




109 
 
 

 

Figure S2. Sequence and Structure of RNase III, Related to Figure 2. 
Structural-based sequence alignment of ScRnt1p (this work), KpDcr1 
(PDB entry 3RV0), and AaRNase III (PDBentry 2EZ6). Structurally 
unobserved regions are indicated in grey. Residues conserved in two and 
three sequences are indicated in blue and white, respectively. The NTD, 
RIIID, and dsRBD of Rnt1p are underlined in blue, cyan, and pale cyan, 
respectively. RBMs are underlined in blue. The four conserved residues in 
the cleavage site of all RNase IIIs are marked with red triangles and those 
found only in eukaryotic cleavage sites are indicated with stars. The 
secondary structure elements found in the current Rnt1p:RNA structure 
are indicated on top. 
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Figure S3. Structural Details of Rnt1p-Tetraloop Interactions and 
Impact of the Q373A Mutation on Substrate Cleavage, Related to 
Figure 3. (A-D) Interactions between Rnt1p and each of the four 
nucleotides in the AGUC tetraloop. Amino acids from RBMs 0 and 1 are 
shown as sticks in atomic color scheme (N in blue, O in red, and C in pale 
cyan). Nucleotides are shown as thicker sticks with carbon atoms in grey. 
Dashed lines indicate hydrogen bonds. (E) Tetraloop sequence 
distribution in 36 natural Rnt1p substrates (28 ncRNA, 2 introns, 5 
mRNAs, and NPL3- GPI17 intergenic region). (F) The interaction between 
Q373 and the first nucleotide of the loop enhances cleavage by Rnt1p. 
Recombinant Rnt1p and the Q373A mutant were assayed for the cleavage 
of both Long- and Short-G2 substrates (S) under multiple turnover 
conditions (RNA excess) and physiological salt concentrations (150 mM 
KCl). The cleavage products (P) were separated on 20% denaturing 
acrylamide gel. Schemes representing the substrate properties are shown 
on top of gels and the fragment sizes shown on the left. The cleavage 
velocities relative to that of the unmodified enzyme (RV) are shown at 
bottom. 
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Figure S4. Recognition of the AGUC, AGAA, or AAGU Tetraloop by 
ScRnt1p, Related to Figure 4. (A-C) Side-by-side comparison of the 
dsRBD-tetraloop interactions determined in this study (Rnt1p:RNAAGUC) 
with those previously obtained using truncated dsRBDs (dsRBD:RNAAGAA, 
PDB entry 1T4L; dsRBD:RNAAAGU, PDB entry 2LBS). The dsRBDs are 
shown as cartoons (helices as spirals, strands as arrows, and loops as 
tubes) in pale cyan for dsRBD:RNAAGUC (A), yellow for dsRBD:RNAAGAA 
(B), or pink for dsRBD:RNAAAGU (C). RBMs are highlighted in blue and the 
dsRBDs outlined with transparent molecular surfaces in white. The Cα 
position of P449 is indicated with a sphere as a reference point in the 
three structures for comparison. Tetraloops are shown as stick models 
colored by atom (N in blue, O in red, P in orange, and C in pale cyan for 
AGUC, yellow for AGAA, or pink for AAGU), overlapped with the stem-loop 
RNAs illustrated as tubes. The second nucleotide in the tetraloop (Gua16 
or Ade16) is highlighted as spheres. The double-headed arrows indicate 
distances between the Cα position of P449 and base of the second 
nucleotide in the tetraloop of stem-loop RNAs. 
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Figure S5. Distinct Positions of the NTD Dimer in Relation to the RIIID 
Dimer in KpDcr1 and ScRnt1p, Related to Figure 6. (A) Dimeric 
structures of the NTD-RIIID fragment of KpDcr1 (in orange and light 
orange, PDB entry 3RV1, on the left) and that of ScRnt1p (in cyan and 
pale cyan, this work, on the right) are superpositioned on the basis of Cα 
positions in the NTD dimer (in the middle). The proteins are shown as 
cartoons (helices as spirals, strands as arrows, and loops as tubes) with 
the RIIID dimers outlined with transparent molecular surfaces. (B) The 
complementary landscape and surface electrostatic potential (positive in 
blue, negative in red) between the RIIID dimer and the NTD dimer of 
KpDcr1 (PDB entry 3RV1). (C) Neither the landscape nor the surface 
electrostatic potential for equivalent surfaces between the RIIID dimer and 
the NTD dimer of ScRnt1p is compatible for KpDcr1-like back packing. 
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Supplemental Experimental Procedures 

Sample Preparation for Crystallization 

 The full-length, wild-type Rnt1p (Figure S1B) was prepared as described 

(Lamontagne et al., 2001) with several modifications to the original protocol. 

Briefly, the E. coli strain M15 containing the expression vector pQE31-Rnt1p 

was incubated in a BioFlo 415 Fermentor (New Brunswick Scientific Co., Inc, NJ) 

to an OD600 value of 1.5 in super broth media containing 100 μg/ml ampicillin, 

and then induced with 1 mM isopropyl β-d-1-thiogalactopyranoside for additional 

4 hr at 37°C. The cell lysis was performed using an APV-2000 homogenizer in 

buffer A [30 mM Tris HCl (pH 8.0), 1 M NaCl, and 10% glycerol] containing 

20 mM imidazole and protease inhibitor cocktails (Roche, CA). After 

centrifugation at 4°C and 15000 rpm for 30 min, the supernatant was loaded 

onto a nickel-chelating affinity column (HisPrep FF 16/10, GE Healthcare, CA) 

previously equilibrated with buffer A containing 20 mM imidazole. The impurities 

were washed out with buffer A containing 70 mM imidazole and the target protein 

was eluted with Buffer A containing 150 mM imidazole. Further purification of 

the dimeric form of Rnt1p was carried out by using a Superdex 200 column 

(HiLoad 26/60 Superdex 200 pg, GE Healthcare, CA) with an elution buffer B 

[30 mM Tris HCl (pH 7.5) and 0.5 M NaCl]. The final purification was performed 

with ion-exchange column (Source 15S, GE Healthcare, CA), and the Rnt1p was 

eluted with buffer C [50 mM phosphate buffer (pH 7.2), 300 mM NaCl]. The 

purified protein was dialyzed against buffer D [25 mM Tris HCl (pH 7.2), 200 mM 

NaCl] and concentrated to a concentration of 15 mg/ml. The RNA oligo 5'-P-

CAUGUCAUGUCAUGAGUCCAUGGCAUGGCAUGGC-3ʹ  (Figure S1A), which 

was based on the product of natural cleavage of the U5 snRNA 3ʹ end, was 

purchased from Dharmacon, Inc, CO. The stock solution was prepared by 

dissolving the RNA powder in a buffer containing 25 mM Tris HCl (pH 7.2) and 

100 mM NaCl to a concentration of 4 mM. 
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Crystallization, Data Acquisition, and Crystal Structure Determination and 

Refinement 

 The protein-RNA complex was made by incubation prior to crystallization. 

The mixed solution, containing 0.1 mM Rnt1p, 0.2 mM RNA, 150 mM KCl, and 

25 mM MgCl2 in 25 mM Tris HCl (pH 7.2), was incubated at 32°C for 30 min and 

then cooled on ice. Initial screening for crystallization conditions was carried out 

with a Hydra II Plus One robot system (Matrix Technologies Corporation). The 

hits of crystallization conditions obtained from the initial screenings were 

optimized and scaled up using the sitting-drop vapor diffusion method. Crystals 

suitable for X-ray diffraction were grown by mixing 3 μl protein-RNA solution 

and 1 μl reservoir solution [25% w/v PEG1000 in 0.1 M Tris HCl (pH 8.5)] and the 

4-μl droplets were equilibrated against 300 µl reservoir solution. The plate-

shaped crystals grew to the full size (~0.2 x 0.2 x 0.02 mm3) in two weeks. 

They were flash-cooled in liquid nitrogen after a short soak in the reservoir 

solution premixed with 35% (wt/vol) trehalose as a cryoprotectant. X-ray 

diffraction data were collected at beamline ID-22 of SER-CAT at the APS, 

Argonne National Laboratory. 

 The structure was solved by molecular replacement (MR) using 

phenix.automr of the PHENIX program suite (Adams et al., 2010). The protein 

degradation made the MR search very difficult because it was hard to estimate 

the composition and solvent content of the crystal. The structure was finally 

determined by using an ensemble of monomeric RIIIDs from seven structures 

[KpDcr1 (PDB entries 3RV0 and 3RV1), AaRNase III (1YYW and 2NUG), 

Thermotoga maritime RNase III (1O0W), Campylobacter jejuni Rnc (3N3W and 

3O2R), and mouse Dicer (3C4T)] and the Rnt1p dsRBD structure (1T4O) as the 

search models. The NTD dimer and RNA molecules were manually built into the 

difference density map. The structure was refined with phenix.refine of PHENIX 

(Adams et al., 2010) and model building and adjustment was carried out with 

COOT (Emsley and Cowtan, 2004). About 3% of the reflections were randomly 

selected for cross-validation. Magnesium ions and water molecules were included 
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on the basis of difference electron density (Fo-Fc, above 3σ) and verified with 

omit maps. The refined structure was validated using the PROCHECK 

(Laskowski et al., 1993) and WHATIF (Hooft et al., 1996) programs as well as 

the validation server of PDB (http://validate.rcsb.org/). X-ray diffraction data and 

structure refinement statistics are listed in Table 1. 

Preparation of Rnt1p Mutants for In Vitro Binding and Cleavage Assays 

 Point mutations in Rnt1p were generated using PCR-based targeted 

mutagenesis (Good and Nazar, 1992). Truncated versions of Rnt1p were created 

by single PCR amplification of the desired region within Rnt1p genomic locus. 

The ∆NTD mutant was previously described (Lamontagne et al., 2000). 

Purified PCR fragments were inserted between the BamH1/Sal1 sites of the 

pQE31 vector (Qiagen, Canada) and transformed into BL21 bacteria. Selected 

clones were sequenced to ensure that no mutations other than the desired 

ones were present. Proteins were expressed and purified as described 

(Lamontagne et al., 2001). Oligonucleotides used are listed in Supplementary 

Table S2. 

In vitro Cleavage Assays 

 Stem-loop RNA substrates derived from the U5 snRNA 3' end were 

produced with long (Long-G2) or short (Short-G2) stems, 5ʹ -end-labeled with [γ-

32P]ATP using T4 polynucleotide kinase (NEB, Canada), and purified by 20% 

PAGE. Cleavage reactions were performed by incubating 30 nM Rnt1p with 

different substrates for 10 min at 30°C in the reaction buffer [30 mM Tris-HCl (pH 

7.5), 5 mM spermidine, 0.1 mM DTT, 0.1 mM EDTA, and 10 mM MgCl2] 

supplemented with either 10 mM KCl (low salt conditions) or 150 mM KCl (high 

salt conditions). For single turnover reactions, trace amount of radiolabeled RNA 

(300 cpm/µl) was used. For multiple turnover reactions, 3.2 µM unlabeled RNA 

was mixed with the trace amount of radiolabeled RNA and added to the reaction. 

For determination of the Michaelis-Menten constants, reactions were incubated 

for 1 min in the presence of 50 nM enzyme with RNA concentration ranging 

http://validate.rcsb.org/)
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between 0.05 and 3.2 µM. Cleavage products were separated on 20% denaturing 

PAGE, visualized using a Storm 860 imager (Ge Healthcare, Canada), and 

quantified using QuantityOne software (Biorad). Size markers were generated by 

alkaline hydrolysis of 5ʹ -end-labeled RNA substrate. KM and Vmax values were 

calculated using Michaelis-Menten non-linear regression model. All experiments 

were repeated at least three times. Kinetic parameters are summarized in Table S1. 

For ∆NTD, in vitro cleavage assay was also conducted with the G2 substrates 

that were 3ʹ-end-labeled with [γ-32P]pCp using T4 RNA ligase (NEB, Canada), 

and purified by 20% PAGE. 

 

Supplemental Discussion 

Hypothetical Model for Recognition of the AAGU Tetraloop by Rnt1p 

 To date, a total of 43 stem-loop RNA substrates of yeast Rnt1p are known 

(Jules Gagnon, Mathieu Lavoie, and Sherif Abou Elela, unpublished data). 

Among these 43 stem-loops, 42 are capped with an NGNN tetraloop (G2-loop), 

but snR48 exhibits an AAGU tetraloop (A1-loop, Ghazal and Elela, 2006). The 

snR48 may represent a second type of substrates, although another A1-loop has 

not been identified. The requirement for the guanosine recognition by the G-

clamp raises the question of how Rnt1p binds and cleaves an A1 loop. Previous 

studies have shown that the AAGU tetraloop (Figure S4C) adopt a backbone 

conformation that is similar to that of a G2 loop (Figure S4B) upon binding to the 

dsRBD of Rnt1p (Wang et al., 2011). Accordingly, comparison of our structure 

(Figure S4A) with the two previously obtained (Figures S4B, S4C) suggests that 

the presence of the G-clamp may induce a considerable conformational change 

in the backbone of the RNA. Moreover, the point mutations in the G-clamp has 

comparable effects in the A1 (Long- and Short-A1, resulted from substitution of 

the AGUC tetraloop in the G2 substrates with the AAGU tetraloop, Figure S1A) 

and G2 substrates (data for the two A1 substrates are not shown), suggesting 

that the G-clamp may be required for the recognition of both substrate types. 

Thus, we hypothesize that upon binding of the enzyme to the AAGU tetraloop, 
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the RNA may adopt a conformation that allows the guanosine in the third position 

of the tetraloop to be recognized by the G-clamp. Recognition of the third 

nucleotide of the tetraloop rather than the second suggests that the resulting 

structure of the complex has to be somewhat different between G2 and A1 

substrates. This model is in agreement with previous biochemical data that 

suggest that the binding mode of Rnt1p on the RNA and the hydrogen bond 

interactions are slightly different between A1 and G2 substrates (Ghazal and 

Elela, 2006). Additional structural information is essential for the characterization of 

A1-binding mode by Rnt1p. 
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RÉSUMÉ 

 

 La stabilité de l’ARN joue un rôle crucial dans la régulation de l’expression 

génique, mais les signaux qui dictent la dégradation conditionnelle et spécifique 

des ARN sont souvent inconnus. D’un autre côté, la RNase III de Saccharomyces 

cerevisiae Rnt1p participe à la régulation de l’expression de quelques ARNm en 

clivant une structure d’ARN similaire à celle utilisée pour la maturation des ARNs 

non-codants. Afin de mieux comprendre le rôle global de Rnt1p dans la régulation 

de l’expression génique, nous avons entrepris d’identifier et de caractériser les 

signaux de coupure de Rnt1p à travers le génome entier de la levure. Les résultats 

montrent que les motifs de reconnaissance de Rnt1p (les tétra-boucles NGNN) 

sont très largement répandus à travers le génome de la levure. Toutefois, 

seulement une minorité des transcrits sont coupés directement par Rnt1p in vitro. 

Ainsi, la réactivité des substrats semble dépendre du contexte dans lesquels sont 

placés les signaux de reconnaissance. Étonnamment, la spécificité de Rnt1p ne se 

limite pas qu’aux tétra-boucles NGNN puisque celui-ci clive aussi quelques 

transcrits qui présentent des structures non-canoniques telles que des tri-boucles 

ou des penta-boucles. Par ailleurs, plusieurs des sites de clivage nouvellement 

identifiés sont retrouvés dans des ARNm de gènes impliqués dans le métabolisme 

des hydrates de carbone et la respiration mitochondriale. L’impact de Rnt1p sur 

l’expression de ces gènes varie en fonction des conditions de croissance des 

cellules. En conclusion, les résultats démontrent que Rnt1p a développé un 

mécanisme flexible de reconnaissance des substrats qui lui permet de discriminer 

une grande variété de structures d’ARNs. Ils soulignent aussi l’importance de la 

dégradation sélective de l’ARN pour la régulation de l’expression génique en 

réponse aux changements environnementaux. 
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Abstract 

 Detection and validation of the RNA degradation signals controlling 

transcriptome stability are essential steps for understanding how cells regulate 

gene expression. Here we present complete genomic and biochemical annotations 

of the signals required for RNA degradation by the dsRNA specific ribonuclease III 

(Rnt1p) and examine its impact on transcriptome expression. Rnt1p cleavage 

signals are randomly distributed in the yeast genome and encompass wide variety 

of sequence indicating that transcriptome stability is not determined by the 

recurrence of a fixed cleavage motif. Instead, RNA reactivity is defined by the 

sequence and structural context in which the cleavage sites are located. Reactive 

signals are often associated with transiently expressed genes and their impact on 

RNA expression is linked to growth conditions. Together the data suggest that 

Rnt1p reactivity is triggered by malleable RNA degradation signals that permit 

dynamic response to changes in growth conditions.  
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Author Summary 

 RNA degradation is essential for gene regulation. The amount and timing of 

protein synthesis is determined at least in part by messenger RNA stability. 

Although RNA stability is determined by specific structural and sequence motif, the 

distribution of the degradation signals in eukaryotic genomes remains unclear. In 

this study, we describe the genomic distribution of the RNA degradation signals 

required for selective nuclear degradation in yeast. The results indicate that most 

RNAs in the yeast transcriptome are predisposed for degradation but only few are 

catalytically active. The catalytic reactivity of messenger RNAs were mostly 

determined by the overall structural context of the degradation signals. Strikingly, 

most active RNA degradation signals are found in genes associated with 

respiration and fermentation. Overall, the findings reported here demonstrate how 

certain RNA are selected for cleavage and illustrated the importance of this 

selective RNA degradation for fine tuning gene expression in response to changes 

in growth condition  

 

Introduction 

 RNA stability is a critical determinant of gene expression required for the 

adjustment of RNA abundance in response to changes in growth conditions [1]. 

Alterations of mRNA stability are associated with many gene expression programs 

like T cell activation [2], response to osmotic shock [3] and change in carbon 

source [4]. In addition, selective RNA degradation was shown to play a central role 

in both cellular and organismal development underlining the importance of this 

process to the gene expression program [5]. However, despite these profound 

effects on cell function and growth, the mechanisms by which specific transcripts 

are selected for degradation remain unclear. RNAs with similar degradation or 

processing signals often display distinct decay profiles and respond to different 

cellular cues [6]. Attempts to define the features required for selective RNA 
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degradation are seriously hindered by the limited understanding of the 

ribonucleases involved in those processes.  

 In general, RNA turnover and quality control are achieved by 

exoribonucleases which are mostly controlled by the accessibility of the substrate’s 

5’ and 3’ ends [7]. On the other hand, conditional degradation of RNA molecules is 

often triggered by endoribonucleases that accurately identify specific sequences or 

structures at a particular time or growth condition [8]. The most studied of these 

selective endoribonucleases are members of the dsRNA specific ribonuclease III 

(RNase III) family, which was first discovered in bacteria [9]. These ubiquitous 

enzymes are defined by their homology to structural elements, which include a 

nuclease domain (RIIID) that exhibits a conserved divalent metal binding motif, and 

a double-stranded RNA binding domain (dsRBD) [10]. In bacteria, RNase III 

regulates the expression of many conditionally expressed genes like those 

implicated in metal transport [11] and fermentative growth [12]. Similarly, baker’s 

yeast RNase III (Rnt1p) directly cleaves the mRNA of genes implicated in glucose 

sensing [13,14], cell cycle and cell wall stress response [15]. In metazoans, the 

RNase III enzymes Drosha and Dicer are required for the processing of the short 

non-coding RNA needed for sequence specific RNA degradation [16,17]. 

 The sequence and structural features of natural substrates are hard to 

identify for most RNase IIIs. Studies of E. coli RNase III suggest that substrate 

selection is influenced by antideterminant nucleotides (nucleotides that deter 

cleavage) [18]. On the other hand, eukaryotic RNase IIIs possess more specific 

mechanisms of substrate selectivity. For example, human Dicer recognizes 

terminal loops and RNA ends and its substrate specificity is modified in vivo by 

protein factors like TRBP and PACT [19,20]. Similarly, substrate recognition by 

Drosha requires a combination of RNA structure and chaperon proteins [8,21]. The 

most selective enzyme among the members of the RNase III family is found in 

yeast Saccharomyces cerevisiae. Rnt1p prefers short stem loop structures, capped 

with either NGNN tetraloop (G2-loop) [10,22,23] or AAGU (A1-loop) structures to 

long RNA duplexes [22]. Deletion or mutation of these loops block cleavage and 
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reduce binding under physiological conditions [10,24]. This apparently strict 

substrate specificity suggests that Rnt1p has fewer and more homogeneous 

targets than other RNase III. However, our knowledge of Rnt1p substrates was 

deduced from a relatively small number of related substrates (e.g. snoRNAs) [25] 

that may not reflect the entire spectrum of the enzyme reactivity. Indeed, the broad 

impact of RNT1 deletion on yeast phenotypic behavior and transcriptome suggests 

that Rnt1p reactivity is not restricted to non-coding RNA processing [13,15]. This is 

consistent with the fact that Rnt1p is the only homologue of RNase III proteins in S. 

cerevisiae. 

 In this study, we used a combination of genome-wide analysis techniques to 

outline the overall contribution of Rnt1p to the regulation of gene expression in S. 

cerevisiae and define the nature of its cleavage signals. Direct cleavage assay of 

the entire transcriptome permitted unbiased characterization of Rnt1p reactivity 

and defined the predisposition of all transcripts to selective RNA degradation. The 

results indicate that although Rnt1p cleavage signals are randomly distributed 

across the yeast genome, only 10% of the genes are upregulated in vivo in the 

absence of RNT1 and 5% are directly cleaved by the recombinant enzyme in vitro. 

Many of the newly identified cleavage sites were found in mRNAs associated with 

nutritional sensing, carbohydrate metabolism and energy production indicating that 

yeast RNase III is a key regulator of the cell’s response to growth conditions. 

Surprisingly, Rnt1p cleavage sites were not restricted to fixed loop sequence and 

size but extended to different types of structures that include stems terminating 

with tri- and penta-loops with varying sequences. The variety and frequency of the 

cleavage signal suggest that Rnt1p has developed a flexible substrate recognition 

mechanism capable of discriminating between a wide-range of structured RNAs, 

while avoiding the cleavage of duplex RNA, which is the classical target of other 

members of the RNase III family. This unusual substrate specificity explains how a 

single RNase III may regulate the expression of single RNA under specific 

condition [14] with high precision, while retaining the flexibility needed for 

transcriptome surveillance [26].  
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Results 

In silico queries of NGNN tetraloop structures predict Rnt1p cleavage motifs 

independent of the RNA context 

 There are 55 known substrates of Rnt1p (Figure 1A), the majority of which 

exhibit a well-defined stem loop structure that features an AGNN tetraloop (G2-

loop) (Figure 1B). Therefore, we took advantage of the distinct sequence and 

structural features of the G2-loop to create an algorithm capable of identifying 

potential Rnt1p cleavage signals across the entire yeast genome in silico (Figure 

S1A). This algorithm assigns a score (ranging between 0 and 1) to each predicted 

structure based on sequence conservation, structural stability and similarity to 

known Rnt1p targets. As shown in Figure 1C, 80% of the known substrates 

exhibited scores higher than 0.85. On the other hand, substrates not folding into a 

G2-loop like snR48 or MATa1 intron and those not forming at least three stable 

base-pairs downstream of the tetraloop (e.g. snR46 and ARN2-1) were given no 

score. Substrates generated via long-range interaction or based on non-canonical 

stems (e.g. ADI1, snR59 and snR190) were scored between 0.68-0.81 (Table S1). 

Accordingly, we chose 0.85 as a cutoff score to retain the majority of known 

substrates and reduce the number of false positives. Decreasing the cutoff to 0.8 

increased the number of detected known substrates by one, while adding 7071 

weak hits. On the other hand, increasing the score to 0.9 resulted in the loss of two 

known substrates and the removal of 4036 putative hits. 

 Overall, the algorithm identified 254349 possible loops of which 6321 

exhibited a score equal to or higher than 0.85 (Figure 1D and Table S2). To 

validate the reactivity of the predicted cleavage signals and directly evaluate the 

validity of the cutoff threshold, we synthesized 24 stem-loop structures spanning 

the score range between 0.85 and 1 and tested them for cleavage in vitro. As 

indicated in Figure S1B and Table S3, the enzyme cleaved all but four of the 

tested stem-loop structures. The 4 non-reactive stem-loops did not share similar 

scores but instead featured wobble base pairing (G-U) in the first 2 positions 


