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Abstract 11 

 12 

The landscape of catalytic RNAs in complex eukaryotes remains poorly charted. Although self-13 

cleaving ribozymes are widespread in microbial and viral genomes, their existence and functional 14 

roles in humans remain largely unknown. Here, we introduce a generalizable, genome-wide 15 

discovery platform that integrates high-throughput signals from two complementary adapter ligation 16 

assays—3P-seq and 5OH-seq—to specifically capture RNA fragments bearing cleavage signatures 17 

(2′,3′-cyclic phosphate/3′-phosphate and 5′-hydroxyl termini). By applying a dedicated 18 

computational scoring algorithm to human genomic data, we systematically identified four 19 

previously unrecognized self-cleaving ribozymes. These ribozymes localize to diverse genomic 20 

features: an exon of WDFY1, an intron of PLD5 embedded within a repetitive element, an LTR 21 

retrotransposon, and the antisense strand of an SYNJ2BP intron. Truncation analyses and 22 

mutational profiling defined minimal functional cores of 21–55 nucleotides, and experiment-23 

assisted secondary structure prediction suggests that they adopt simple structural architectures. 24 

Despite their short sequences and simple architectures, we demonstrated that these ribozymes 25 

possess robust cleavage activity under multiple biochemical conditions. Most importantly, our 26 

experimental results indicate that three of them exhibit significant self-cleavage activity within the 27 

cellular environment. Our work establishes a powerful strategy for genome-wide mining of self-28 

cleaving ribozymes, expands the catalogue of human ribozymes from 6 to 10, and reveals new layers 29 

of functional complexity in the human RNA world. 30 

 31 

Main 32 

 33 
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Self-cleaving ribozymes are an important class of non-coding RNAs with catalytic functions1 that 34 

catalyze the site-specific self-cleavage of phosphodiester backbone2. Recent advancements in 35 

computational and high-throughput techniques have significantly accelerated the pace of ribozyme 36 

discovery3,4. However, the vast majority of self-cleaving ribozymes identified to date originate from 37 

lower organisms. Only 6 self-cleavage ribozymes are found in human so far (hammerhead 38 

ribozymes (HH9, HH10) located with introns5, the HDV-like cytoplasmic polyadenylation element-39 

binding protein 3 (CPEB3) ribozyme6, 2 twister sister-like (TS-like) ribozymes7 (LINE-1 and 40 

OR4K15), and the hovlinc ribozyme found in very long intergenic non-coding RNAs (vlincRNAs)8. 41 

Although these self-cleaving ribozymes lack structural similarity, they all accomplish site-specific 42 

cleavage through a nucleophilic attack by a 2′-oxygen on the adjacent phosphodiester bond. This 43 

reaction produces cleavage termini characterized by a 2′,3′-cyclic phosphate group and a 5′-44 

hydroxyl group, respectively.  45 

Previously, the Kapranov group utilized the RppH 5′ pyrophosphohydrolase and the XRN-1 5′-3′ 46 

exoribonuclease to degrade the other transcriptional products, except for the RNA fragments 47 

containing the 5′-hydroxyl8. This led to the discovery of the hovlinc ribozyme among 28 candidates. 48 

Although the low discovery rate of self-cleaving ribozymes suggests the rarity in complex 49 

organisms, the question of whether other self-cleaving ribozymes exist in the human genome merits 50 

further study.  51 

To probe the human genome for potential self-cleaving ribozymes, we developed a strategy that 52 

leverages the unique specificity of RtcB ligase, an enzyme that joins a 5′-hydroxyl terminus to a 3′-53 

phosphate or 2′,3′-cyclic phosphate terminus9. As this type of terminus are uniquely generated by 54 

self-cleavage, we can capture RNA molecules resulted from self-cleavage by utilizing RtcB ligase 55 

in conjunction with specifically designed adapter RNAs. Among 96 candidate sequences with 56 

possible cleavage products captured, six were confirmed to exhibit self-cleaving activity. Two of 57 

these active sequences are known self-cleaving ribozymes, whereas the other four represent novel 58 

ones. In particular, one self-cleaving ribozyme was identified within an exonic region of the 59 

WDFY1 (WD repeat and FYVE domain containing 1) protein, suggesting that it may play a direct 60 

role in regulating protein expression. To the best of our knowledge, this is the first report of a self-61 

cleaving ribozyme residing in a protein-coding exon, and thus, expands our understanding of the 62 

functional repertoire and mechanistic diversity of self-cleaving ribozymes. 63 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/4seyw834. This version posted April 7, 2026. The copyright holder for this preprint (which was not certified by
peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0



 64 

Results 65 

 66 

Genome-wide discovery of self-cleaving ribozymes. Genomic libraries were prepared using the 67 

Illumina tagmentation kit, which employs a Tn5 transposase to simultaneously fragment and 68 

tagmate DNA, streamlining the library construction process. Briefly, the tagmentation reaction 69 

fragmented genomic DNA and ligated Nextera s7 and Nextera s5 adapter sequences to both ends of 70 

the fragments in a single step. Then, the termini of the genomic library fragments were appended 71 

with T7 promoter through PCR amplification, facilitating downstream in vitro transcription (Fig. 72 

1a). These RNA transcripts along with self-cleavage products obtained from the genomic library 73 

offers the distinct advantage of being unaffected by intracellular proteases and RNases. Unlike prior 74 

methods8 that solely enriched for 5′-hydroxyl ends from self-cleavage, our approach specifically 75 

captures cleavage products containing either 2′,3′-cyclic phosphate or 5′-hydroxyl termini from self-76 

cleavage. The 3P-seq is designed to isolate RNA fragments possessing 2′,3′-cyclic phosphate or 3′77 

-phosphate ends. These 3′-ends were joined with a synthetic RNA linker that features a 5′-hydroxyl 78 

group by taking advantage of the unique ligation activity of RtcB ligase. Meanwhile, the 5OH-seq 79 

captures RNAs with 5′-hydroxyl termini by employing RtcB ligates these 5′-hydroxyl ends to a 80 

separate RNA linker that itself carries a 3′-phosphate group. A desthiobiotin modification was 81 

strategically engineered at the distal ends of both RNA linkers with a dual purpose: first, to minimize 82 

the formation of off-target ligation products, and second, to enable highly specific capture and 83 

enrichment by using streptavidin-based purification methods. The enriched products were 84 

subsequently processed into sequencing libraries for high-throughput analysis.  85 

To minimize false positives, we employed paired-end sequencing and implemented a stringent 86 

quality filter based on the Mapping Quality (MAPQ) score from the SAM files, retaining only 87 

alignments with a MAPQ ≥ 30, which is widely regarded as a threshold for high-confidence 88 

mappings. The precise cleavage sites were inferred from the alignment boundaries, corresponding 89 

to the junctions between the inserted fragments and the adapter sequences. The distribution of these 90 

putative cleavage sites was then quantified by counting the supporting reads. During data processing, 91 

we observed that a substantial number of cleavage sites remained clustered within specific genomic 92 

regions. Given that self-cleaving ribozymes typically catalyze hydrolysis at unique sites, we 93 
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rationalized that sites supported by an exceptionally low number of reads within these clusters were 94 

likely artifacts, potentially resulting from random RNA degradation. Consequently, a sophisticated 95 

denoising step was employed, which eliminated sites based on an intra-window signal intensity ratio. 96 

Furthermore, to enhance the reliability of our findings, we integrated the results from two 97 

independent experiments—3P-seq and 5OH-seq. A composite scoring system was designed to 98 

prioritize cleavage sites detected in both assays, under the premise that such "consensus" sites 99 

exhibit a lower probability of being false positives.  100 

 101 

Fig. 1:  Genome-scale discovery of self-cleaving ribozymes in human genome.  102 

a, The discovery flowchart: To profile RNA cleavage products, we generated a protease/RNase-free 103 

genomic RNA library through in vitro transcription. RtcB ligase and terminally modified RNA 104 

linkers were utilized to selectively capture and distinguish fragments bearing 2′,3′-cyclic phosphate 105 

or 5′-OH ends, followed by streptavidin bead enrichment and sequencing library construction. b, 106 

Urea PAGE analysis of the six experimentally validated ribozyme candidates from the top 96 hits. 107 

Hit nomenclature reflects its ranking (e.g., GS46 corresponds to the hit ranked 46th). c, Scoring 108 

distribution of the top 1,900 hits. Hits corresponding to known ribozymes and novel ribozymes that 109 

have been validated through experiments are explicitly marked in red. 110 

 111 

Self-cleaving ribozymes identified in HeLa genome. Applying this integrated approach, we 112 

successfully identified four out of the five known self-cleaving ribozymes, with HH9 and OR4K15 113 
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ranking within the top 96 hits (Fig. 1b). However, the hovlinc ribozyme, discovered more recently, 114 

was ranked 301st (Fig. 1c), primarily due to its low detection count (2 reads) in the 5OH-seq assay. 115 

The CPEB3 ribozyme was ranked 1,673rd (Fig. 1c) and was not detected in the 5′OH-seq assay. 116 

To gain some understanding of low priority in hovlinc and CPEB3 ribozymes, we generated 117 

normalized coverage files from the BAM files and visualized the signal intensity across the targeted 118 

gene regions by using the deepTools suite10. Analysis of the signal profiles across identified 119 

ribozymes shows a spectrum: from those with a pronounced signal asymmetry (Extended Data Figs. 120 

1a, 1c, 1f, 1g and 1h) to those with relatively balanced signals at both ends (Extended Data Figs. 1b, 121 

1d and 1e). For hovlinc and CPEB3 ribozymes, their characteristically stable 3′ terminal structures 122 

may have impeded efficient adapter ligation, resulting in negligible 3′ end capture signal and thus a 123 

substantially lower ranking in our analysis. These inherent structural differences in self-cleavage 124 

ribozymes are a major source of the significant variation in observed sequencing depth, highlighting 125 

a specific limitation of the current ranking method in detecting self-cleaving ribozymes with certain 126 

structural features.  127 

 128 

New ribozymes with potential novel functions. We characterized four novel self-cleaving 129 

ribozymes (GS46, GS59, GS69, GS76), each occupying a distinct genomic locus that suggests 130 

unique regulatory potentials. Particularly notable is GS46, which was located within the eighth exon 131 

of the protein-coding gene WDFY1 (WD repeat and FYVE domain containing 1) (Extended Data 132 

Fig. 2a); its self-cleavage activity is thus supposed to truncate the host mRNA, potentially triggering 133 

nonsense-mediated decay and leading to reduced expression of the WDFY1 protein. Furthermore, 134 

GS59 and GS69 were identified within repetitive genomic architectures: GS59 was situated in the 135 

first intron of PLD5 (Phospholipase D Family Member 5) (Extended Data Fig. 2b) and embedded 136 

within a DNA repeat element, while GS69 was found within an intron of a novel transcript 137 

(Extended Data Fig. 2c) that itself resides in a Long Terminal Repeat (LTR) retrotransposon. 138 

Additionally, GS76 was mapped to the reverse (antisense) strand of the first intron of the SYNJ2BP 139 

(Synaptojanin 2 Binding Protein) gene (Extended Data Fig. 2d), an intriguing location that raises 140 

the possibility of its involvement in regulating the sense transcript. 141 

To elucidate the structural basis of the self-cleaving activity, we conducted a preliminary 142 

investigation of the four newly identified ribozymes. It is important to note that the RNA 143 
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fragments captured in our sequencing libraries do not necessarily represent the minimal structural 144 

module required for catalytic activity as we demonstrated previously7. Therefore, to delineate the 145 

core functional domain of each ribozyme, we systematically generated a series of truncated 146 

variants. Given that the 3P-seq assay yielded stronger signals for most of these ribozymes 147 

(Extended Data Fig. 1), indicating a more defined or stable 3′ end post-cleavage, the truncation 148 

strategy primarily involved progressive shortening from the 3′ terminus. The catalytic competence 149 

of these truncated constructs was then assessed by analyzing their self-cleavage efficiency via 150 

polyacrylamide gel electrophoresis (PAGE). This empirical approach allowed us to identify the 151 

minimal functional core for each ribozyme, with optimized lengths of approximately 70 nt, 100 nt, 152 

80 nt, and 80 nt, respectively (Figs. 2a-d).  153 

 154 

Fig. 2: Truncations and in vivo activities of the 4 new ribozymes.  155 

a-d, PAGE analysis of the truncated variants of the 4 new ribozymes. A series of truncated variants 156 

was generated from the original sequence for the activity assay. The 3′ end (or 5′ end) was anchored, 157 

and sequential 20-nt deletions were made from the opposite terminus. This process continued until 158 
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the whole fragment reached a minimum length of 100 nt, which was determined to be optimal for 159 

efficient molecular cloning. e-h, PhastCons score distribution of 4 ribozymes from the multiple 160 

alignment of 30 species. Higher scores (closer to 1) indicate stronger evolutionary constraint, 161 

suggesting the region is likely under negative selection and may be functionally important. Lower 162 

scores (closer to 0) suggest neutral evolution or lack of constraint. The green shading denotes the 163 

functionally essential region, as determined by sequential truncation analysis. i, Schematic diagram 164 

of the plasmid used for in vivo activity assay. Self-cleavage of the downstream ribozyme is expected 165 

to reduce the stability of mCherry mRNA. Thus, the in vivo activity of the ribozyme could be 166 

monitored by quantifying the mCherry mRNA level. j, Expression levels of mCherry containing 167 

different inserted ribozyme sequences. The y-axis shows the ΔΔCt values relative to the mean value 168 

of the designated control group (NC, empty vector). Statistical analysis was performed using 169 

ordinary one-way ANOVA followed by Dunnett's multiple comparisons test (comparing all groups 170 

to the control group). Exact P values from Dunnett's test are as follows: GS59 vs. NC, P = 0.0007; 171 

GS69 vs. NC, P = 0.174 (not significant); CPEB3 vs. NC, P = 0.0001. When the calculated P value 172 

was below 0.0001, it was indicated as P < 0.0001. Graph asterisks correspond to the following 173 

significance levels: ***P < 0.001,****P < 0.0001. 174 

 175 

Interestingly, the evolutionarily conserved regions predicted by PhastCons scores11 from UCSC 176 

aligned closely with the functionally essential cores identified experimentally for GS46, GS59, and 177 

GS69. This correlation validates the functional importance of these conserved sequences. The 178 

exception was GS76; its lack of sequence conservation (Fig. 2h) may be attributed to its location on 179 

the reverse genomic strand, potentially subject to different selective pressures. Furthermore, the 180 

PhastCons score correlated with the genomic context and inferred functional constraints of each 181 

ribozyme. GS46, located within an exonic region, exhibited the highest level of sequence 182 

conservation (Fig. 2e), consistent with strong purifying selection in protein‑coding sequences. GS59, 183 

which resides in an intron, showed moderate conservation (Fig. 2f). GS69 displayed the lowest 184 

conservation score (Fig. 2g); it is situated within an intron of an uncharacterized novel transcript, 185 

which may reflect more relaxed selective pressure or a dispensable regulatory role.  186 

To assess whether the truncated ribozymes retain self‑cleavage activity in a cellular environment, 187 

we employed a previously reported, straightforward reporter system8. Briefly, each ribozyme 188 
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sequence was cloned into a plasmid downstream of an mCherry reporter gene (Fig. 2i), under the 189 

control of a single promoter, such that both are transcribed as a single mRNA. Ribozyme‑mediated 190 

self‑cleavage within this transcript is expected to destabilize the mCherry segment, leading to a 191 

reduction in mCherry RNA levels. The plasmid also carries a kanamycin resistance gene transcribed 192 

from an independent promoter, whose expression should be unaffected by ribozyme activity. We 193 

transfected these constructs into HEK-293 cells and quantified the RNA levels of mCherry and 194 

kanamycin by RT‑qPCR. Using kanamycin RNA as an internal reference, we compared the relative 195 

abundance of mCherry RNA across constructs to evaluate the intracellular activity of each ribozyme 196 

variant. We evaluated the intracellular self‑cleavage activity of eight ribozyme sequences, including 197 

the four novel ribozymes identified in this study and four previously reported ribozymes that were 198 

also captured in our screen (Fig. 2j). With the exception of GS69, all seven other ribozymes showed 199 

significant cleavage activity compared to the control. The most active ribozyme was a hammerhead 200 

ribozyme (HH9). Notably, the three new ribozymes (GS46, GS59, and GS76) displayed intracellular 201 

activity comparable to that of the CPEB3 ribozyme, which has been previously shown to regulate 202 

CPEB3 protein expression and influence human episodic memory6,12. Although GS69 exhibited the 203 

weakest activity, it still showed a trend toward cleavage (P = 0.174) relative to the control. These 204 

results indicate that all four novel ribozymes can fold into catalytically active structures in a cellular 205 

environment. 206 

However, due to the 20‑nt step size used in our truncation analysis, the precise boundaries of the 207 

minimal functional region could not be definitively mapped. Furthermore, as indicated by our prior 208 

work7, internal regions within a ribozyme sequence may also be dispensable for catalytic activity. 209 

This notion is supported by the PhastCons conservation profile of GS46 (Fig 2e), which suggests 210 

the presence of non‑conserved and likely functionally non‑essential segments within the truncated 211 

region. Therefore, to precisely delineate functionally critical residues, we plan to perform systematic 212 

random mutagenesis across the truncated sequence followed by mutational scanning. 213 

 214 

Mutational profiling reveals critical residues in four ribozymes.  215 

As described in our previous study7,  the mean relative activity of all single‑nucleotide substitutions 216 

at each position provides a quantitative measure of its importance for self‑cleavage. Figs. 3a-d show 217 

the per‑position mean fitness (natural logarithm of its relative activity value) profiles for ribozymes 218 
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GS46, GS59, GS69, and GS76, respectively. Positions with low mean fitness (e.g., below zero 219 

values) indicate high mutational sensitivity and are thus essential for catalysis, whereas positions 220 

tolerant to mutation (higher mean fitness, fitness ≥ 0) are likely structurally or functionally 221 

dispensable. Analysis of the per‑position fitness profiles revealed distinct but functionally 222 

interpretable patterns for each of the four novel ribozymes (Figs. 3a-d). GS46 is characterized by a 223 

central, essential catalytic core (positions 21-54) flanked by terminal regions of high mutational 224 

tolerance; notably, a short segment within this core exhibits relative insensitivity, suggesting a 225 

structurally permissive spacer. Similarly, GS59 displays a bimodal profile with two separate 226 

sensitivity troughs, suggesting a bipartite functional architecture. In contrast, GS69 exhibits the most 227 

compact profile, with a sharp, single sensitivity peak defining a short, uninterrupted catalytic 228 

domain. Finally, GS76 presents a more complex landscape featuring several discrete sensitivity 229 

peaks distributed across its length. This pattern likely reflects a structurally intricate ribozyme 230 

architecture; alternatively, some of the observed variations could arise from experimental noise in 231 

the fitness measurements. The low signal-to-noise ratio in these measurements can likely be 232 

accounted for by the inherently low self-cleavage activity of the GS59 and GS76 wild-type 233 

sequences, combined with potential inefficiencies during template switching in RNA-seq library 234 

construction (Extended Data Fig. 3). 235 
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 236 

Fig. 3: Mutational analysis and predicted secondary structures of the 4 new ribozymes.  237 

a-d, Average fitness of single mutations at each position of the ribozymes. A fitness of 0 indicates 238 

the equal self-cleavage activity to the wild-type sequence. Positions with values significantly less 239 

than 0 indicate that these nucleotides are highly sensitive to mutations and are critical for 240 

maintaining specific structures and catalytic functions. e-h, Predicted secondary structures of the 241 

minimal regions for four newly identified ribozymes. Predicted secondary structures were generated 242 

using RNAstructure13, with single-mutation fitness values applied as constraints. The red arrowhead 243 

marks the cleavage site. Regions above the grey dashed line are dispensable for catalytic activity, 244 

whereas the region below the line constitutes the catalytically essential core, which was used for 245 

subsequent biochemical assays. 246 

 247 

Beyond identifying functionally essential regions, mutational fitness data can also inform secondary 248 

structural information. In prior work, base‑pair interactions were inferred from the deviation 249 
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between the fitness of a double mutant and the expected additive effect of its two single mutants14. 250 

Generally, double‑mutant libraries suffer from low sequencing depth relative to single mutants. 251 

Critically, the in vitro self‑cleavage activity of all four ribozymes is inherently low (as will be shown 252 

in subsequent biochemical assays), which precludes obtaining high‑quality fitness measurements 253 

for double mutants. We therefore turned to using single‑mutant fitness values as constraints for 254 

structure prediction with RNAstructure13. RNAstructure typically employs direct structural 255 

probes—such as enzymatic cleavage, traditional chemical modification, or SHAPE reactivity—as 256 

folding constraints. Fitness, in contrast, reports on function: low fitness indicates a position critical 257 

for activity, but does not reveal whether that nucleotide is paired or unpaired. Conversely, a high 258 

fitness value can occur for either paired or unpaired nucleotides; however, even if a nucleotide is 259 

base‑paired, a high fitness value suggests that the specific pairing is not essential for the core 260 

functional fold. We therefore treated high‑fitness positions as structurally unconstrained 261 

(single‑stranded). Specifically, we masked positions with mean fitness < –0.5 and retained those 262 

with mean fitness ≥ –0.5. The fitness values of the retained positions were rescaled to resemble 263 

SHAPE‑like reactivity profiles and supplied to RNAstructure as pseudo‑SHAPE constraints. The 264 

resulting predicted secondary structures for the truncated ribozymes are shown in Extend Data Figs. 265 

4a-d. Consistent with the fitness profiles, each ribozyme contains only a short segment that is critical 266 

for self‑cleavage. Strikingly, the essential core of all four ribozymes adopts a simple hairpin‑loop 267 

architecture (Figs. 3e-h). In three of them (GS46, GS59, and GS76), the terminal loop is dispensable 268 

for both structure and activity, whereas GS69 folds into a compact, 21‑nucleotide hairpin that 269 

constitutes its entire functional core. 270 

 271 

Biochemical characterization of the identified ribozymes. To biochemically characterize the 272 

ribozymes and validate the predicted minimal functional cores, we designed bimolecular constructs 273 

based on the fitness profiles and computationally predicted secondary structures. For three of the 274 

ribozymes (GS46, GS59, and GS76), the minimal core was rationally divided into a separate 275 

substrate strand and a separate enzyme strand (Fig. 4a). The short, self-contained GS69 ribozyme, 276 

however, could not be feasibly partitioned and was therefore assayed as a unimolecular, self-277 

cleaving RNA. Fig. 4b demonstrates that the bimolecular construct of four novel ribozymes (GS46, 278 

GS59, GS69, GS76) could self-cleave in the reaction buffer environment. Initial experiments in 279 
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water or in a complete reaction buffer (1× TKMS buffer: 50 mM Tris, 25 mM KCl, 10 mM MgCl₂, 280 

2 mM spermidine) showed that cleavage of the 5′-FAM/3′-TAMRA dual-labeled substrates, 281 

visualized by the appearance of a faster-migrating fluorescent product band, occurred only in the 282 

TKMS buffer after a 6‑hour incubation, confirming an obligate dependence on both the ribozyme 283 

and specific buffer components. Systematic dissection of the TKMS buffer revealed that the self-284 

cleavage activity of GS46, GS59, and GS76 was absolutely dependent on the presence of Mg²⁺, as 285 

reactions containing only Tris (T) or Tris+KCl (TK) showed no product formation (Figs. 4c and 4d). 286 

However, the GS69 ribozyme could utilize K⁺ to initiate catalysis, and its cleavage efficiency was 287 

further enhanced by the addition of spermidine (Fig. 4d).  288 

 289 

Fig. 4: Analysis of ribozyme cleavage activity under various conditions. 290 
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a, Schematic of the four fluorescently labeled RNA substrates (GS46, GS59, GS69, GS76) used in 291 

the cleavage assays. The cleavage site is indicated by a red arrowhead. Each substrate RNA is 5′-292 

labeled with 6-FAM and 3′-labeled with TAMRA. b-h, Time-course cleavage assays monitored by 293 

denaturing gel electrophoresis. For each panel, the tested ribozyme is indicated. All reactions 294 

contained 3 µM substrate (S) and 4.5 µM enzyme (E) strand unless otherwise noted, except for the 295 

GS69 ribozyme, which was present as a single RNA strand at 3 µM. b, Control reactions with 296 

substrate alone or ribozyme alone in the reaction buffer. The 0 h and 6 h time points show the 297 

progression of the cleavage reaction. c-d, Systematic dissection of individual TKMS buffer 298 

components on ribozyme cleavage efficiency. The single‑letter codes denote the presence of each 299 

component added to the base buffer: T, Tris; K, KCl; M, MgCl₂; S, spermidine. e-h, Cleavage 300 

activity in the presence of different monovalent (1M), 10 mM Co(NH3)6
3+, or divalent metal ions 301 

(10 mM). Reactions were incubated at 37 °C for 6 hours.  302 

 303 

Furthermore, comprehensive screening of monovalent and divalent metal ions (Li⁺, Na⁺, K⁺, Rb⁺, 304 

Cs⁺, Co(NH₃)₆³⁺, Mg²⁺, Mn²⁺, Ca²⁺, Mn²⁺, Ni²⁺, Cu²⁺, Zn²⁺, Ba²⁺) established a strict metal-ion 305 

specificity. The four ribozymes exhibited distinct metal‑ion dependencies, delineating two 306 

functional classes. GS46, GS59, and GS76 displayed a strict catalytic requirement for divalent metal 307 

ions (Figs. 4e, 4f, and 4h). While Mg²⁺ supported robust cleavage in all three, and Mn²⁺ supported 308 

a similar level of activity, only GS46 showed substantial cleavage with Ca²⁺, and only GS76 309 

exhibited detectable, albeit weak activity with Ba²⁺ and Zn²⁺. Critically, none of these three 310 

ribozymes was active in the presence of Co(NH₃)₆³⁺, a redox‑inert structural analog of Mg(H₂O)₆²⁺ 311 

whose amine ligands do not readily dissociate. The complete loss of activity with Co(NH₃)₆³⁺ 312 

indicates that for GS46, GS59, and GS76, divalent cations are required not only for structural 313 

stabilization but also for direct chemical participation in the catalytic mechanism. In stark contrast, 314 

GS69 displayed a uniquely broad metal‑ion tolerance (Fig. 4g). It was active in the presence of 315 

multiple divalent cations and, unlike the other ribozymes, also catalyzed significant cleavage with 316 

monovalent ions alone, defining a fundamentally different mechanistic strategy. 317 

To further investigate the biochemical properties of the four newly identified ribozymes, we 318 

measured the reaction kinetics of their respective constructs under varying conditions. This analysis 319 

was performed using the same bimolecular constructs for GS46, GS59, and GS76, and the 320 
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unimolecular construct for GS69. Fluorescence-based time-course assays revealed distinct kinetic 321 

profiles and biochemical dependencies for the four novel ribozymes (Figs. 5a-d). In a minimal Tris 322 

buffer (T), all ribozymes exhibited negligible self-cleavage. The addition of 10 mM Mg²⁺ (TM 323 

condition) activated all four ribozymes. Strikingly, inclusion of 2 mM spermidine (TMS condition) 324 

dramatically enhanced the reaction rate for all ribozymes (Fig. 5e). GS59 showed the most 325 

pronounced activation, with its observed rate constant (kobs) increasing more than 10-fold upon 326 

addition of spermidine. The strong stimulation by spermidine likely reflects its dual role in RNA 327 

catalysis: as a polycation, it neutralizes the repulsive negative charge of the RNA backbone, 328 

promoting the compact folding of the active structure; it may also directly stabilize specific 329 

transition states or tertiary interactions within the catalytic core. 330 

 331 

Fig. 5: Kinetic characterization of ribozyme cleavage under varying reaction conditions. 332 

a-d, Time‑course fluorescence curves showing the cleavage progress of ribozymes GS46, GS59, 333 

GS69, and GS76 in three different buffer conditions: T (20 mM Tris, pH 8.0), TM (T + 10 mM 334 

MgCl₂), and TMS (TM + 2 mM spermidine). Each condition was represented by 3 biological 335 
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replicates. e-f, Bar graphs summarizing the calculated kobs values under variations of reaction 336 

components. Data are presented as mean ± SD (n = 3 biological replicates). g-i, Effects of Mg²⁺ 337 

concentration on cleavage kinetics. j, Effects of K⁺ concentration on cleavage kinetics of GS69. 338 

 339 

The cleavage activity was also pH-dependent, with optimal cleavage at pH 8.0 for GS46, GS69, and 340 

GS76; GS59 displayed a broader, less pronounced pH optimum (Fig. 5f). A detailed Mg²⁺ titration 341 

for GS46 revealed a biphasic concentration dependence characterized by a hyperbolic activation 342 

profile that transitions to inhibition at supra-optimal concentrations (Figs. 5g, 5h), where the 343 

observed rate constant (kobs) peaked near 1 mM Mg²⁺ and diminished sharply at both lower (0.1 mM) 344 

and higher (10 mM) levels; this non-monotonic kinetic profile suggests Mg²⁺ exerts multiple, 345 

opposing effects, likely by stabilizing the active ribozyme fold at optimal concentrations while 346 

inducing non-productive conformations or inhibitory complexes in excess. Concomitantly, the 347 

reaction yield, reflected in the final fluorescence amplitude, increased progressively with Mg²⁺ 348 

concentration, indicating that Mg²⁺ also thermodynamically stabilizes the reaction equilibrium or 349 

product complex, thereby driving the overall conversion forward. The other three ribozymes (GS46, 350 

GS69, and GS76) also exhibited a clear, concentration-dependent increase in activity with Mg²⁺, as 351 

seen in their respective kinetic traces and derived kobs values (Fig. 5i). Strikingly, GS69 defined a 352 

unique mechanistic class. Building on the finding that multiple monovalent cations support GS69 353 

catalysis (Fig. 4g), we selected K⁺ as a representative ion for detailed kinetic analysis. The activity 354 

of GS69 increased logarithmically with K⁺ concentration across the tested range (1–1000 mM) and 355 

showed no sign of saturation (Fig. 5j). Hill analysis of this dependence yielded a slope of 356 

approximately 0.26, a value significantly less than 1. This indicates strong negative cooperativity or 357 

a high degree of heterogeneity in K⁺ interactions15, suggesting that multiple, weakly coordinating 358 

or functionally distinct sites contribute to the observed activation. 359 

 360 

Evolutionary conservation of four ribozymes. To investigate whether the identified ribozymes 361 

are conserved across species and to understand their evolutionary constraints, we performed a 362 

comparative sequence analysis. Figs. 6a-c present a comprehensive genetic and functional analysis 363 

of the novel ribozyme GS46, which is notably the only ribozyme located within a protein-coding 364 

exon. The data reveal its strong evolutionary conservation and define its core functional structure. 365 
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Comparative genomics across 30 species (including 27 primate species) demonstrates that the GS46 366 

sequence is highly conserved, particularly in humans and closely related primates, as evidenced by 367 

the low number of mismatches (Fig. 6a) and the high degree of sequence identity in the multiple 368 

alignment (Fig. 6b). This conservation is notably stringent, consistent with its location within a 369 

protein-coding exon, suggesting it is under strong purifying selection. The functional importance of 370 

specific nucleotides is highlighted in Fig. 6c, where mutational scanning result shows that single-371 

nucleotide substitutions at two less conserved positions (C12U and A24G) result in significant 372 

fitness defects, directly linking sequence conservation to catalytic necessity. The GS46 ribozyme is 373 

predicted to be functionally active in all species shown with zero mismatch in Fig. 6a, which include 374 

human, orangutan, rhesus, crab-eating macaque, pig-tailed macaque, baboon, green monkey, drill, 375 

squirrel monkey, white-faced sapajou and ma’s night monkey. The perfect sequence conservation 376 

suggests that the structural and catalytic integrity of the ribozyme is fully maintained in these 377 

primates. For species with one or more mismatches, the likelihood of retaining identical activity 378 

decreases, as even single nucleotide substitutions could potentially disrupt the essential folding or 379 

chemical mechanism of the catalytic core. Finally, the consensus secondary structure model derived 380 

from fitness data of artificial mutants (Fig. 6d) reveals that the essential core of GS46 forms a simple 381 

hairpin, with the critical nucleotides implicated in the fitness map forming part of its base-paired 382 

stem. In the predicted secondary structure (Fig. 6d), two specific base pairs (G:C and A:U) are 383 

highlighted with red shading, which indicates that no significant covariation was detected for these 384 

pairs. This indicates that either the predicted pairing for these positions is incorrect, or the bases are 385 

so highly conserved that they are never substituted, thus leaving no evolutionary trace of covariation. 386 
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 387 

Fig. 6: Comparative genetic analysis of the GS46 ribozyme. 388 

a, Assessment of GS46 ribozyme conservation across 30 species. The bar chart shows the number 389 

of mismatches relative to the human sequence, computed from the UCSC 30 Primates Multiz 390 

Alignment track. Lower values indicate higher sequence conservation. b, Nucleotide sequence 391 

alignment of the GS46 minimal region across selected species. Nucleotide positions are numbered 392 

above. Conserved bases are highlighted in blue. c, Fitness values of the two most common single-393 

nucleotide substitutions (C12U and A24G) identified in primate homologs. Fitness values were 394 

derived from prior high-throughput mutational profiling experiments. d, Consensus secondary 395 

structure model of the GS46 catalytic core. The model was generated in R2R using artificial 396 
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homologous sequences that retained functional fitness (fitness > −0.5) in prior mutational screens. 397 

In the diagram, nucleotides are colored according to their evolutionary conservation: gray (95%), 398 

black (98%), and red (100%). Predicted base pairs are highlighted with green shading if supported 399 

by covariation analysis, or with red shading if no significant covariation was detected. A red 400 

arrowhead denotes the cleavage site. 401 

 402 

Cross-species conservation analysis of the other three novel ribozymes reveals a pattern of less 403 

stringent evolutionary constraint within primates and increased sequence divergence in more distant 404 

mammals. The number of nucleotide mismatches relative to the human reference sequence was 405 

quantified for ribozymes GS59, GS69, and GS76 across a series of species spanning primates and 406 

other vertebrates (Extend Data Fig. 5). All three ribozymes exhibit very few mismatches in closely 407 

related primates such as chimpanzee, gorilla, and orangutan, indicating strong purifying selection 408 

within the primate lineage. This conservation breaks down in more evolutionarily distant species. 409 

Several species, marked by red "X" symbols, lack detectable homologs, indicating that the ribozyme 410 

sequence is not present or is too divergent to align in those genomes. Collectively, these mismatch 411 

profiles demonstrate that the identified ribozymes are highly conserved primate sequences, with 412 

their evolutionary constraint weakening predictably with increasing phylogenetic distance from 413 

humans. 414 

 415 

Discussion 416 

Self-cleaving ribozymes are ubiquitous in lower organisms, yet their representation in complex 417 

eukaryotic genomes remains enigmatic. Although prior studies have identified a handful of 418 

examples in humans—including the HDV-like CPEB3 ribozyme6, two hammerhead ribozymes5, 419 

and the hovlinc ribozyme8—these discoveries relied heavily on known sequence motifs, specific 420 

biochemical properties or genome-scale search according to the discovery of hovlinc ribozyme8. 421 

This raises a fundamental question: is the scarcity of known human ribozymes biological reality, or 422 

a reflection of methodological constraints? 423 

To address this, we developed a high-throughput, unbiased discovery pipeline centered on a defining 424 

catalytic product: RNA fragments with 2′,3′-cyclic phosphate and 5′-hydroxyl termini. Our key 425 

innovation is the dual-selection of both termini using RtcB ligase, which concurrently requires both 426 
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cleavage signatures. This strategy dramatically enhances specificity over single-end capture 427 

methods and provides a generalizable framework for genome-wide ribozyme mining. Our method 428 

represents a significant advance in discovery efficiency. From 96 high-confidence candidates, we 429 

validated six active sequences—including two known and four novel ribozymes—substantially 430 

outperforming previous motif-, similarity-based and biochemical enrichment-based searches. 431 

However, the presence of false positives underscores the necessity for rigorous experimental 432 

validation. These signals may originate from trans-cleavage events, non-specific enzymatic 433 

reactions, or other RNA processing activities; their resolution will be crucial for future pipeline 434 

optimization. A technical limitation of our RtcB-based capture is variable detection sensitivity 435 

across ribozyme classes, as evidenced by the weak signal for hovlinc and the absence of signal for 436 

CPEB3 in 5OH-seq data. Stable 3′-terminal secondary structures or post-ligation cleavage may 437 

impair adapter ligation efficiency, suggesting areas for methodological refinement. 438 

Nevertheless, we discovered four novel self-cleaving ribozymes from the human genome. Notably, 439 

their genomic contexts suggest diverse functional and evolutionary origins. Ribozyme GS46 resides 440 

in a protein-coding exon of WDFY1, implying a potential role in post-transcriptional regulation, 441 

possibly through cleavage-mediated nonsense-mediated decay of its host mRNA. In contrast, GS59 442 

and GS69 are embedded within repetitive elements—an intronic DNA repeat in PLD5 and an LTR 443 

retrotransposon, respectively—hinting at mobilization via genomic dynamics. The antisense 444 

localization of GS76 within an SYNJ2BP intron suggests possible cis-regulation of the sense 445 

transcript through mechanisms like RNA interference. Truncation analysis defined minimal, 446 

functional catalytic cores ranging from ~70 to 100 nucleotides, with GS69 being the most compact 447 

at only 21 nucleotides. Mutational profiling revealed that these cores adopt simple structural folds, 448 

predominantly single hairpin loops.  449 

In contrast to many previously reported ribozymes, these structurally simple motifs exhibited 450 

relatively low in vitro catalytic activity. Under all tested conditions, the observed rate constants (kobs) 451 

for three of the ribozymes (GS46, GS69, and GS76) did not exceed 0.3 h⁻¹. The most active one, 452 

GS59, achieved a maximum kobs of 3.46 h⁻¹ with the presence of spermidine, which is notably higher 453 

than the ~0.69 h⁻¹ reported for the CPEB3 ribozyme6. Despite their modest in vitro kinetics, a series 454 

of biochemical assays (Figs. 4, 5) conclusively demonstrated their intrinsic self-cleavage capability. 455 

Importantly, cellular activity assays showed that three of these novel ribozymes possess intracellular 456 
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activity comparable to that of the CPEB3 ribozyme (Fig. 2j). It is particularly noteworthy that GS46 457 

is the only identified ribozyme located within a protein-coding exon and is highly conserved in 458 

primates closely related to humans. This suggests that self-cleaving ribozymes may fulfill novel 459 

biological functions in higher eukaryotes. 460 

In summary, this work significantly expands the catalog of human self-cleaving ribozymes and 461 

provides a powerful, adaptable strategy for their discovery. The unique genomic associations and 462 

putative novel structures of the identified ribozymes open new avenues for exploring RNA catalysis 463 

in eukaryotic regulation. Future efforts to determine their tertiary structures, precise mechanisms, 464 

and biological functions will deepen our understanding of the functional complexity of the human 465 

RNA world. 466 

 467 

Methods 468 

 469 

Experimental process for ribozyme identification. HeLa genomic DNA libraries were 470 

constructed using the tagmentation method, which simultaneously fragments genomic DNA (NEB, 471 

no. N4006S) and incorporates adapter sequences via the Tn5 transposase. The process was 472 

performed using the Nextera XT DNA Library Preparation Kit (Illumina, no. FC-131-1024), 473 

following the manufacturer′s guidelines. PCR amplification of the tagmentation product was carried 474 

out using primers T7p-s7 and T7t-s5. These primers were designed to anneal to the Nextera s7 and 475 

s5 adapter regions, respectively, and incorporated the T7 promoter sequence at the 5′ ends of the 476 

amplicons.  Sequences of all oligonucleotides used in this study are listed in Supplementary Table 477 

1. Separation of the DNA library fragments (500-1000 bp) was achieved by agarose gel 478 

electrophoresis and subsequent gel purification.  479 

Purified DNA library was then used as the template for in vitro transcription by incubation with 100 480 

U of T7 RNA Polymerase (NEB, no. M0251L) in 1×T7 RNA polymerase buffer (40 mM Tris-HCl 481 

pH 7.9, 6 mM MgCl2, 1 mM DTT, 2 mM spermidine) with 2 mM NTP mix (NEB, no. N0466S) and 482 

20 U Murine RNase Inhibitor (NEB, no. M0314S) in a 30 µl reaction volume for 5 h at 37 °C. DNA 483 

templates were removed by incubation with 2 U of DNase I (NEB, no. M0303S) and 1× DNase I 484 

reaction buffer in a 100 µl volume at 37 °C for 15 min, followed by purification with  RNA Clean 485 

& Concentrator-5 kit (Zymo Research, no. R1016).  486 
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2.5 µg purified RNA were incubated with 100 pmol linker (rM13F_3desBio for 3P-seq, 487 

rM13R_5desBio_3P for 5OH-seq) in 1× RtcB reaction buffer with 22.5 pmol RtcB ligase (NEB, no. 488 

M0458S), 0.1 mM GTP and 1 mM MnCl2 in 30 µl at 37 °C for 1 h. Ligation products were purified 489 

with Sera-Mag Streptavidin-Coated Magnetic Beads (Cytiva, no. 30152103010150) and eluted in 490 

20 µl TNB buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 4 mM biotin). Before reverse 491 

transcription, ligation products were exchanged into H2O by column purification.   492 

Ligation products were reversed transcribed using primer (RT1_m13f_adp1 for 3P-seq, 493 

RT1_Tn5ME_adp1 for 5OH-seq) and the ProtoScript II Reverse Transcriptase (NEB, no. M0368S). 494 

Ligation product was first denatured at 65 °C for 5 min in a 19.5 µl volume containing 1 µl of 495 

100 µM primer and 1.5 µl of 10 mM dNTP mix, followed by rapid snap-cooling on ice for 2 min. 496 

Then, 6 µl of 5 × ProtoScript II Reverse Transcriptase buffer, 3 µl of 0.1 M DTT, 0.5 µl of Murine 497 

RNase Inhibitor (NEB, no. M0314S) and 1 µl of ProtoScript II Reverse Transcriptase were added 498 

and incubated at 42 °C for 1 h and then 65 °C for 20 minutes to inactivate the enzyme, followed by 499 

enrichment with Sera-Mag Streptavidin-Coated Magnetic Beads (Cytiva, no. 30152103010150) and 500 

clean-up by using RNA Clean & Concentrator-5 kit (Zymo Research, no. R1016).  501 

Purified cDNA was amplified by touch-up PCR using primers (P7R2_Tn5ME/P5R1_adp1 for 3P-502 

seq, P7R2_m13r/P5R1_adp1 for 5OH-seq) with Q5 Hot Start High-Fidelity DNA Polymerase (NEB, 503 

no. M0493S) to construct the high-throughput sequencing library. The PCR products were purified 504 

with a homemade magnetic bead mix and sequenced on an Illumina HiSeq X sequencer with 20% 505 

PhiX control by Novogene Technology Co., Ltd.  506 

 507 

High-throughput sequencing data analysis. A standard bioinformatic pipeline was implemented 508 

to process the sequencing data. Briefly, adapter sequences were trimmed from the raw reads using 509 

Cutadapt16. To ensure the stringent removal of the short adapter sequences flanking our library 510 

constructs, the Cutadapt-processed reads were further filtered with a custom script. This step 511 

involved removing the last 5 nucleotides from all reads longer than 113 nt. The resulting high-512 

quality paired-end reads were then aligned to the UCSC human reference genome (hg38) using 513 

Bowtie217 in the --very-sensitive mode. The subsequent SAM file was processed to retain only 514 

uniquely mapped, properly paired reads with a MAPQ score of 30 or higher. Finally, the alignment 515 

data for each read was converted into cleavage site information, and all potential sites were 516 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/4seyw834. This version posted April 7, 2026. The copyright holder for this preprint (which was not certified by
peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0 https://creativecommons.org/licenses/by-nc-nd/4.0



statistically tallied and ranked. 517 

Cleavage sites that appeared only once were filtered out, retaining only those sites with a read count 518 

of at least two. Noise reduction was then performed using a custom script. This method functions 519 

by analyzing the signal intensity ratios within sequencing reads of a defined window size. All 520 

potential cleavage sites within a defined genomic window (50nt) are removed if more than one site 521 

is present and the signal intensity ratio between them is less than 10. Each potential cleavage site 522 

was subsequently assigned a score calculated as (N_5OH + 1) × (N_3P + 1), where N_5OH and 523 

N_3P represent the number of occurrences of the site in the 3P-seq sequencing library and the 5OH-524 

seq sequencing library, respectively. For experimental validation, we selected a final candidate pool 525 

comprising the 96 highest-scoring sequences that were identified in both independent screening 526 

libraries. 527 

 528 

Experimental validation of candidate sequences. The top 96 candidate sequences, each flanked 529 

with the T7 promoter and unique index sequences, were synthesized as an oligo pool by IDT 530 

(Integrated DNA Technologies). The oligo pool was subsequently PCR-amplified with specific 531 

forward and reverse primers to obtain the target genes. PCR products were cloned into the pUC57 532 

vector through homologous ends encoding the T7 promoter and a NotI site by using the HiFi DNA 533 

Assembly Master Mix (NEB, no. E2621L). After chemical transformation, single colonies 534 

containing the candidate sequences were picked for downstream validation. The NotI linearized 535 

candidate DNA templates were transcribed in vitro for 5 hours using T7 RNA Polymerase (NEB, 536 

no. M0251L). The transcription products were digested with DNase I (NEB, no. M0303S) and 537 

denatured at 70°C for 5 min after adding an equal volume of 2 × RNA Loading Dye (NEB, no. 538 

B0363S) for subsequent denaturing PAGE analysis. 539 

 540 

Cleavage activity assay of truncated ribozyme variants. All truncated variants were generated 541 

via in vitro recombination using a Seamless Cloning kit (Beyotime, no. D7010M). Specifically, each 542 

variant was amplified with a pair of primers containing homologous arms flanking the T7 promoter 543 

and a NotI restriction site, and then cloned into the pUC57 vector through homologous 544 

recombination. The assembled product was subsequently transformed into E. coli DH5α cells. All 545 

constructed variants were verified by Sanger sequencing. Plasmid DNA from sequence-verified 546 
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clones was linearized by NotI (NEB, no. R3189S) digestion and served as the template for in vitro 547 

transcription. Transcription reactions were performed using the T7 RNA Polymerase (Beyotime, no. 548 

R7012L), following the manufacturer′s protocol. After transcription, the DNA template was 549 

removed by DNase I (NEB, no. M0303S) treatment. The RNA products were then incubated in 550 

1× TKMS buffer (50 mM Tris-HCl pH 8.0, 25mM KCl, 10 mM MgCl2, 2 mM spermidine) at 37°C 551 

for 2 hours. Finally, the RNA was purified and analyzed by 10% denaturing polyacrylamide gel 552 

electrophoresis (PAGE), followed by staining with SYBR Gold nucleic acid gel stain (Thermo 553 

Fisher, no. S11494). 554 

 555 

Cellular activity assay. All constructs for in vivo activity assay were generated via in vitro 556 

recombination using a Seamless Cloning kit (Beyotime, no. D7010M). Each ribozyme construct 557 

was amplified using primers containing homology arms to the pmCherry-C1 plasmid (MiaoLing 558 

Plasmid Platform, no. P0151) and subsequently cloned into its multiple cloning site via homologous 559 

recombination. All key components inside the plasmid were verified by Sanger sequencing. For 560 

transfection, plasmids were amplified in E. coli DH5α and purified using Endotoxin Removal 561 

Plasmid Mini-prep Plus Reagent Kit (GENSTONE BIOTECH, no. TD435-PLUS). HEK293 cells 562 

(Procell, no. CL-0001) were seeded in 24-well plates at a density of 1×10⁵ cells per well one day 563 

before transfection. Twenty-four hours after seeding, the cells were transfected with the plasmid 564 

using PEI MAX (Polysciences, no. 24765) according to the manufacturer's instructions. Cellular 565 

RNA was extracted with RNAeasy Animal Long RNA Isolation Kit (Beyotime, no. R0027) 24 hours 566 

post-transfection.  567 

Cellular RNA (1 μg) was reverse transcribed into cDNA using the HiScript III 1st Strand cDNA 568 

Synthesis Kit (Vazyme, no. R312) with gene-specific primers targeting the mCherry and kanamycin 569 

resistance genes, according to the manufacturer’s instructions. The resulting cDNA was diluted 10-570 

fold with nuclease-free water, and 5 μl of the diluted product was used as template for quantitative 571 

PCR (qPCR). qPCR was performed using Taq Pro HS U+ Probe Master Mix (Vazyme, no. QN112) 572 

on a CFX Opus 96 Real-Time PCR System (Bio‑Rad, no. 12011319). Gene‑specific primers and 573 

corresponding dual‑labeled probes (FAM reporter, TAMRA quencher) were used for the detection 574 

of mCherry and kanamycin, respectively. Each experimental condition was assessed with five 575 

biological replicates, and each biological replicate was analyzed in four technical replicates by 576 
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qPCR. Gene expression was quantified using the ΔΔCt method, with mCherry as the target gene 577 

and kanamycin as the endogenous control. Statistical analysis was performed using ordinary one-578 

way ANOVA followed by Dunnett’s multiple comparisons test to compare treatment groups to the 579 

control. 580 

 581 

Mutational profiling of four identified ribozymes. Shorter versions of the identified ribozymes 582 

were defined by sequential truncation of terminal regions that did not significantly reduce cleavage 583 

activity. These truncated sequences were used for subsequent mutational‑scanning experiments. A 584 

random mutagenesis library was generated using a commercial Random Mutagenesis Kit (Biosharp, 585 

no. BL1668A). Barcode sequences were appended to the library in three PCR cycles. Approximately 586 

10⁶ barcoded molecules were used as template to amplify the final mutant DNA library. The final 587 

mutant DNA library served as template for constructing the DNA‑seq library. The barcoded DNA 588 

library was transcribed with T7 RNA Polymerase (Beyotime, cat. no. R7012L) for 4 h at 37 °C. 589 

After transcription, the DNA template was removed by treatment with DNase I (New England 590 

Biolabs, no. M0303S). The purified RNA was incubated in 1× TKMS buffer (50 mM Tris‑HCl 591 

pH 8.0, 25 mM KCl, 10 mM MgCl₂, 2 mM spermidine) at 37 °C for 2 h to allow ribozyme cleavage, 592 

followed by purification with the RNA Clean & Concentrator‑5 kit (Zymo Research, cat. no. R1016). 593 

For reverse transcription, ~50 pmol of RNA was mixed with 50 pmol of RT primer and 200 pmol of 594 

template‑switch oligo (TSO), and reverse‑transcribed using M‑MLV (H‑) Reverse Transcriptase 595 

(Vazyme, no. R021) at 42 °C for 1 h. The purified cDNA was used as the template for NGS library 596 

amplification. PCR was performed with Q5 High-Fidelity DNA Polymerase (New England Biolabs, 597 

no. M0491L) for 12 cycles. The PCR products were purified with a homemade magnetic bead mix 598 

and sequenced on a Salus EVO sequencer by Shenzhen Salus BioMed Co., Ltd as the RNA-seq 599 

library.  600 

Sequencing data were processed similarly to previously described methods14 with minor 601 

modifications. Briefly, variant counts from the DNA‑seq (input) and RNA‑seq (selected) libraries 602 

were obtained by mapping the associated barcodes. The relative activity (RA) for each variant was 603 

then calculated using the following equation: 𝑅𝐴(𝑣𝑎𝑟) =604 

𝑁𝑐𝑙𝑒𝑎𝑣𝑒𝑑(𝑣𝑎𝑟)(𝑁𝑐𝑙𝑒𝑎𝑣𝑒𝑑(𝑤𝑡)+𝑁𝑢𝑛𝑐𝑙𝑒𝑎𝑣𝑒𝑑(𝑤𝑡))/(𝑁𝑐𝑙𝑒𝑎𝑣𝑒𝑑(𝑣𝑎𝑟) +605 

𝑁𝑢𝑛𝑐𝑙𝑒𝑎𝑣𝑒𝑑(𝑣𝑎𝑟))𝑁𝑐𝑙𝑒𝑎𝑣𝑒𝑑(𝑤𝑡), where Ncleaved and Nuncleaved represent read counts of the cleaved 606 
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and uncleaved fractions, respectively, and “wt” denotes the wild‑type sequence. Finally, a fitness 607 

score for each variant was defined as the natural logarithm of its RA value. 608 

 609 

Bioinformatic analysis of four ribozymes. Conservation scores (PhastCons) and multiple 610 

sequence alignments (Multiz) for the ribozyme loci were obtained from the UCSC Genome Browser 611 

using the 30 Primates track. These data were processed and analyzed with custom Python scripts. 612 

To integrate functional data from mutational scanning, positions with a mean single‑mutant fitness 613 

< –0.5 were masked, as they likely correspond to nucleotides essential for catalysis. For the 614 

remaining positions (mean fitness ≥ –0.5), the fitness value was transformed into a pseudo‑SHAPE 615 

reactivity constraint by adding 1.0, generating a reactivity profile that could be used to guide RNA 616 

folding. Secondary‑structure predictions were performed with RNAstructure13 using the 617 

pseudo‑SHAPE data as constraints, with SHAPE intercept and slope parameters set to –0.6 and 1.3, 618 

respectively. From the folding ensemble, the maximum‑expected‑accuracy (MEA) structure was 619 

selected for further analysis. For ribozyme GS46, the consensus secondary‑structure diagram (Fig. 620 

6d) was generated with R2R18 using a multiple sequence alignment of functional mutants (fitness ≥ 621 

–0.5) derived from the mutational‑scanning data. 622 

 623 

PAGE-based biochemical assay. All ribozymes except GS69 were designed as bimolecular 624 

constructs, comprising a separate substrate strand and a separate enzyme strand; GS69 functions as 625 

a single, self-cleaving RNA strand. Cleavage reactions were performed in 20 µL volumes containing 626 

60 pmol of 5′-FAM‑labeled substrate RNA in reaction buffer (final concentration: 20 mM Tris‑HCl 627 

pH 7.5, unless otherwise noted) supplemented with MgCl₂ or other metal ions as indicated. 628 

Reactions were initiated by adding 90 pmol of the corresponding enzyme strand. After incubation 629 

at 37 °C for the indicated time, reactions were stopped by adding an equal volume of stop solution 630 

(90 % formamide, 0.02 % SDS, 0.02 % bromophenol blue, 0.01 % xylene cyanol, 50 mM EDTA). 631 

Product analysis was carried out by denaturing PAGE (15 % gel, 8 M urea). Gels were imaged by 632 

using the ChemiDoc MP imaging system (Bio-Rad, no. 12003154). 633 

 634 

Fluorescence-based kinetic analysis. Fluorescence-based kinetic analysis of the ribozymes was 635 

performed as previously described for the CPEB3 ribozyme14. Substrate RNAs were labeled with 636 
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5′-FAM (fluorophore) and 3′-TAMRA (quencher). Ribozyme-catalyzed cleavage separates the 637 

fluorophore from the quencher, generating a time-dependent increase in fluorescence. Standard 638 

100 µL reactions contained 20 pmol of labeled substrate and 100 pmol of enzyme strand in a buffer 639 

consisting of 20 mM Tris‑HCl (pH 8.0). Reactions were initiated by adding MgCl₂ or KCl to the 640 

indicated final concentrations. Fluorescence (Ex 488 nm/Em 520 nm) was monitored at 37 °C for 641 

36 h using a BioTek Synergy H1 plate reader. Data were normalized to the fluorescence of a water-642 

only blank control measured at t = 0. The observed cleavage rate constant (kobs) was obtained by 643 

fitting the normalized fluorescence (F) versus time (t) to a single‑exponential equation: 𝐹 = 𝐴 −644 

𝐵𝑒−𝑘𝑜𝑏𝑠𝑡   where A is the endpoint fluorescence and B is the signal amplitude. Each kobs value 645 

reported represents the mean of three independent reactions. 646 

 647 

Data availability 648 

All original sequencing data have been deposited in the Gene Expression Omnibus with accession 649 

number GSE327123. All scripts and processed data are available for download at 650 

https://doi.org/10.5281/zenodo.19430452. 651 
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