence change was predicted by CoFold to alter the secondary
structure of the constructs. All sequences were ordered from Integrated DNA Technologies (IDT)
as single-stranded DNA and are listed in Table S2 as their DNA templates and RNA transcripts.

To prepare the RNA for ILP, 10 uM DNA template and T7 promoter were denatured at 90
°C for 2 min in 25 mM NaCl and annealed at room temperature for ~10 min to provide a hemi-
duplex template. Large-scale transcriptions used 1 uM hemi-duplex DNA template, 40 mM Tris
(pH 8.3), 2 mM DTT, 1 mM spermidine, 4 mM ATP, 4 mM CTP, 4 mM UTP, 8 mM GTP, 25
mM MgCl,, and 6% w/v recombinant T7 RNA polymerase (prepared in-house). Reactions were
incubated at 37 °C for 3 h. The NTP solutions were pH-adjusted to 8.3 as described above, and the

concentration of GTP was raised to improve the efficiency of transcription initiation.*’ An

12



additional 6% w/v of T7 polymerase was added to the samples 1.5 h after initiation of the reaction.
The reactions were quenched using an equal volume of 2X formamide loading buffer (95%
formamide, 80 mM EDTA, 0.1X TBE, 0.05% w/v bromophenol blue). Afterwards, the transcribed
RNA was fractionated using PAGE with a 10% denaturing (8.3 M urea) gel run at 40 W for 4 h
and visualized using UV shadowing. The resulting bands were excised from the gel, crushed, and
soaked in TEN»so (10 mM Tris pH 7.5, 1 mM EDTA, 250 mM NaCl) overnight at 4 °C before
being ethanol precipitated the next day. Excess salts were subsequently removed using a 3K
Amicon Ultra centrifugal filter and rinsing with water.

To remove the 5'-terminal triphosphate from the transcribed RNA, 100 pmol of each
transcript was treated with shrimp alkaline phosphatase (SAP, New England Biolabs) for 30 min
at 37 °C, followed by heat inactivation at 65 °C for 5 min. To add a 5'-terminal radioactive
phosphate, 10 pmol of the SAP-treated RNA was incubated with [y-*P] ATP (PerkinElmer,
5 mCi) and T4 polynucleotide kinase (T4PNK, New England Biolabs) at 37 °C for just 30 min to
minimize ribozyme self-cleavage. Reactions were quenched using an equal volume of 2X
formamide loading buffer and fractionated by PAGE using a 10% denaturing (8.3 M urea) gel run
at 20 W for 60 min. Bands were excised from the gel and crushed and soaked overnight in TEN>so
at 4 °C, ethanol precipitated the following day, and resuspended in 100 pL of water.

The radiolabeled RNA was refolded by incubating it at 90 °C for 2 min and equilibrating
at 30 °C for 10 min. The ILP reactions were conducted by incubating 1.0 x 10° counts per minute
per uL (cpm/pL) 5’-end labeled RNA, 40 mM Tris (pH 8.3), 40 mM KCI, 10 mM MgCl,, and
0.01% sodium dodecyl sulfate (SDS) at 30 °C for 48 h, which mimics conditions from co-
transcriptional cleavage assays; trace SDS was added to inactivate any RNases. The ILP reaction

was repeated in triplicate for each transcript. Aliquots (10 uL) were removed at 0, 6, 24, and 48 h

13



and quenched in 10 puL of 2X formamide loading buffer. At each timepoint for each replicate, 4 pL
of the aliquot was fractionated using PAGE on a 10% denaturing (8.3 M urea) gel run for 4 h at
70 W. After drying, the gels were imaged using a Phosphorimager (Typhoon 650, GE Healthcare).
The gels were analyzed in triplicate utilizing semiautomated footprinting analysis (SAFA)
software.* Raw signal for the upstream 50 nt of the Osa 1-2 ribozyme was normalized to the
average ILP signal of loop nucleotides -33 to -26, as they were predicted to be single stranded.
Similarly, raw signal for the Osa 1-3 ribozyme and its upstream 50 nt was normalized to the
average ILP signal of nucleotides -1 to 4, as these nucleotides were predicted to be single-stranded.
Calculated ILP signal was mapped onto the appropriate predicted secondary structure using the

R2easyR package (https://github.com/JPSieg/R2easyR) and R2R* as described above, with the

addition of a column in the CSV file containing the ILP signal.

Thermal denaturation (melts)
To assess potential interactions between sequences flanking the Osa 1-3 ribozyme and ASOs, we
utilized thermal denaturation, or melts. The upstream flank RNA consisted of 50 nt upstream of
the ribozyme as well as the 5'-cleavage fragment (5 nt), while the downstream flank RNA consisted
of 50 nt downstream of the 3’ end of the ribozyme, and both RNAs were obtained from Integrated
DNA Technologies (IDT). The ribozyme sequence was not included because we were interested
in how the flanking sequences interact with ASOs and regulate ribozyme activity.

All DNA ASOs and RNA flanks (upstream or downstream) were individually resuspended
to a final concentration of 100 uM in water and dialyzed using a 3K Amicon Ultra centrifugal filter
into 40 mM MOPS (pH 7.0) and 40 mM NacCl to mimic conditions from the co-transcriptional

cleavage assays. Tris (pH 8.3) was replaced with MOPS (pH 7.0) because its pKa is less sensitive

14



to temperature.’® For melts of a single element, either 2 uM ASO (dT46, Scramble 1, Scramble 2,
or Activating ASO) or 2 uM flank (upstream or downstream flank) was used. For melts of the
mixture, 0.5 uM flank and 1 uM ASO were used at this 1:2 ratio. These concentrations were
chosen to provide an optimal absorbance of ~1.0 at 260 nm. Prior to melts, samples were denatured
for 2 min at 90 °C and allowed to cool to room temperature for ~10 min, at which time MgCl, was
added to a final concentration of 10 mM.

All melts were acquired from 200-600 nm on an HP 8452 diode array, refurbished by OLIS
Inc. Absorbances were measured from 5-95 °C at increments of 0.5 °C with a ramp rate of 0.5
°C/min. Raw absorbances for all melts were buffer subtracted. First derivative plots were prepared
from the buffer-corrected melt data at 260 nm using a 0" order smoothing polynomial and 3-point
smoothing (Prism 9, version 9.5.1). All melting transitions were complete and baselines
established by 80 °C, so plots were truncated at that temperature. Melting temperatures (Tm) were
estimated from the local maximum in the first derivative plots.

To confirm binding of flank and ASO, difference melts were calculated. Concentration-
corrected absorbances of 2 uM flank and of 2 uM ASO were subtracted from absorbances of a
mixture of 0.5 uM flank and 1 uM ASO. Specifically, the difference melt (Diff Melt) was

calculated according to equation 2:
Diff Melt = [0.5 uM flank+1 uM ASO]-0.25[2 uM flank]-0.5[2 uM ASO] (2)

The first derivative of Diff Melt was then taken as described above. Negative peaks in the
difference plots indicate loss of free flank and of ASO and thus binding of ASO and flank to each
other. Likewise, positive peaks in the difference plots indicate the formation of ASO-bound flank,
again indicating binding of ASO and flank to each other. In contrast, the absence of peaks in the

difference plots indicates a lack of interaction between ASO and flank.
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Results

Flanking sequence can influence ribozyme self-cleavage efficiency. For instance, sequences
adjacent to the ribozyme can adopt self-structures that permit the ribozyme’s active conformation
(Ract) and self-cleavage activity. We refer to flanking self-structures within the upstream and
downstream sequences as “Pu,” and “Pgown”, respectively (Figure 1B). Alternatively, flanking
sequences may inhibit self-cleavage by base pairing with the ribozyme sequence. Such interactions
can produce alternative conformations wherein the ribozyme is instead trapped in an inactivated
state (Rinact) (Figure 1C). We name such ribozymes “ribozymogens”, a portmanteau of “ribozyme”
and “zymogen”. Similar to protein zymogens, ribozymogens can be activated by binding of an
external factor that allows the ribozyme to refold.’’>? For ribozymes, one such activating factor
could be an ASO that has complementarity to the inhibitory region of the flank; binding of the
ASO to this inhibitory region would allow the ribozyme to refold into Rac and self-cleave (Figure
1C). In the following sections, we provide evidence that native flanking sequence can allow the

function of some rice twister ribozymes and inhibit the function of others.

The Osa 1-2 ribozyme self-cleaves efficiently in the presence of its flanking sequences

The Osa 1-2 ribozyme (Figure 2A) has previously been demonstrated to self-cleave in vitro and in
vivo.!? To establish in vivo self-cleavage activity, Breaker and colleagues used an RT-PCR
amplification assay with primers that spanned the cleavage site.!” As an alternative to this assay,
which relies on an absence of signal, we examined in vivo self-cleavage activity by analyzing the

coverage of transcriptome-wide RNA-seq data from 10-day old rice root tissue. RNA-seq reads
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were downloaded from the SRA database and mapped to the genome of O. sativa Japonica group.
Coverage was determined from 6000 nt upstream to 1000 nt downstream of the cleavage site of
the ribozyme. Analysis of the aligned data revealed continuous coverage ranging from the
upstream gene (Os11g0139700, function unknown) to the cleavage site (Figure S1A). Coverage
at the cleavage site exhibited a sharp drop to 0 cpm (Figure S1B), indicative of complete self-
cleavage of the ribozyme. Indeed, there was very low coverage downstream of the cleavage site
(Figure S1A, B), which could suggest that the 3'-cleavage fragment is degraded following self-
cleavage. Overall, our RNA-seq analysis provides direct support that the Osa 1-2 ribozyme is
expressed and cleaving in vivo, as previously reported from loss of RT-PCR signal.!”

Based on this strong in vivo self-cleavage activity, we hypothesized that a lack of
interaction between the Osa 1-2 ribozyme and its native flanking sequences permits the ribozyme
to fold and self-cleave co-transcriptionally. To evaluate this hypothesis, we folded the Osa 1-2
ribozyme with 50 nt immediately upstream of the ribozyme using CoFold. This predictive RNA
folding program takes co-transcriptional folding of the RNA into account, which is necessary since
twister ribozymes fold and self-cleave while being transcribed.!®* No interactions between the
ribozyme and its upstream flanking sequence were uncovered by CoFold; indeed, the upstream
region adopted a simple hairpin structure (Pyp) (Figure 2B, blue), while the ribozyme formed its
catalytically active structure (Ract) (Figure 2B, black). Similar results were obtained when the Osa
1-2 ribozyme was folded with both its upstream and downstream flanking sequences, where
formation of Py, and the ribozyme as Ract were maintained, while the downstream flank formed a

hairpin (Pgown) (Figure 2B, magenta).
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Figure 2. Sequences flanking the Osa 1-2 twister ribozyme do not interact with the
ribozyme. (A) Secondary structure of the Osa 1-2 ribozyme. The red arrow indicates
the cleavage site, and the specific base pairing interactions of the two pseudoknots,
PK1 (orange) and PK2 (green) are shown. (B) Predicted secondary structure of the
Osa 1-2 ribozyme (black) with 50 nt upstream (blue) and downstream (magenta). R_,

is the ribozyme in its active conformation. Without the downstream flank, formation of
Pup andR_, is still maintained (not shown). (C) Normalized ILP signal from 24 h on the
predicted hairpin Pup upstream of the Osa 1-2 ribozyme. The hairpin was 5"-end

labeled and ILP signal was normalized to the average signal of loop nucleotides -33
through -26. There is no signal for -58 to -48 and -3 to -1 since they could not be
resolved on the gel or could not be measured with SAFA. Structural features are
marked above the graph, with largely paired elements denoted with boxes and single-
stranded regions with lines. (D) Normalized ILP signal (24 h) mapped onto the
secondary structure for Pup. Nucleotides are shaded according to ILP signal and those

with a grey line had no signal. Values below 0.5 were not mapped.
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We next sought to test this folding model experimentally. First, we determined the
secondary structure of the Osa 1-2 upstream-+ribozyme construct using ILP, which assesses RNA
secondary structure by exploiting hydrated magnesium hydroxide-assisted degradation of single
stranded and other flexible regions of the RNA.> We attempted to minimize self-cleavage of the

Osa 1-2 upstream+ribozyme construct via an A1G transition.!'®!7:18

However, despite this
mutation, the ribozyme cleaved to completion during transcription. We were, however, able to
isolate and probe the 5'-cleavage fragment, which contains Pyp. This structure is of interest because
the in vivo self-cleavage activity of the Osa 1-2 ribozyme in the presence of its flanking sequences
indicates that the ribozyme is not inhibited by this upstream sequence.!”

The upstream fragment was studied by ILP under conditions that simulated in vitro
transcription. The temperature was set at 30 °C, which is a typical growth temperature for rice.*®
Timepoints were taken at 0, 6, 24, and 48 h and analyzed for degradation by denaturing PAGE (Figure
S2). Nucleotides -50 to -4 were analyzed from the 24 h timepoint, which was the first timepoint to show
strong cleavage from ILP, and the signal was normalized over the average signal of residues -33 to -26,
which were predicted to be single stranded. After normalization, ILP signal localized primarily to three
regions: -44 to -43, -33 to -26, and -6 to -4 (Figure 2C). The ILP signals mapped onto single stranded
regions of the CoFold-predicted secondary structure for Pyp, including all of Ly, (Figure 2D), supporting
the predicted structure. The only exception was nucleotide -43, which was predicted to form a UeG
wobble, preceded by a bulged G and another UeG wobble. The high ILP signal of nucleotide -43
is thus attributable to breathing within the RNA structure. Overall, our experimental data strongly
support the CoFold predictions.

To further investigate the impact of flanking sequence on the self-cleavage activity of the

Osa 1-2 ribozyme, we performed co-transcriptional cleavage assays. Without flanking sequence,
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the feleaved Was 0.72 at 30 min for the Osa 1-2 ribozyme, which remained relatively unchanged over
the course of the reaction (Figure 3, S3A). Such strong self-cleavage activity is unsurprising as the
Osa 1-2 ribozyme conforms to the consensus sequence for active twister ribozymes.>!? Similarly,

the Osa 1-2 upstream+ribozyme and Osa 1-2 upstream-+ribozyme+downstream constructs yielded

UpstreamFlank + -+
Ribozyme + + o+

Downstream Flank - -+
1.0 =

0.8 -
0.6 -

0.4 —

Fraction cleaved

0.2 —

0.0 -

time (min)

Figure 3. Sequences flanking the Osa 1-2 twister ribozyme do not impede
ribozyme self-cleavage. The fraction cleaved for the Osa 1-2 ribozyme with 50 nt
upstream (blue), no flanking sequences (gray), and 50 nt upstream and downstream
(purple) from co-transcription- al cleavage assays at 30 "C. Each construct was body
labeled and tested in triplicate. Circles on the graph represent individual fraction
cleaved measurements. Average values are depicted with error bars showing the
standard deviation. For all P-values a = 0.05 (ns: not significant).
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an feleaved 0 0.73 and 0.74 at 30 min, respectively, which were very close to the feicaved value of 0.72
for the Osa 1-2 ribozyme alone (Figures 3, S3B, & S3C). Indeed, there was no significant
difference in the fueaved Value among the three constructs at any timepoint, as substantiated by
Brown-Forsythe and Welch ANOVA tests (P values are summarized in Figure 3 and provided in
Table S3). Therefore, sequences flanking the Osa 1-2 ribozyme had no significant impact on the
ability of the ribozyme to self-cleave, as supported by co-transcriptional self-cleavage assays.

To determine if there was conservation of the Osa 1-2 ribozyme and its flanks, we assessed
sequences across the 3,000 sequenced rice cultivars and other Oryza species. The SNP-seek
database was first searched to look for SNPs in the Osa 1-2 ribozyme and its flanking sequences
amongst 3,000 rice cultivars. Only one SNP was found, which was a C-to-G transversion at
nucleotide 48, and is predicted to be at the base of P1 (Figure 2B), which has been experimentally
shown to be unnecessary for self-cleavage.!> Moreover, this SNP occurred with a minor allele
frequency (MAF) of just 1.99% in the 3,000 cultivars.*? Interestingly, when separately assessing
the 150 cultivars in the aromatic subgroup of rice that are present in the 3k dataset, the allele
frequency for this SNP was much higher, at 52.67%.*> Expanding the search, we then looked at
related Oryza species that also contained the Osa 1-2 ribozyme. For six other Oryza species
containing the Osa 1-2 ribozyme, the upstream region was the same as that of O. sativa, while in
two other species, O. meridionalis and O. punctata, the sequence differed by only two to three
nucleotides, respectively (Figure S4A). When folded with CoFold, a similar Py, was predicted to
form for all eight species. In these same eight species, the Osa 1-2 ribozyme itself had 100%
sequence similarity to that of O. sativa (Figure S4B). For six of the eight species, the downstream

region was also highly similar to that of O. sativa (Figure S4C). However, both O. meridionalis
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and O. punctata had a large insertion after nucleotide 50 (the third nucleotide of the downstream

flank), which was also predicted by CoFold to adopt a strong self-structure.

The Osa 1-3 ribozyme self-cleavage is inhibited by interactions with its flanking sequences
Expanding our analysis, we next studied interactions between the Osa 1-3 ribozyme (Figure 4A)
and its flanking sequences. The Osa 1-3 ribozyme is located on chromosome 11, which harbors
many putative disease resistance genes,’* and is flanked by two such genes, Os11g0673600 and
Os11g0673900 (Table S1). To determine if the Osa 1-3 ribozyme was expressed with its flanking
sequences, we analyzed RNA-seq data from 6000 nt upstream to 1000 nt downstream of the
cleavage site of the ribozyme. The region upstream of the Osa 1-3 ribozyme was transcribed,
including Os11g0673600 (Figure S1C). The Osa 1-3 ribozyme was also expressed and notably
there was a large decrease in coverage at the cleavage site, although not quite to 0 cpm (Figure
S1D). Indeed, some of the reads included the ribozyme and its upstream and downstream
sequences at a level of 0.07 cpm at the cleavage site, suggesting that the ribozyme may not self-
cleave to completion in vivo.

To ascertain if the Osa 1-3 ribozyme (Figure 4A) interacts with its native flanking
sequence, we folded it with 50 nt of its upstream sequence using CoFold. In contrast to the Osa 1-
2 ribozyme, with the exception of P3, formation of Rac is almost entirely disrupted for the Osa 1-
3 ribozyme by its upstream flank. A pairing, hereafter referred to as “P,ym” for zymogen pairing,
is formed between the pyrimidine-rich upstream region (-36 to -8) and the purine-rich 3'-half of
the ribozyme (44 to 73) (Figure 4B, blue and black). This set of interactions appears to lock the
ribozyme into an inactivated ribozymogen state, Rinact. Next, the Osa 1-3 ribozyme was folded with

50 nt of upstream and downstream flanking sequences using CoFold. Formation of “P,ym” and P3
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Figure 4. Sequences flanking the Osa 1-3 twister ribozyme interact with the ribozyme.
Colors match those used in Figure 2. (A) Secondary structure of the Osa 1-3 ribozyme.
The red arrow indicates the cleavage site, and the specific base pairing interactions of
the two pseudoknots PK1 (orange) and PK2 (green) are shown. (B) Predicted
secondary structure of the Osa 1-3 ribozyme with 50 nt upstream and downstream,
with the ribozyme forming szmogen (szm). The red arrow with an “x” indicates the

cleavage site in the inactivated state (Rinact), and the teal line is where the
complementary activating ASO binds. (C) Normalized ILP signal from 24 h on the Osa
1-3 ribozyme with 50 nt upstream. This construct was 5°-end labeled and ILP signal
was normalized to the average signal of nucleotides -1 to 4. There is no signal for -58
to -45 and 48 to 75 since they could not be resolved on the gel or measured by SAFA.
Structural features are marked above the graph, with largely paired elements denoted
with boxes and single-stranded regions with lines. (D) Normalized ILP signal (24 h)
mapped onto the predicted secondary structure szm. Nucleotides are shaded

according to ILP signal and those with a grey line had no signal. Values below 0.5 were
not mapped.

were maintained, while the sequence downstream of the ribozyme (91 to 124) adopted a small
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pairing “Pgown” (Figure 4B, magenta).

To test the secondary structure of the Osa 1-3 upstream-+ribozyme construct, we again
employed ILP under conditions that simulated in vitro transcription. As with the Osa 1-2 ribozyme,
we utilized an A1G mutant to minimize self-cleavage, and here we were able to isolate the full-
length transcript containing the Osa 1-3 ribozyme and upstream flank. We then performed ILP
(Figure S5) as described above. Nucleotides -44 to 47 were quantified and ILP signal was
normalized to the average signal of nucleotides -1 to 4, which were predicted to be single-
stranded.

Analysis of the ILP data revealed several regions of high signal for the Osa 1-3
upstream+ribozyme construct (Figure 4C). For instance, nucleotides -44 to -35 displayed
normalized ILP signals near 1.0 and aligned with the unstructured 5'-stretch of the predicted
structure (Figure 4D). Intriguingly, nucleotides -15 and -13 had high signals of 2.1 and 4.5,
respectively (Figure 4C). While expected for nucleotide -13, as it is part of an internal bulge within
the predicted structure (Figure 4D), nucleotide -15 was predicted to form an AU base pair with 51
(Figure 4D). It is plausible that nucleotide -15 may be somewhat dynamic and not form a base
pair. Further downstream, residues -8 through -4 had high ILP signals (Figure 4C), which
corresponded well with an internal loop and its closing base pair within the predicted secondary
structure (Figure 4D). In the topmost loop of the structure (Figure 4D), nucleotides -1, 3, and 4
had average ILP signals of 3.1, 1.0 and 1.0, respectively, supporting the predicted structure (Figure
4C). Nucleotides in L3 (25 to 27) exhibited signals above background, supporting the formation
of P3 (Figure 4D). Both residues 24 and 28, which formed the last predicted base pair of P3 (Figure
4D), had similar ILP signal to L3 nucleotides (Figure 4C), suggesting they may not always interact.

In general, the highest ILP signals for the Osa 1-3 upstream+ribozyme construct aligned to single-
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stranded regions, while nucleotides predicted to base pair had negligible signal. Even though the
3’-most nucleotides in this construct could not be resolved to single nucleotide resolution, there
were no dark bands observed near the top of the gel, aside from the remaining full-length construct
(Figure S5), supporting predictions that these bases pair with other nucleotides as depicted in
Figure 4D. In sum, the ILP data strongly support the structural predictions of a ribozymogen made
by CoFold.

From this structural analysis, we predicted that self-cleavage activity of the Osa 1-3
ribozyme would be diminished in the context of its flanking sequences. To test this, we conducted
co-transcriptional cleavage assays of the ribozyme with upstream and downstream flanking
sequences. In the absence of flanking nucleotides, the Osa 1-3 ribozyme had an fcieaved 0f 0.65, which
remained constant from 30 to 180 min (Figure 5, S6A). This indicated that the ribozyme itself is
intrinsically active, consistent with conservation of key nucleotides, including the general acid and
general base. Strikingly, when the upstream flank (50 nt) was present in the Osa 1-3
upstream+ribozyme construct, the fieaved Was just 0.10 at 30 min, and rose to only 0.17 at 180 min
(Figure 5, S6B), which was significantly different from the ribozyme with no flanking sequence
at both timepoints. Furthermore, when the ribozyme had both upstream and downstream flanks
(50 nt each) in the Osa 1-3 upstream+ribozyme+downstream construct, the fcicavea was 0.15 at 30
min and remained low at 0.18 at 180 min (Figure 5, S6C), which was also significant compared to
the ribozyme with no flanking sequence at both timepoints. The reduced self-cleavage activity of
the Osa 1-3 ribozyme in the presence of its upstream flank, even after 180 min, therefore supports

formation of P,ym as predicted by CoFold and measured by ILP.
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Figure 5. Sequences flanking the Osa 1-3 twister ribozyme inhibit ribozyme self-
cleavage. Colors match those used in Figure 3. The fraction cleaved for the Osa 1-3
ribozyme with 50 nt upstream, no flanking sequence, and 50 nt upstream and
downstream from co-transcriptional cleavage assays at 30 ‘C. The activating ASO is
denoted as “A”. Each construct was body labeled and tested in triplicate. Circles on
the graph represent individual fraction cleaved measurements. Average values are
depicted with error bars showing the standard deviation. For all P-values a = 0.05 (ns:
not significant; *: P < 0.05; **: P < 0.01; ***: P £0.001; ****: P <0.0001).

We then looked at conservation of the Osa 1-3 ribozyme and its flanks in the 3,000
sequenced rice cultivars or other Oryza species. Using the SNP-seek database of the 3,000
sequenced rice cultivars, no SNPs were reported for the Osa 1-3 ribozyme or its flanks. When
looking at the upstream flank in other Oryza species (seven), similar sequences were found as in
O. sativa (Figure S7A). Unlike the Osa 1-2 ribozyme, some sequence differences were found for
the Osa 1-3 ribozyme itself, in L1, P2, P3 & L3, and P4 (Figure S7B, bottom structural elements).
The downstream flank in the other Oryza species had similar sequences as in the Osa 1-3 ribozyme

from O. sativa (Figure S7C). The slight differences in the upstream and downstream flanking
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sequences do not affect the CoFold prediction of P, when the ribozyme and both flanks are
folded together.

The Osa 1-3 ribozyme with its upstream 50 nt can be activated by a complementary ASO
Given that the upstream flanking sequence strongly inhibits the intrinsic self-cleavage activity of
the Osa 1-3 ribozyme, we assessed restoration of self-cleavage activity by an ASO. We designed
an activating ASO using genomic sequences from rice blast M. oryzae (Figure S8). We found
perfect complementarity between a sequence from rice blast (NC_017844.1, Chr 1: 6501457-
6501496, E-value= le'') and nucleotides -54 to -15 upstream of the Osa 1-3 ribozyme and
excellent complementarity between another rice blast sequence (95%, NC 17850.1, Chr 2:
5198116-5198134, E-value= 0.002) and nucleotides -27 to -10 upstream of the Osa 1-3 ribozyme
(Figure S8). Moreover, both of these regions in M. oryzae were shown to be expressed in
transcripts MG 14329 and MG (01883, respectively.>® The activating ASO used here was designed
by overlapping these regions to complement nucleotides -54 to -10 upstream of the Osa 1-3
ribozyme (Figure S8). The binding site for the activating ASO is depicted in Figure 4B by a teal
line. We hypothesize that invading nucleic acids, in the form of an ASO, could base pair with and
sequester the inhibitory upstream flank of the Osa 1-3 ribozyme. The 5'-unstructured end of the
rice transcript, upstream of P,ym (Figure 4B), could be used as a toehold>®>” for initial binding to
the transcript. The ASO could then invade into the inhibitory region, P,ym, disrupting interactions
between the flanking sequence and ribozyme. Such a toehold strategy would obviate the need for
high temperature to render P,ym accessible for base pairing. Indeed, we added ASOs to our
transcription mixtures without heating. Once the inhibitory upstream region was sequestered, the
ribozyme could refold into R.. and self-cleave. This, therefore, allows for controlled activation of

the ribozyme.
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To confirm binding of the activating ASO to the upstream flank of the Osa 1-3 ribozyme,
we conducted melts. We tested a 1:2 mixture of the upstream flank to activating ASO (Figure 6A),
as well as performed melts on the activating ASO alone (Figure 6B) and upstream flank alone
(Figure 6C). It was anticipated that binding of the activating ASO to the upstream flank would
result in an upward shifted T as compared to the T, for the ASO and for the upstream flank alone.
To assess this, we calculated a difference melt in Figure 6D according to equation 2. As expected,
when the activating ASO and upstream flank were mixed, there was a large upward shift in the
Tm, observed as a major positive peak between 70 and 80 “C (Figure 6A). In the difference plot
(Figure 6D), a negative peak was found near 40 °C that corresponded well with transitions seen in
melts of the ASO alone (Figure 6B) and upstream flank alone (Figure 6C). The negative peak
represents the depletion of free ASO and upstream flank in the mixture. These observations
strongly support binding of the activating ASO to the upstream flank.

We also melted the downstream flank of the Osa 1-3 ribozyme with the activating ASO at
a 1:2 ratio, where no interaction between the two was predicted. In the absence of interaction, it
was anticipated that the T of the mixture and of each single melt would overlap and subtract to
zero. The first derivative of the mixture yielded two peaks (Figure 6E), which aligned well with
melt transitions for the activating ASO alone (Figure 6F) and downstream flank alone (Figure 6G).
In the difference plot (Figure 6H), almost no signal was observed. In sum, the melt data support
the activating ASO binding with the upstream flank, but not the downstream flank.

To assess if the activating ASO altered self-cleavage activity, we added it to co-

transcriptional cleavage assays of the Osa 1-3 ribozyme with 50 nt of upstream flank or 50 nt of
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Figure 6. Interactions between the activating ASO and the upstream flank (A-D) and
downstream flank (E-H) of the Osa 1-3 ribozyme using thermal denaturation melts.
Colors match those used in Figure 4B. Absorbance was measured at 260 nm and buffer
subtracted (40 mM MOPS, 40 mM NaCl, 10 mM MgCI2). All melts were conducted in
triplicate and the average is shown. Absorbance was divided by 4 for the flanking
sequence and by 2 for the activating ASO, prior to taking the first derivative, to account
for differences in concentration between single melts and those of mixtures. (A-C)
Thermal denaturation first derivative plots of (A) a 1:2 mixture of the upstream flank
(0.5 pM) with the activating ASO (1 pM), (B) the activating ASO (2 uM), (C) and the
upstream flank (2 uM). (D) First derivative difference plot of the upstream flank- and
ASO-subtracted mixture calculated using equation 2. (E-G) Thermal denaturation first
derivative plots of (E) a 1:2 mixture of the downstream flank (0.5 uM) with the activating
ASO (1 yM), (F) the activating ASO (2 uM), (G) and the downstream flank (2 pM). (H)
First derivative difference plot of the downstream flank- and ASO-subtracted mixture
calculated using equation 2.
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upstream and downstream flank. The Osa 1-3 upstream+ribozyme construct without any ASO had
an feleaved 0f 0.10 at 30 min, which rose nearly 5-fold, to 0.47, when the activating ASO was present
(Figure 5, S9A). Similarly, the Osa 1-3 upstream+ribozyme+downstream construct without any
ASO had an fieaved of 0.15 at 30 min, which rose over 3-fold, to 0.55, when the activating ASO
was present (Figure 5, SI0A). Overall, addition of the activating ASO resulted in fcieaved Values that
were similar to those of the Osa 1-3 ribozyme without any flanking sequence (Figure 5), indicating
a potent effect of the activating ASO on ribozyme self-cleavage activity.

In addition to the activating ASO, three control ASOs were designed, all the same length
as the activating ASO. The first was a dTs6 strand, which was predicted to not interact with the
ribozyme or its upstream and downstream flanks. Melts conducted with dT46 and the upstream and
downstream flanks, indeed revealed no interaction between these elements (Figure S11). The
second control ASO, called “Scramble 17, was a randomization of the activating ASO. Scramble
1 was predicted to bind primarily to the 5'-unstructured end of the upstream flank and partially
invade P,m (Figure S12A, teal and blue). Scramble 1 was also predicted to interact with Pgown
(Figure S12A, teal and magenta). Interaction between Scramble 1 and the upstream flank was
clearly supported by melts, in which there was a negative peak at a lower temperature followed by
a positive peak (Figure S11D). In the case of Scramble 1 and the downstream flank, there were
two negative lower temperature peaks but no clear positive peak (Figure S11H). This behavior
supports weak and perhaps non-specific interaction of Scramble 1 with the downstream flank. The
third ASO, called “Scramble 2”, was a randomly generated sequence, which was found to have
partial complementarity to the downstream flank (Figure S12B, teal and magenta). Despite these
predicted weak interactions, melt data suggested no binding of Scramble 2 to the flanking

sequences (Figure S11), perhaps because of the competing self-structure of Pgown.
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We also tested these three control ASOs individually in co-transcriptional cleavage assays
with the Osa 1-3 upstream+ribozyme and upstream-+ribozyme+downstream constructs. First, dT4s
was tested with the Osa 1-3 upstream+ribozyme construct, and the fiicavea remained low at 0.14
even after 180 min (Figure S9B, S9C). This value was similar to the feicaveda 0f 0.17 at 180 min
when no ASO was added. Similarly, when dTs was tested with the Osa 1-3 ribozyme with both
flanking sequences, the feicaved Was 0.16 after 180 min (Figure S10B, S10C), again similar to the
feteaved 0f 0.18 at 180 min when no ASO was added. This suggests that dT4s has no impact on the
self-cleavage activity of both Osa 1-3 constructs with flanking sequences.

The second control ASO, Scramble 1, which interacted with the upstream and downstream
flanks (Figure S11, S12A), similarly did not restore self-cleavage activity when added to the co-
transcriptional cleavage assays. When Scramble 1 was tested with the Osa 1-3 upstream+ribozyme
construct, the fiieaved remained low at 0.10 after 180 min (Figure S9B, S9C), which was similar to
the fcleaved 0f 0.17 at 180 min when no ASO was added. Likewise, when Scramble 1 was tested with
the Osa 1-3 ribozyme with both flanking sequences, the fcieaveda Was 0.18 at 180 min (Figure S10B,
S10C), which was the same as the fcieaves When no ASO was added. When analyzed in combination
with the melt data, this suggests that Scramble 1 binds to the flanking sequences, but that it does
so without significantly disrupting P,ym.

The third control ASO was Scramble 2, which did not interact significantly with flanking
sequences as indicated by melting data (Figure S11). When Scramble 2 was tested in co-
transcriptional cleavage assays with the Osa 1-3 upstream+ribozyme construct, the fcieaved at 180
min increased two-fold from 0.17 when no ASO was present to 0.33 (Figure S9B, S9C). Despite

this increase, the extent of reaction was still significantly less than when no flanking sequence was
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present (Figure S9C). Indeed, the stimulatory effect of Scramble 2 was lost in the presence of both

upstream and downstream flanking sequence (Figure S10B, S10C).

The Osa 1-8 ribozyme is predicted to weakly interact with its flanking sequence

Like the Osa 1-3 ribozyme, the Osa 1-8 ribozyme (Figure 7A) is found on chromosome 11, where
it is located between two putative disease resistance genes, Osl1g0674400 and Os11g0676050
(Table S1). As described above, we analyzed the coverage from transcriptome-wide sequencing
data in O. sativa taken from 10-day old root tissue. The Osa 1-8 ribozyme and its flanking regions
appear to be transcribed in roots and have similar levels of coverage to that of the upstream gene
Os11g0674400 (Figure S1E). As observed with the Osa 1-2 ribozyme, there is a drastic decrease
in coverage, down to 0 cpm, immediately at the cleavage site (Figure S1F), suggesting that the
Osa 1-8 ribozyme self-cleaves to completion in vivo. Unlike the Osa 1-2 ribozyme, however,
coverage downstream of the Osa 1-8 ribozyme remains at a similar level to coverage upstream of
the ribozyme, suggesting that the 3'-cleavage fragment is protected from degradation.

The Osa 1-8 ribozyme was folded with 50 nt of upstream or 50 nt of upstream and
downstream flanking sequence using CoFold. In the predicted structure, formation of Ry for the
Osa 1-8 ribozyme was partially disrupted when folded with its upstream 50 nt (Figure 7B).
Upstream flanking nucleotides -40 to -27 and -14 to -6 formed helices with ribozyme nucleotides
59to 72 and 5 to 12, respectively. These P,ym-containing helices were separated by a 12 nucleotide
loop. Here, additional portions of the Osa 1-8 ribozyme remained natively folded, as most of P3
and P4 were predicted to form (Figure 7B). In the presence of both flanking sequences, R for the

Osa 1-8 ribozyme was not predicted to form (Figure 7C). Instead, folding of the ribozyme was
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disrupted by base pairing interactions between the 3’-most end of the upstream flank (-34 to -7)

and the 3'-end of the
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Figure 7. Sequences flanking the Osa 1-8 twister ribozyme are predicted to weakly
interact with the ribozyme. Colors match those used in Figures 2 and 4. (A) Secondary
structure of the Osa 1-8 ribozyme. The red arrow indicates the cleavage site and the
specific base pairing interactions of the pseudoknots PK1 (orange) and PK2 (green)
are shown. (B) Predicted secondary structure of the Osa 1-8 ribozyme with 50 nt
upstream forming a weak szm. (C) Predicted secondary structure of the Osa 1-8
ribozyme with 50 nt upstream and downstream, with the ribozyme forming a weak
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ribozyme (52 to 73). Again, part of the Osa 1-8 ribozyme did remain natively folded, as P3 was
still predicted to form. Additionally, upstream nucleotides -51 to -37 formed a helix with
downstream nucleotides 96 to 109. Those downstream nucleotides that did not base pair with the
upstream flank instead self-paired to adopt a small Paown. Since sequences flanking the Osa 1-8
ribozyme were predicted to prevent formation of Rac, we hypothesized that self-cleavage activity
might be inhibited.

To test the functional consequences of flanking sequence on the self-cleavage activity, we
conducted co-transcriptional cleavage assays. Without any flanking sequence, the Osa 1-8
ribozyme had an feieaved 0f 0.63 at 30 min, rising slightly to 0.69 and 0.72 at 60 and 180 min,
respectively (Figures 8, S13A). The Osa 1-8 upstream+ribozyme construct had similar fieaved
values at 30, 60, and 180 min (Figure 8, S13B) to the intrinsically active ribozyme, and only
differed significantly at 60 min. From the structural prediction above, it was anticipated that the
upstream flank of the Osa 1-8 upstream+ribozyme construct might hinder self-cleavage activity,
but the co-transcriptional cleavage assays indicated that any attenuation was minimal.

In the presence of both upstream and downstream flanks, a somewhat lower fcieaved Of 0.54
and 0.61 was found at 30 and 60 min, which was significantly different from the ribozyme with
no flanking sequence (Figure 8, S13C). However, by 180 min the difference in fcicaved between the
upstream+ribozyme+downstream construct and ribozyme alone was negligible (Figure 8). Thus,
when both flanking sequences are present, self-cleavage of the Osa 1-8 ribozyme is slightly
impeded at earlier timepoints, which is consistent with the inhibitory interactions depicted in

Figure 7C.
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Figure 8. Sequences flanking the Osa 1-8 twister ribozyme minimally inhibit
ribozyme self-cleavage. Colors match those used in Figures 3 and 5. The fraction
cleaved for the Osa 1-8 ribozyme with 50 nt upstream, no flanking sequence, and 50
nt upstream and downstream from co-transcriptional cleavage assays at 30 °C. Each
construct was body labeled and tested in triplicate. Circles on the graph represent
individual fraction cleaved measurements. Average values are depicted with error
bars showing the standard deviation. For all P-values a = 0.05 (ns: not significant; *:
P <0.05; *: P <0.01).

Discussion

Nearly all genes are regulated in some fashion. This can occur epigenetically, transcriptionally,
post-transcriptionally, or translationally.’® Here, we provide evidence for co-transcriptional
regulation of small ribozymes. We describe one of the simplest ways to regulate such RNAs:
through interactions between the ribozyme and its native flanking sequences. We show that native
flanking sequences can either not interact, weakly interact, or strongly interact with a neighboring

ribozyme depending on the specific case. Indeed, many short RNAs that function in biology (i.e.
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ribozymes, riboswitches, RNA thermometers) have this simple but potent mechanism of localized
regulation built in,2!-26:39:60

For small self-cleaving ribozymes, flanking sequences can impact catalysis in two ways.
A lack of interactions between the ribozyme and its flanking sequences can permit self-cleavage
by allowing the ribozyme to assume Rac: and react at its intrinsic rate (Figure 1B). Conversely,
base pairing interactions between the ribozyme and neighboring flanking sequences can produce
alternative conformations that inhibit catalysis (Figure 1C). Herein we considered how flanking
sequence differentially impacted catalysis of three rice twister ribozymes; we observed in vitro
evidence of three distinct cases where flanking sequence either did not inhibit self-cleavage (Osa
1-2), strongly inhibited self-cleavage (Osa 1-3), or mildly inhibited self-cleavage (Osa 1-8).

Previous studies have shown that the Osa 1-2 ribozyme self-cleaves in vivo,!” and here we
demonstrate that this may be attributed to a lack of interaction between the ribozyme and its
flanking sequences. It is interesting that native flanking sequences achieve a lack of interaction
with the ribozyme by forming their own self-structures (Figure 2B, D). As such, the ribozyme is
free to assume its catalytically active conformation Rac: and self-cleave. Indeed, the ficaved from co-
transcriptional cleavage assays of the Osa 1-2 ribozyme with no flanking sequence, the
upstream+ribozyme construct, and the upstream-+ribozyme+downstream construct displayed
negligible differences between these constructs across all timepoints (Figure 3).

In contrast, the Osa 1-3 ribozyme forms stable interactions with its upstream flanking
nucleotides that attenuate self-cleavage. When the upstream flank and Osa 1-3 ribozyme were
transcribed together, the ribozyme adopted an alternative conformation, P,m, in which the
ribozyme assumed a catalytically inactive state Rinact (Figure 4B and 4D). Based on this alternative

structure, ribozyme self-cleavage activity should be greatly reduced, which was indeed reflected
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in the co-transcriptional cleavage assays as the fcicaved at 180 min remained below 0.20 for the Osa
1-3 ribozyme whenever its upstream flank was present (Figure 5). Self-cleavage activity was
rescued only when the activating ASO, which has near perfect complementarity to the upstream
flank, was added (Figure 5). ASOs have been employed in many applications, including in
pharmaceuticals where they have been shown to stop viral replication and are used to treat various
neurological disorders.’*? Such ASOs could be used to activate ribozymogens in synthetic
applications to selectively regulate ribozyme activity under certain conditions.

The position at which the ASO interacts with P,ym influences how effective it is at
activating the ribozyme. The activating ASO we employed disrupted most interactions between
the Osa 1-3 ribozyme and its upstream flank (Figure 4B). On the other hand, Scramble 1 was also
shown to bind with the upstream flank of the ribozyme (Figure S11), yet when added to co-
transcriptional cleavage assays, it did not increase the feaved above 0.20, even after 180 min for
both the Osa 1-3 upstream+ribozyme or Osa 1-3 upstream+ribozyme+downstream constructs
(Figure S9,S10). This can be attributed to how Scramble 1 interacts with the upstream flank, as it
leaves most of P,ym undisturbed and thus the ribozyme is still locked in Rinact, unable to self-cleave
(Figure S12A). Furthermore, specificity is also inherent to the activating ASO, as neither dTss nor
Scramble 2 activated the ribozyme (Figure S9,S10). As such, it appears that a somewhat high
degree of specificity is needed to activate the Osa 1-3 ribozymogen.

Finally, flanking sequences only marginally impaired ribozyme self-cleavage activity for
the Osa 1-8 ribozyme. Here, the Osa 1-8 ribozyme and its upstream flanking sequence has the
potential to form an imperfect P,ym (Figure 7B). In contrast to the Osa 1-3 ribozyme, which
demonstrated a very low fceavea in the context of its upstream flanking sequence, the Osa 1-8

upstream+ribozyme construct self-cleaved to nearly 0.60 within 30 min (Figure 8). This higher
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than anticipated activity is likely due to the weak nature of the interactions between the ribozyme
and upstream flanking sequence. Additionally, within the predicted structure for the Osa 1-8
upstream+ribozyme construct, the native ribozyme is already partially folded, with native pairings
P3 and P4 predicted to form (Figure 7B). For the Osa 1-8 upstream-+ribozyme+downstream
construct, significant inhibition was observed at early timepoints but not at 180 min, reflecting
somewhat lower self-cleavage in the presence of flanking sequences (Figure 8). Once again, the
native P3 is predicted to fold in the presence of upstream and downstream flanking sequences of
the Osa 1-8 ribozyme (Figure 7C). The presence of strong pairings within the ribozyme and weak
interactions between the flanking sequences and the ribozyme may weaken P,m and allow
appreciable self-cleavage of the Osa 1-8 ribozyme.

During our analysis we also analyzed RNA-seq coverage of each ribozyme and its flanking
sequences from published datasets to determine whether the ribozymes cleaved in vivo. Consistent
with previous findings using RT-PCR,!? the Osa 1-2 ribozyme appears to cleave in vivo, as seen
by the sharp decrease in coverage at the cleavage site of the ribozyme (Figure S1B). This in vivo
activity also substantiates in vitro findings that the upstream and downstream flanks around the
Osa 1-2 ribozyme form self-structures that permit folding and cleavage of the ribozyme (Figure
2B). Furthermore, we found that sequences in Py, and Paown Were conserved across different rice
cultivars, suggesting there is selective pressure to maintain these sequences.

Interestingly, we also found evidence of self-cleavage for the Osa 1-3 and Osa 1-8
ribozymes in root tissue (Figure S1D, S1F). This contrasts with their inhibition observed in vitro.
Understanding the differences that in vitro and in vivo environments have on the ability of flanking
sequence to regulate ribozyme activity will be essential for understanding their native role in rice

and employment in synthetic applications. Similar to how riboswitches alter conformation in
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response to changing concentrations of cellular metabolites, interactions between a ribozyme and
its flanking sequences may change in the cellular milieu. For instance, differences in the rates of
transcription in vitro and in vivo may account for some of the discrepancies in cleavage activity
for the Osa 1-3 and Osa 1-8 ribozymes. The T7 polymerase used in our co-transcriptional cleavage
assays is derived from phage T7 and has an elongation rate of ~15 kb/min,® while typical
eukaryotic polymerases have an elongation rate that is 15 to 3 times slower, at 1-6 kb/min.%*
Additionally, binding of other macromolecules such as proteins could be responsible for
alleviating ribozyme inhibition in vivo. Chaperone proteins, for instance, can assist in refolding
small self-cleaving ribozymes, contributing to their regulation.>-¢” Indeed, the highly variable P3

extension of twister ribozymes!!3:13

could provide an access point for a protein to bind.
Furthermore, the presence of metabolites could alter the stability and rate of self-cleavage for the
ribozyme. For instance, kinetic studies of ribozymes in the presence of glutamate-chelated
magnesium enhanced the rate of self-cleavage for the human CPEB3 ribozyme by 1.6-fold.®® In
the case of twister ribozymes, small molecules in the buffer have also been found to enhance the
self-cleavage rate up to 5-fold by shuttling protons to the active site.?*%” Such catalysis has also
been shown to rescue ribozymes that would otherwise be inactive.%® Furthermore, experiments
performed in media containing the 15 most abundant metabolites of E. coli, which comprise 80%
of the E. coli metabolome, demonstrated a decrease in thermodynamic stability and an increase in
chemical stability (i.e. resistance to degradation) for a series of structured RNAs (the guanine
aptamer, the CPEB3 ribozyme, and tRNAP') of ~2- to ~10-fold relative to standard in vitro
conditions, such as 2 mM free Mg?" and 25 mM free Mg?>".’% Such changes could favor

conformations other than Pym for the Osa 1-3 and Osa 1-8 ribozymes. It is also possible that the

ribozymes may self-cleave to some extent during extraction or library preparation. Further
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experiments are needed to identify more clearly the cause of the difference in activity between in
vitro and in vivo conditions.

When designing synthetic constructs that involve small self-cleaving ribozymes, flanking
sequence must be taken into consideration. For applications necessitating an active twister
ribozyme, Py, and Pgown could be designed and positioned adjacent to the ribozyme to promote
self-cleavage. Conversely, if an inactive ribozyme is desired, a ribozyme-complementary region
could be placed upstream of the ribozyme to create a P,ym as seen for the Osa 1-3 ribozyme.
Specifically, for applications in cells, controls to ensure that cellular conditions do not alter self-
cleavage efficiency would be necessary. For inactivated ribozymes, activity could be selectively
turned on by addition of an ASO or another type of activating signal. In sum, flanking sequence
affords new opportunities for controlled manipulation of ribozyme activity.

Overall, our analysis demonstrates that rice twister ribozymes are differentially regulated
via flanking sequences. It may be that such inhibition regulates RNA processing and that certain
activators, whether natural ASOs or proteins, alleviate it. Ultimately, understanding how these
ribozymes are regulated in rice should provide a deeper understanding of their native role. More
generally, flanking sequences provide a local means for regulating the function of any RNA. This
has relevance for both gene regulation and synthetic biology where ribozymogens could be

activated in specific tissues by existing RNAs or therapeutic ASOs.
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