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A shape-shifting nuclease unravels 
structured RNA

Katarina Meze1,2,3, Armend Axhemi1,3, Dennis R. Thomas    1,3, Ahmet Doymaz2,4  
& Leemor Joshua-Tor    1,2,3 

RNA turnover pathways ensure appropriate gene expression levels 
by eliminating unwanted transcripts. Dis3-like 2 (Dis3L2) is a 3′–5′ 
exoribonuclease that plays a critical role in human development. Dis3L2 
independently degrades structured substrates, including coding and 
noncoding 3′ uridylated RNAs. While the basis for Dis3L2’s substrate 
recognition has been well characterized, the mechanism of structured 
RNA degradation by this family of enzymes is unknown. We characterized 
the discrete steps of the degradation cycle by determining cryogenic 
electron microscopy structures representing snapshots along the RNA 
turnover pathway and measuring kinetic parameters for RNA processing. 
We discovered a dramatic conformational change that is triggered by 
double-stranded RNA (dsRNA), repositioning two cold shock domains by 
70 Å. This movement exposes a trihelix linker region, which acts as a wedge 
to separate the two RNA strands. Furthermore, we show that the trihelix 
linker is critical for dsRNA, but not single-stranded RNA, degradation. 
These findings reveal the conformational plasticity of Dis3L2 and detail a 
mechanism of structured RNA degradation.

RNA quality control and turnover are vital for cellular function, yet 
little is known about how nucleases deal with the diverse universe 
of structured RNAs. Dis3-like 2 (Dis3L2) is an RNase II/R family 3′–5′ 
hydrolytic exoribonuclease that plays an important role in develop-
ment and differentiation1,2, cell proliferation3–6, calcium homeostasis7 
and apoptosis8,9 by effectively removing or processing 3′ uridylated 
RNAs1,10–13. Dis3L2 targets are oligouridylated by the terminal uridylyl 
transferases (or TUTs)14–16. The specificity toward uridylated RNAs is 
conferred through a network of base-specific hydrogen bonds along the 
protein’s extensive RNA-binding surface, as demonstrated by the struc-
ture of Mus musculus Dis3L2 (MmDis3L2) in complex with a U13 RNA17.

Genetic loss of Dis3L2 causes Perlman syndrome, a congenital 
overgrowth disorder that is characterized by developmental delay, 
renal abnormalities, neonatal mortality and high rates of Wilms’ 
tumors1. The first reported physiological substrates of Dis3L2 were the 
uridylated precursors of let-7 microRNAs10,13, which play an important 
role in stem cell differentiation by silencing growth and proliferation 

genes such as HMGA2, MYC and Ras18–23. Many other noncoding RNA 
targets have since been reported, including other microRNAs24,25, 
transfer RNA fragments16, small nuclear RNA26, the intermediate of 5.8S 
ribosomal RNA processing 7SB

27, the long noncoding RNA RMRP28, and 
the 7SL component of the ribonucleoprotein signal recognition particle 
required for endoplasmic reticulum-targeted translation7. The latter 
is probably responsible for the Perlman syndrome phenotype, with 
aberrant uridylated 7SL leading to endoplasmic reticulum calcium 
leakage that perturbs embryonic stem cell differentiation, particularly 
in the renal lineage7.

Unlike a number of structurally similar homologs, Dis3L2 can 
degrade structured RNAs independent of external helicase activ-
ity1,10,12,29. Little is known about how Dis3L2 or other capable RNase 
R/II family nucleases independently degrade structured RNA. We 
determined the structures of an RNase R/II family nuclease bound to 
a series of structured RNA substrates and analyzed the kinetic profiles 
of wild-type Homo sapiens Dis3L2 (HsDis3L2) and engineered mutants 
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overhang as the uridylated tail (hairpinA–GCU14; Fig. 2a). The result-
ing 3.1 Å cryo-EM structure of the Dis3L2D391N–hairpinA–GCU14 com-
plex revealed that Dis3L2 maintains the same vase conformation as 
is observed in the RNA-free form (Fig. 2b and Extended Data Fig. 2). 
However, the double-helical stem of the RNA was not resolved, sug-
gesting that double-stranded RNA (dsRNA) is not stably engaged by the 
nuclease upon initial substrate association. Nonetheless, the quality 
of the density allowed assignment of 15 of the 16 nucleotides of the 
single-stranded 3′ overhang. The RNA follows the same path as is seen 
in the MmDis3L2–U13 structure (RMSD = 0.8 Å over Cα atom pairs) and 
also forms numerous base-specific hydrogen bonds with the protein 
(Fig. 2c–f). As in the MmDis3L2–U13 structure, seven nucleotides at 
the 3′ end are buried in the RNB tunnel (Fig. 2f), which can only accom-
modate ssRNA.

RNA double helix engagement by Dis3L2
To examine the structural changes occurring upon substrate process-
ing, we shortened the 3′ overhang to 12 uridines and further modified 
the stem to increase stability (hairpinC–U12; Fig. 3a). We obtained a 
3.1 Å structure of wild-type HsDis3L2 with hairpinC–U12 in which the 
double-helical stem of the RNA hairpin is clearly visible and nestled 
between the two CSDs and the S1 domain (Fig. 3b,c and Extended Data 
Fig. 3). The overall conformation of Dis3L2 does not change compared 
with the hairpinA–GCU14 or RNA-free Dis3L2 (RMSD = 0.56 and 0.61 Å, 
calculated over all Cα pairs, respectively). The basal junction of the 
hairpin interacts with the S1 and CSD1 domains, while the apical loop 
interacts with CSD2 (Fig. 3c–e). At this point, when the 3′ overhang 
is 12 nucleotides long, the 5′ end at the double strand–single strand 
junction moves toward a loop in CSD1 (N76–H81) (Fig. 3d). While the 
true start of the duplex (C2–G21) lies slightly closer to the S1 domain, 
the U1 5′ overhang forms a wobble base pair with U23 near the N76–H81 
loop in CSD1.

Drastic conformational rearrangement before dsRNA 
unwinding
Next, we designed a substrate with an even shorter, seven-nucleotide, 3′ 
overhang (hairpinD–U7), since this is the minimal ssRNA length needed 
to reach the active site from the opening to the tunnel (Fig. 4a). Cryo-EM 
analysis of wild-type HsDis3L2 in complex with hairpinD–U7 resulted in 
a 2.8 Å structure (Fig. 4b,c and Extended Data Fig. 4a–d). Strikingly, it is 
immediately evident that the conformation of this complex is markedly 
different from the vase conformation observed thus far (Fig. 4d–h). 
The two CSDs moved ~70 Å clear to the other side of the vase rim via a 
hinge in the linker region between CSD2 and the RNB (Fig. 4e and Sup-
plementary Video 1). This resulted in a new conformation reminiscent of 
a prong when viewed from the side (Fig. 4c). This large rearrangement 
is accompanied by smaller conformational changes in the S1 and RNB 
domains. The S1 domain moves such that it angles toward the double 
helix where it forms new interactions with nucleotides C15 and G16 in 
the backbone of the double helix, while a loop in the RNB domain moves 
by 10 Å in response to the new positioning of the CSDs (Fig. 4g,h and 
Extended Data Fig. 4g). We confirmed that the prong conformation is 
not an inactive trapped state caused by the high (75%) GC content in 
hairpinD–U7 by testing the activity of Dis3L2 on this substrate as well as 
analyzing cryo-EM data of Dis3L2 in complex with hairpinE–U7, which 
had a GC content of 50% (Extended Data Fig. 4e,f). Although we were 
unable to obtain a high-resolution reconstruction, the maps clearly 
show that Dis3L2 is in the prong conformation.

The two CSDs move as a block with their relative orientations 
unchanged (Extended Data Fig. 4h,i). An overlay of the RNA-free and 
hairpinD–U7 Dis3L2 structures shows that the 5′ strand of the dsRNA 
hairpin would clash with CSD1 if the CSDs would remain in their origi-
nal position (Fig. 4f). Thus, it appears that upon shortening of the 
ssRNA overhang, the structured portion of the RNA substrate pokes 
the enzyme and triggers this large rearrangement. The consequence 

to reveal how this nuclease achieves highly efficient degradation of 
structured RNA.

Results
Initial binding of Dis3L2 to structured substrates
To understand the presubstrate binding state, we used cryogenic elec-
tron microscopy (cryo-EM) to determine the structure of RNA-free 
HsDis3L2 to 3.4 Å resolution (construct Dis3L2D391N residues 1–858: car-
boxy (C)-terminal truncation of residues 859–885; and an engineered 
catalytic mutation of Asp for Asn at residue 391 in Dis3L2) (see Methods, 
Fig. 1a,b and Extended Data Fig. 1a–c). RNA-free HsDis3L2 has a vase-like 
conformation in which three oligonucleotide/oligosaccharide-binding 
(OB) domains—two cold shock domains (CSDs) and an S1 domain—
encircle a funnel-like tunnel that reaches into the Ribonuclease B 
(RNB) domain and leads to the active site (Fig. 1b and Extended Data 
Fig. 1d). The OB domains provide a large positively charged surface, 
which probably acts as a landing pad for the negatively charged RNA 
(Fig. 1c). The overall structure of RNA-free Dis3L2 is very similar to 
the structure of the mouse Dis3L2–ssRNA complex (MmDis3L2–U13) 
(root mean square deviation (RMSD) = 1.2 Å, calculated over all Cα 
pairs)17. Thus, the apoenzyme is preorganized to bind single-stranded  
RNA (ssRNA).

To probe the initial binding of Dis3L2 to structured substrates, we 
designed a short hairpin RNA mimicking the base of the pre-let-7g stem, 
with a UUCG tetraloop for stability and a 3′ GC(U)14 (16-nucleotide) 
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of this movement is that it allows the structured portion of the RNA to 
come into contact with the RNB while also shortening the length of the 
narrow tunnel to the active site by two nucleotides (Fig. 5 and Extended 
Data Fig. 5a). Moreover, the RNA double-helical stem is now positioned 
on top of the junction between a bundle of three RNB helices and a 
linker connecting them to the rest of the RNB (Fig. 5b,c and Extended 

Data Fig. 5). This junction would then act as a wedge to separate the 
two strands of RNA, allowing the 3′ strand to enter into the narrow 
tunnel while the 5′ strand peels away. Six out of seven residues in the 
single-stranded overhang are in the same position as in the hairpinA–
GCU14 and hairpinC–U12 structures, with five fully buried in the tunnel 
of the RNB (Fig. 5c,d). There is no change in the final approach to the 
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active site. However, the seventh base from the 3′ end, which is also 
the first single-stranded base in hairpinD–U7 (nucleotide U17), is no 
longer pointing towards the S1 domain and N663 as it is in the vase 
conformation (nucleotide U28 in hairpinA–GCU14) (Fig. 5a). Instead, it 
flips to stack underneath G16 of the double-stranded stem and forms 
a pseudo base pair with R616, which emanates from the start of three 
α helices in the RNB (Fig. 5b,c).

Upon close examination of our cryo-EM data, we noticed that het-
erogeneous refinement yielded not only the high-resolution structure 
of the prong, but also a smaller three-dimensional (3D) class represent-
ing the vase (Extended Data Fig. 6a). Using a standardized analysis, 
we examined cryo-EM data of Dis3L2 with a series of substrates with 
identical stem loops but of varying single-stranded overhang lengths 
and looked at their particle distributions between 3D classes after 
heterogeneous refinement (Methods and Extended Data Fig. 6b–d). 
This analysis revealed the point at which the drastic change between 
the vase and prong conformation occurs. The vase conformation is the 
only one observed in the RNA-free form and with long single-stranded 3′ 
overhangs (Fig. 6 and Extended Data Fig. 6c). The prong conformation 
is first observed when the overhang is eight nucleotides long and is the 
only conformation observed when the overhang length is shortened 
to five nucleotides (Fig. 6 and Extended Data Fig. 6c). This illustrates 
the shape-shifting nature of the enzyme to enable the degradation of 
structured RNA substrates, and suggests that this dramatic confor-
mational change is triggered by the RNA when the overhang is roughly 
eight nucleotides long. A similar distribution is seen for independent 
datasets (Extended Data Fig. 6c).

Dis3L2 degrades structured substrates with high processivity
To quantitatively understand how the structural features described 
above impact the function of Dis3L2, we carried out presteady-state 
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kinetic assays and pulse–chase experiments to measure processi-
vity (P) and elementary rate constants for RNA binding (association 
(kon) and dissociation (koff)) and degradation (forward step (kf)) for 
wild-type and mutant forms of Dis3L2 at single-nucleotide resolu-
tion (Extended Data Fig. 7a–g). Our global kinetic analysis also pro-
vided a measure for the contribution of nonproductive binding (that 
is, substrate association that is not conducive to RNA degradation)  
(Extended Data Fig. 7a,e).

Using a 5′ 32P-radiolabeled 34-nucleotide hairpin RNA with a 
seven-base pair stem and a 16-nucleotide overhang (hairpinA–GCU14) 
as a substrate (Fig. 7a), we found that wild-type Dis3L2 is distributive 
for the first step (P = 0.23 ± 0.003), requiring approximately three 
binding events before cleaving the first nucleotide (Fig. 7b,c). This may 
serve as an important checkpoint before initiation of processive deg-
radation in the second phase, where multiple nucleotides are cleaved 
before a dissociation event (Fig. 7c). This pattern was also observed in 
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substrates where the terminal base pairs were switched from GU and 
AU to GC and CG, respectively (hairpinB–GCU14), or when the overhang 
was composed purely of Us (hairpinA–U16) (Extended Data Fig. 7h–j). In 
the case of hairpinB–GCU14, an interesting decrease in processivity was 
seen at an overhang length of five nucleotides, which may reflect some 
stalling before dsRNA unwinding (five to four nucleotides).

During the course of the reaction, as the RNA is progressively 
shortened from the 3′ end, the koff decreases (Fig. 7d). We observe a 
steeper decline in the koff starting around 11 nucleotides, which could 
reflect additional stabilizing interactions that become available when 
the phosphate backbone of the double-helical portion of the substrate 
is brought into contact with the enzyme (as was observed in the hair-
pinC–U12 and hairpinD–U7 structures). The kon also decreases with RNA 
length, probably due to the loss of substrate interaction points (fewer 
3′ U binding sites) necessary for stable association (Fig. 7e). Interest-
ingly, the kf varies with the stage of substrate degradation (Fig. 7d). 
After an initial slow step, kf increases as the enzyme degrades through 
the single-stranded overhang. When the overhang is shortened to 
11 nucleotides, kf peaks and then begins to decrease as the enzyme 
encounters the dsRNA. This suggests that catalysis and/or transloca-
tion slow down as the dsRNA is engaged and later unwound, as kf reflects 
the slower of these two processes. Overall, koff has the dominant effect 
on processivity across all intermediate species (Fig. 7c).

When the substrate RNA initially associates with Dis3L2, it can 
do so productively (allowing degradation to commence from the  
3′ end) or nonproductively. Examples of the latter include: the  
terminal nucleotide not binding fully into the active site; misorienta-
tion of the RNA; or a nonproductive/inactive conformation of Dis3L2. 
We observe roughly tenfold tighter nonproductive compared with 
productive binding for the very first step (Extended Data Fig. 7e). 
To confirm that the nonproductively bound species are not due to 
noncleavable RNA, we performed long-time-course experiments and 
showed that all species do get degraded to the five- to four-nucleotide 
end product (Extended Data Fig. 7b–c). This suggests that along  
with mediating association with substrates targeted for degrada-
tion, Dis3L2’s RNA-binding regions may play a role in non-nucleolytic 
RNA-binding functions.

To assess whether these observations could be applicable to 
other substrates, we carried out additional processivity analyses of 
Dis3L2 degradation on two hairpins (hairpinF–U16 and hairpinG–U16) 
that mimic the 3′ end of the 7SL RNA (a natural substrate of Dis3L2) 
and one hairpin with a longer stem (hairpinI–GCU14) (Extended Data  
Fig. 8). In all three cases, we observe a distributive first step followed  
by a processive phase, in line with our global observation of the 
processi vity on hairpinA–GCU14. Although some minor differences 
in the kinetic profile of these substrates are observed, the overall  
pattern remains. The magnitude of the first distributive step and  
the rate by which Dis3L2 reaches high processivity are different,  
however. The 7SL mimic hairpinG–U16 has the lowest first-step  
processivity (P = 0.16 ± 0.038) and takes the longest to reach the very 
high processivity seen with hairpinA–GCU14 in the second phase,  
possibly due to the bulkiness of this substrate. The 7SL mimic hair-
pinF–U16 (P16 = 0.21 ± 0.026) and hairpinI–GCU14 (P16 = 0.28 ± 0.080), 
which both harbor a single hairpin, have a kinetic profile more  
similar to hairpinA–GCU14. Nevertheless, the overall features for  
all these substrates are similar.

We compared the kinetic profile of HsDis3L2 with that of  
HsDis3—an exosome-associated nuclease of this family that, in contrast 
with Dis3L2, cannot independently degrade structured substrates 
(Fig. 7b,c and Extended Data Fig. 9)12. HsDis3 appears to bind the 
oligo-U-tailed substrate much tighter and enters directly into proces-
sive degradation without an initial distributive step (Extended Data  
Fig. 9b,c). It maintains high processivity up until the single-stranded 
overhang reaches three to two nucleotides in length, at which point  
there is a drastic decrease in processivity as a result of a large increase  

in the dissociation rate (koff) (Fig. 7b and Extended Data Fig. 9b,e). 
This shows that, unlike HsDis3L2, HsDis3 is not able to maintain suffi-
cient association with the substrate once it encounters the structured  
portion of the substrate.

CSDs play multiple roles in RNA processing
Since the CSDs appeared to be the initial recognition sites for the 
RNA, but then triggered to move to the other side of the protein upon 
RNA processing, we tested whether they contribute predominantly to  
initial substrate association or ssRNA degradation. Removal of the  
CSDs (ΔCSD; deletion of residues 1–365) led to lower processivity for  
the very first step, largely due to a lower forward rate constant, indi-
cating that the CSDs play a role in augmenting the rate of catalysis for  
the first nucleotide cleavage (Fig. 7f–h and Extended Data Fig. 10a–c). 
Furthermore, our analysis has shown that the CSDs provide roughly  
half of the nonproductive binding affinity (nonproductive K½ = 4.2 ±  
0.41 nM (wild type) versus 8.5 ± 0.73 nM (ΔCSD)) and remov-
ing them improves the productive binding fivefold (productive 
K½ = 508.3 ± 1.27 nM (wild type) versus 97.7 ± 0.35 nM (ΔCSD)). During  
the following ssRNA degradation steps, ΔCSD has a similar processivity 
to wild-type Dis3L2 (Fig. 7h). However, there is a substantial decrease 
in the processivity as ΔCSD approaches the structured part of the 
RNA, showing a marked reduction at the three- and two-nucleotide 
single-stranded overhang position, as well as at the −1 and −2 nucleo-
tide positions, which now fall within the RNA stem. This is a result of 
a notable increase in the dissociation rate (koff) (Fig. 7h and Extended 
Data Fig. 10b). Thus, the CSDs contribute to both initiation of RNA 
degradation and maintenance of substrate association during the initial 
unwinding steps.

The RNB trihelix and linker are necessary for resolving dsRNA
The Dis3L2–hairpinD–U7 complex structure shows that the trihelix 
linker provides the final barrier before the narrow tunnel to the active 
site, suggesting a role in dsRNA unwinding. Deletion of the trihelix 
and linker (residues P612–M669: Δ123H) has a striking effect on sub-
strate degradation and a buildup of intermediate species is observed 
at lengths close to the start of the double strand of hairpinA–GCU14 
(Fig. 7f,g,i). Δ123H never reaches the processive phase, although there 
is a slight increase in the processivity during initial degradation of the 
ssRNA overhang. When the substrate shortens to ten nucleotides in 
the overhang, the dissociation rate (koff) increases significantly and  
the forward rate (kf) plateaus, leading to a dramatic drop in processi-
vity and a buildup of species with three- and two-nucleotide overhangs 
(Extended Data Fig. 10d–f). However, no such buildup was observed 
in the case of a single-stranded U34 substrate, or with Dis3L2 mutants 
in which only one of the three helices was deleted (Extended Data  
Fig. 10g–k). This shows that the trihelix linker module as a whole is 
crucial for dsRNA, but not ssRNA, degradation.

Discussion
Dis3L2 has emerged as a key nuclease responsible for the specific target-
ing and degradation of cytoplasmic uridylated RNAs, many of which 
are highly structured. Given that many exoribonucleases employ the 
help of helicases to degrade structured substrates, Dis3L2’s ability  
to independently degrade dsRNAs with high processivity is mecha-
nistically interesting. However, little was known about how Dis3L2 or  
other capable RNase R/II family nucleases achieve independent degra-
dation of dsRNA. Here, we discovered a large conformational change 
that is triggered by the dsRNA and exposes a trihelix linker module that 
is crucial for the degradation of dsRNA but not ssRNA. We observed 
engagement of the dsRNA by Dis3L2’s OB domains and uncovered an 
important contribution of the CSDs to initial nucleotide cleavage and 
duplex unwinding. We also identified the contribution of nonproductive 
binding. Below we discuss the implications of our findings for Dis3L2’s 
mechanism of action and the function of other RNase R/II nucleases.
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Role of the CSDs in the degradation of structured RNA 
substrates
Analysis of a Dis3L2 mutant in which the CSDs had been removed, ΔCSD, 
showed an impact on both the first catalytic step and the initial unwind-
ing phase (Extended Data Fig. 10a,b). Moreover, before duplex unwind-
ing, the dissociation constant increased (Extended Data Fig. 10b). Our 
structural data show that the CSDs switch to the prong conformation 
at overhang lengths of roughly eight nucleotides (Fig. 6), which makes 
the fact that we see an impact on binding during the unwinding phase 
in the ΔCSD variant somewhat confusing. There are two models that 
might explain these observations. The CSDs could be contributing to 
binding indirectly, by stabilizing the repositioning of the S1 domain to 
directly interact with the RNA double helix in the prong conformation. 
Alternatively, the CSDs may partially swing back to bind the dsRNA 
directly in a modified vase conformation (the CSDs would clash with 
the 5′ strand in a full vase conformation). Since cryo-EM analysis showed 
that a hairpinD–U5 substrate led to the prong conformation alone, the 
former model seems more likely. However, active turnover conditions 
may allow for more dynamic back-and-forth movement of the CSDs 
during degradation.

Nonproductive binding and non-nuclease roles of Dis3L2
An example of nonproductive binding was observed in the crystal 
structure of MmDis3L2 (ref. 17). While the RNA substrate provided was 
only 13 nucleotides in length, electron density for 14 nucleotides was 

observed. This was due to two different positions of the RNA: with the 
3′ end either right in the active site (in a productive configuration) or 
removed away by one nucleotide, leaving the active site open. The latter 
position represents a nonproductive state. Nonproductive binding has 
been measured in other nucleases such as RRP6 (ref. 30).

The large contribution from nonproductive binding might indi-
cate that Dis3L2 functions in other roles that do not require nucle-
ase activity. A recent study of hepatocellular carcinoma appears 
to have identified one such case3. Dis3L2 was found to be highly 
expressed in hepatocellular carcinoma tissues and promoted alter-
native splicing of the Rac1 gene through a nuclease-independent 
mechanism. Dis3L2 was shown to bind the Rac1 pre-messenger 
RNA via the S1 domain and recruit heterogenous nuclear ribo-
nucleoprotein (hnRNP)–U through its CSDs. This enabled the pro-
duction of Rac1b, an isoform that promotes transformation and  
tumorigenesis3.

Evolutionary analysis of Dis3L2 has revealed that the protein  
has lost nuclease activity at least four times during fungal evolution, 
while the CSDs have remained conserved, thereby suggesting a role 
for the protein outside of RNA degradation31. The Dis3L2 homolog 
in Saccharomyces cerevisiae, Ssd1, is an example of this, losing both 
canonical RNase II/R catalytic residues and acquiring a loop insertion 
that blocks the tunnel to the active site. Ssd1 has been reported to act 
as a translational repressor of certain messenger RNAs involved in 
cell growth and cytokinesis, and deletion of Ssd1 was found to have 
pleiotropic effects on stress tolerance31,32.

A comprehensive model for structured RNA degradation
Combining our cryo-EM and kinetic data, we propose the follow-
ing model: RNA degradation by Dis3L2 proceeds via a minimum of 
six sequential steps: (1) substrate association and quality control; 
(2) initial nucleotide cleavage; (3) 3′ single strand degradation; (4) 
double strand engagement; (5) dramatic domain realignment; and 
(6) concurrent double strand unwinding and degradation (Fig. 8). 
During the first four stages, Dis3L2 is in the vase conformation, with 
the S1 domain and CSDs positioned to form a large, positively charged 
surface for the oligo-U tail of the RNA. While the S1 and RNB domains 
provide crucial binding interactions, the CSDs enable effective initia-
tion of degradation by contributing to the first catalytic step. This 
initial step is slow and acts as a substrate checkpoint. Once cleared, 
the enzyme enters the highly processive phase. When the overhang 
is shortened to 11 or 12 nucleotides, the RNA duplex engages with the 
enzyme, stabilized by contacts with the S1 domain and CSDs. At this 
point, the forward rate constant begins to decrease as the base of the 
dsRNA hairpin gets closer to the tunnel in the RNB domain. When the 
single-stranded 3′ overhang reaches nine or eight nucleotides, the 
5′ strand of the RNA double helix runs into CSD1 and triggers a large 
movement of the two CSDs to the other side of the enzyme (see also 
Supplementary Video 1). In the resulting prong conformation, the S1 
domain angles toward the tunnel and engages the backbone of the 
RNA double helix, which now sits over the RNB trihelix linker. The 
trihelix linker module acts as a wedge between the two RNA strands to 
separate them and enable the 3′ strand to enter into the narrow part of 
the now shortened tunnel. Strand unwinding probably initiates when 
the overhang reaches roughly five nucleotides. Alignment of the struc-
ture of Dis3L2 in complex with hairpinD–U7 with known structures of 
RNase R/II family nucleases suggests that most would have to undergo 
a similar conformational change to allow the double-stranded portion 
of the RNA access to the trihelix linker wedge. Biochemical studies of 
Escherichia coli RNase R have also demonstrated the importance of 
the trihelix in dsRNA degradation33, suggesting that the mechanism 
proposed here could be conserved in other members of the RNase 
R/II family of nucleases. Collectively, this work unveils a molecular 
mechanism for efficient, regulatory degradation of structured RNAs 
by a vital nuclease.

RNA free

Conformational 
change

Double-strand 
engagement

Substrate 
association

ssRNA
degradation

dsRNA unwinding and 
degradation

4- to 5-nt end
product

Fig. 8 | Model of structured RNA processing by Dis3L2. RNA-free Dis3L2 is 
preorganized in a vase conformation to bind RNA substrates (yellow), with a 
seven-nucleotide-deep tunnel leading to the nuclease active site. When the RNA 
overhang is shortened to ~12 nucleotides, additional contacts are made to the 
dsRNA. Further shortening of the overhang triggers a large rearrangement of 
the two CSD domains (pink and orange) to the prong conformation and allows 
the base of the dsRNA to access a module in the RNB domain (blue) that acts as 
a wedge to separate the two RNA strands and allows entry of one of the strands 
into the narrow tunnel leading to the active site. In this way, the enzyme ensures 
continued RNA degradation during RNA duplex unwinding.
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Methods
Protein preparation
Full-length human Dis3L2, mutants with domain deletions, point muta-
tions, and HsDis3 were cloned as amino (N)-terminal Strep-Sumo-TEV 
fusion proteins in a pFL vector of the MultiBac baculovirus expres-
sion system34. Benchling (https://www.benchling.com) was used for 
sequence analysis and primer design. Expression and purification 
followed a similar protocol to that detailed by Faehnle et al.17. All con-
structs were expressed in SF9 cells grown in HyClone CCM3 Media 
(Thermo Fisher Scientific) at 27 °C for 60 h. Cells were then pelleted 
and resuspended in wash buffer (50 mM Tris (pH 8), 100 mM NaCl 
and 5 mM dithiothreitol (DTT)) and a protease inhibitor cocktail was 
added before snap freezing with liquid N2 for storage at −80 °C. After 
thawing, cells were lysed by increasing NaCl to 500 mM, followed 
by one round of sonication. 0.1% poly-ethylene imine was added to 
the lysate and cell debris were cleared by 45 min of ultracentrifuga-
tion at 35,000 r.p.m. and 4 °C. The solution was then incubated with 
Strep-Tactin Superflow resin (IBA BioTAGnology) for 30 min while on 
a rolling shaker. The slurry was applied to a gravity column and washed 
with 20 column volumes of wash buffer before eluting the protein 
with 2 mM desthiobiotin in wash buffer. The Strep-Sumo-TEV tag was 
cleaved using TEV protease overnight at 4 °C. Cleavage efficiency and 
sample purity were assessed by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis. The protein was then diluted to a final salt concen-
tration of 50 mM in 25 mM HEPES (pH 7.5) and 5 mM DTT and applied 
to a HiTrap Heparin HP affinity purification column (GE Life Sciences) 
equilibrated in 50 mM NaCl, 25 mM HEPES (pH 7.5) and 5 mM DTT. The 
bound protein was eluted by applying a linear increasing salt gradient 
(0.05–1 M NaCl). Pooled fractions of protein were then concentrated 
and loaded onto a 10/300 Superdex 200 Increase gel filtration column 
(GE Life Sciences) equilibrated in 20 mM HEPES (pH 7.5), 150 mM NaCl 
and 5 mM DTT. Protein purity was assessed by the quality of the chro-
matogram and by running sodium dodecyl sulfate polyacrylamide gel 
electrophoresis gels. The concentrated sample was frozen in liquid N2 
and stored at −80 °C.

Cryo-EM sample and grid preparation
RNA oligos were purchased from Dharmacon, then RNA second-
ary structure predictions were done using the Vienna RNAfold web 
server (http://rna.tbi.univie.ac.at) and diagrams were made using 
Forna (Figs. 2a, 3a, 4a and 7a and Extended Data Figs. 4a and 8a)35–37. 
RNA hairpins were annealed by diluting into 20 mM HEPES (pH 7.5), 
150 mM NaCl and 5 mM DTT and heated to 95 °C for 3 min before 
stepwise cooling (95, 50, 30 and 4 °C). Complexes of human Dis3L2 
and various RNAs were prepared by mixing equimolar ratios of 
Dis3L2 and RNA, incubating for 15 min and loading onto a 10/300 
Superdex 200 Increase gel filtration column (GE Life Sciences) 
equilibrated in the same buffer (for specific controls indicated in 
Extended Data Fig. 6c, 100 µM ethylenediaminetetraacetic acid 
(EDTA) was added to the buffer). Complex formation was evaluated 
by monitoring a peak shift and the ratio of absorbance at 260 and 
280 nm. Fractions of the complex were then pooled and concen-
trated to roughly 0.5 mg ml−1 for Quantifoil carbon-coated Cu grids 
or 0.3 mg ml−1 for Au foil grids (Quantifoil). Next, 4 µl of sample was 
applied to glow-discharged grids and a Vitrobot plunger (Thermo 
Fisher Scientific) was used to freeze the grids in liquid ethane  
(95% humidity; 20 °C; blot force 4; blot time 2.5 s).

Cryo-EM data acquisition and image processing
Data were collected on a 300 kV Titan Krios electron microscope at 
either 160,000× (0.67 Å pixel size) or 130,000× (0.64 Å pixel size) on 
a Gatan K2 or K3 detector equipped with an energy filter. A similar 
pipeline was used for all datasets (see below). Representative micro-
graphs are provided in Supplementary Figs. 2–14. Contrast transfer 
function estimation, motion correction and particle picking were done 

concurrent to data collection with WarpEM (version 1.0.8)38. Good par-
ticles (as selected by WarpEM) were imported into CryoSPARC where 2D 
classification was done. A subselection of particles were made taking 
the best 2D classes with the highest resolution (below 4 Å for those 
that led to a high-resolution structure) and largest particle number 
(classes with more than 5,000 particles) with protein-like features. This 
particle selection was then used in multiclass ab initio reconstruction. 
The classes were evaluated and then used as starting references for 
heterogeneous refinement, this time using all of the good particles 
from Warp’s picking process. The best heterogeneous refinement 
classes and their particle subsets were then used for homogeneous 
refinement and in some cases nonuniform refinement in CryoSPARC 
(Structura Biotechnology; versions 3.0.0 and 3.1.0)39,40. The Dis3L2–
hairpinA–GCU14 dataset was also processed in Relion using their 3D 
classification, refinement, contrast transfer function refinement and 
particle polishing41–43. Two representative workflows (processing of 
the Dis3L2D391N–hairpinA–GCU14 and Dis3L2–hairpinD–U7 datasets) 
are shown in Supplementary Fig. 1.

To assess the distribution of particles between different Dis3L2 
conformations, we used the following standardized protocol for 
data processing: (1) particles from the datasets were picked using 
WarpEM’s neural network-based picker; (2) good particles were then 
classified in CryoSPARC’s 2D classification; (3) the best 2D classes (as 
described above) were selected for ab initio reconstruction using 
five classes (four classes were used for the datasets hairpinD–U8 #2, 
hairpinD–U9 #2 and hairpinD–U7 #2); and (4) the resulting five ab 
initio models were used as starting references for heterogeneous 
refinement using all of the good particles found by the WarpEM picker 
(Extended Data Fig. 5a). This allowed us to compare the proportion 
of particles in the full dataset that contributed to a particular Dis3L2 
conformation. To ensure that the class distributions were not a result 
of RNA degradation, control datasets with EDTA were also analyzed 
and showed the same overall distribution (Extended Data Fig. 5b). 
To ensure that the 2D selection was not introducing bias into the 
distribution, we also processed the hairpinC–U12 dataset without 2D 
classification. In other words, all particles were included in the ab 
initio and subsequent heterogeneous refinement (Extended Data 
Fig. 6d,e). Further independent repeat datasets were collected and 
processed for Dis3L2 complexes with hairpinD–U5, –U7, –U8 and –U9 
(Extended Data Fig. 6c).

Atomic model building and refinement
Atomic model building and refinement were done in Coot and Phenix 
(version 1.18-3855-000)44–46. Since the mouse and human Dis3L2 pro-
teins are extremely similar in sequence, the mouse Dis3L2 structure 
(Protein Data Bank (PDB) accession code 4PMW) was used as a start-
ing reference for model building17. Once the reference structure was 
fit into the cryo-EM map, Real-Space Refine was used, with morphing, 
simulated annealing and rigid body fit in the first rounds45. After manual 
building and correction of geometric outliers and clashes using Coot, 
further rounds of refinement were done using secondary structure 
restraints, as well as global minimization, refinement of atomic dis-
placement parameters (B factors) and local grid search. Refinements 
of complexes with RNA contained further base pair and base stacking 
restraints in the double-stranded regions. RNA–protein interactions 
were found with PDBePISA (https://www.ebi.ac.uk/pdbe/pisa/) and 
examined manually. Final model validation metrics are provided in 
Table 1. Electrostatics were calculated using PyMol 2.2.3 (Schrödinger) 
at an ionic strength of 150 mM. All other molecular graphics were per-
formed with UCSF ChimeraX version 0.92, developed by the Resource 
for Biocomputing, Visualization, and Informatics at the University 
of California, San Francisco, with support from National Institutes 
of Health R01-GM129325 and the Office of Cyber Infrastructure and 
Computational Biology, National Institute of Allergy and Infectious 
Diseases47,48.
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Presteady-state and quasisteady-state nuclease reactions
Nuclease reactions were performed in a temperature-controlled heat 
block at 20 °C in a total volume of 40 µl. Reaction mixtures containing 
20 mM HEPES (pH 7.0), 50 mM NaCl, 5% glycerol, 100 µM MgCl2, 1 mM 
DTT and Dis3L2 were preincubated for 5 min. Presteady-state reac-
tions were started by the addition of 5′ radiolabeled RNA substrate to 
a final concentration of 1 nM. The concentrations of Dis3L2 were in far 

excess of the RNA and ranged from 5–1,000 nM, as indicated. Measure-
ments were taken at the time points 7 s, 15 s, 30 s, 1 min, 2 min, 3 min, 5 
min, 10 min and 15 min, except for long-time-course experiments for 
which the times are indicated (Extended Data Fig. 7b,c). Reactions were 
quenched by the addition to an equal volume of stop buffer (80% for-
mamide, 0.1% bromophenol blue, 0.1% xylene cyanole, 2 mM EDTA and 
1.5 M urea). Samples were heated to 95 °C and analyzed on sequencing 

Table 1 | Cryo-EM data collection, refinement and validation statistics

RNA-free HsDis3L2D391N 
(EMDB-27827 and PDB 8E27)

HsDis3L2 with hairpinA–
GCU14, (EMDB-27828 and  
PDB 8E28)

HsDis3L2 with hairpinC–U12 
(EMDB-27829 and PDB 8E29)

HsDis3L2 with hairpinD–U7 
(EMDB-27830 and PDB 8E2A)

Data collection and processing

Magnification 160,000× 160,000× 130,000× 130,000×

Voltage (kV) 300 300 300 300

Electron exposure (e− per 
Å2 frame)

2.07 2.07 2.08 2.08

Defocus range (μm) −2.8 to −0.5 −2.8 to −0.5 −2.8 to −0.5 −2.8 to −0.5

Pixel size (Å) 0.66 0.66 0.67 0.67

Symmetry imposed / / / /

Initial particle images 
(number)

990,287 1,256,757 1,375,384 1,836,786

Final particle images 
(number)

162,793 557,901 531,561 539,985

Map resolution (Å) 3.4 3.1 3.1 2.8

FSC threshold 0.143 0.143 0.143 0.143

Refinement

Initial model used 4PMW 4PMW 4PMW 4PMW

Model resolution 2.95 2.95 2.95 2.95

Refinement program and 
final refinement

CryoSPARC and 
homogeneous refinement

RELION and Refine 3D CryoSPARC and nonuniform 
refinement

CryoSPARC and nonuniform 
refinement

FSC (model) 0/0.143/0.5

 Masked 3.3/3.4/3.6 3.0/3.1/3.2 3.0/3.2/3.4 2.7/2.8/2.9

 Unmasked 3.3/3.4/3.8 3.1/3.1/3.3 3.0/3.3/3.5 2.8/2.8/3.0

Map sharpening B factor 
(Å2)

−150.7 −79 −160.4 −109.8

Model composition

 Atoms 5,371 (H: 0) 5,789 (H: 0) 6,197 (H: 0) 5,768 (H: 0)

 Residues Protein: 676 Nucleotide: 0 Protein: 690 Nucleotide: 15 Protein: 692 Nucleotide: 33 Protein: 686 Nucleotide: 15

B factors (Å2)

 Protein 29.11/136.95/79.07 16.07/113.65/45.17 37.96/150.47/75.76 39.39/141.89/71.65

 Nucleotide / 38.44/86.94/55.20 60.65/210.35/160.78 51.96/143.50/104.02

RMS deviations

 Bond lengths (Å) 0.012 (0) 0.004 (0) 0.012 (0) 0.004 (0)

 Bond angles (°) 1.173 (1) 0.827 (0) 1.152 (0) 0.699 (0)

Validation

 MolProbity score 1.06 1.17 1.31 1.44

 Clash score 2.69 3.83 5.62 6.65

 Poor rotamers (%) 0.34 0 0.66 0

Ramachandran plot

 Disallowed (%) 0 0 0 0

 Allowed (%) 1.20 1.46 1.46 2.35

 Favored (%) 98.8 98.54 98.54 97.65

FSC, Fourier shell correlation; RMS, root mean square.
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gels composed of 20% acrylamide and 7 M urea. Gels were exposed to 
phosphor screens overnight and scanned with a Typhoon FLA 7000 
imager (GE Healthcare Life Sciences). Bands were quantified using 
SAFA footprinting software and the values were normalized for each 
lane49. For a typical reaction with a 34-nucleotide substrate and ten 
time points, we quantified all species larger than the five-nucleotide 
end product and obtained approximately 300 data points for each 
Dis3L2 concentration.

Pulse–chase nuclease reactions
Pulse–chase reactions were performed under conditions identical to 
those for presteady-state reactions. Reactions were initiated by the 
addition of enzyme and allowed to proceed for a defined period of time 
(t1). At t1, an excess of cold scavenger RNA (×5,000-fold) was added to 
a final concentration of 5 µM. After incubation for the indicated time 
(t2), aliquots were removed and quenched in stop buffer. Samples were 
analyzed on sequencing gels and processed as for the above-described 
presteady-state reactions.

Calculation of kinetic parameters
Kinetic parameters were obtained using a global fit of the data from 
presteady-state titrations and pulse–chase experiments. Global data 
fitting was performed using the Kinetic Explorer software (version 8.0; 
KinTek Global)50,51. Initial parameters for the global fit were: observed 
rate constants (kobs), processivity values (P) and K½ and kobs

max values 
for each reaction species. Observed rate constants (kobs) were calcu-
lated from presteady-state experiments by fitting each experiment 
separately using the global data-fitting software GFIT52 to a model that 
calculates rate constants for a series of irreversible, pseudo-first-order 
reactions. Initial parameters for GFIT were obtained by fitting the dis-
appearance of a 34-nucleotide substrate to a first-order exponential: 
y = a1 × exp(−b1 × t) + c, where a1 is the amplitude, b1 is the observed 
rate constant (kobs) and c is the offset. Processivity values for individual 
degradation steps were determined from the distribution of substrate 
species before and after scavenger addition30 (Extended Data Fig. 7g), 
where processivity (P) was defined as: P = kf / (kf + koff).

The equations to calculate processivity values from distribu-
tions of species were fit using a customized script in the Mathematica 
software package (Wolfram)30. To derive the K½ and kobs

max values, we 
fit kobs versus Dis3L2 concentration data to a binding isotherm func-
tion defined as: kobs = (kobs

max × [Dis3L2]) × (K½
Dis3L2 + [Dis3L2])−1. K½ 

is the functional equilibrium dissociation constant and kobs
max is the 

maximal observed rate constant at enzyme saturation (Extended Data  
Fig. 7d). The data were then evaluated by plotting in GraphPad Prism 
version 9.1.2 (GraphPad Software). These initial parameters were used 
as guides in setting up a range of starting values for the elementary 
rate constants in a global fit to the minimal kinetic model, as shown 
in Extended Data Fig. 7a. The K½ values were used to constrain the 
ratio of dissociation and association rate constants for productive 
binding by linking the two values as initial parameters. The kobs

max 
values were used to set boundaries on the forward rate constant, kf. 
Finally, the experimentally determined processivity values (P) were 
used as initial constraints on the ratio of kf and koff. The global data 
fit was done in an iterative manner by alternating combinations of 
fixed and floating variables while tracking the overall χ2 value. The 
goodness of the fit, R2 = 0.94, was calculated by plotting the experi-
mental datasets versus the corresponding simulated data from the 
kinetic model (Extended Data Fig. 7f). As an additional measure of the 
overall quality of fit, we performed FitSpace analysis51 to determine 
the lower and upper boundaries of each kinetic parameter (Supple-
mentary Tables 1–3). For a typical substrate, roughly 2,500 individual 
data points from enzyme titrations and 750 data points from pulse–
chase experiments were used to calculate the 120 kinetic param-
eters that describe degradation of a 34-nucleotide substrate down to  
five nucleotides.

Errors for elementary rate constants represent standard errors 
of the mean from the global data fitting. Errors for compound rate 
constants, such as processivity and K½, were calculated via the error 
propagation formulas shown below.

σK1/2 = K1/2√
σ2koff
k2off

+
σ2kon
k2on

σP = P (1 − P)
√

σ2koff
k2off

+
σ2kf
k2f

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Structure coordinates and cryo-EM data have been deposited in the 
PDB and Electron Microscopy Data Bank (EMDB), respectively. The 
structures can be found under the following accession numbers: PDB 
8E27 and EMDB-27827 (RNA-free HsDis3L2); PDB 8E28 and EMDB-27828 
(HsDis3L2 in complex with hairpinA–GCU14); PDB 8E29 and EMDB-
27829 (HsDis3L2 in complex with hairpinC–U12); and PDB 8E2A and 
EMDB-27830 (HsDis3L2 in complex with hairpinD–U7). The cryo-EM 
map of the low-resolution HsDis3L2 complex with hairpinE–U7 has 
been deposited in the EMDB under accession code EMDB-27831. The 
structure of mouse Dis3L2 (PDB 4PMW) was used as a reference and for 
comparisons. Source data are provided with this paper.
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Extended Data Fig. 1 | Cryo-EM structure of RNA-free human Dis3L2. a, Final 3D map of human Dis3L2 (left) with b, Gold Standard (0.143) Fourier Shell Correlation 
(GSFSC) and c, viewing direction distribution (bottom right). The 3D map was produced by homogeneous refinement of roughly 163-thousand particles in CryoSPARC. 
d, Surface representation and cut-away (right) showing the tunnel and the active site.
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Extended Data Fig. 2 | Initial substrate binding by human Dis3L2. a, Final 3D map of human Dis3L2 in complex with hairpinA-GCU14 with b, particle angular 
distribution and c, GSFSC. The final 3D map was produced by 3D refinement of roughly 101,000 particles in Relion. d, Structure of Dis3L2 in complex with hairpinA-
GCU14 with domains indicated, e, and view of top/apical face (rotated 90° toward the reader).
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Extended Data Fig. 3 | Engaging double-stranded RNA by Dis3L2. a, Final 3D map of human Dis3L2 in complex with hairpinC-U12 with b, FSC and c, the particle 
viewing direction distribution. The final 3D map was produced by homogeneous refinement of roughly 532,000 particles in cryoSPARC.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Conformational change is triggered by structured RNA 
substrates with shortened 3′ overhangs. a, Predicted RNA-fold for hairpinD-U7 
(75%- GC content of dsRNA) and hairpinE-U7 (50% GC content of dsRNA).  
b, Final 3D map of human Dis3L2 in complex with hairpinD-U7 superimposed 
with the structure of RNA-free Dis3L2 fit in the map. c, GSFSC and d, particle 
viewing direction distribution. The final 3D map was produced by homogeneous 
refinement of roughly 539,000 particles in cryoSPARC. e, Urea-PAGE of nuclease 

activity assay using pre-let7-U15, hairpinD-U7 and hairpinE-U7 as substrates. 
Species length is indicated on the left of the gel. f, Unsharpened map of Dis3L2 
in complex with the 50% GC-rich hairpinE-U7 (homogeneous refinement with 
226,117 particles) with structure of Dis3L2-hairpinD-U7 fit in the map. g, Density 
overlay of the S1 domain. h, Density for the CSDs in the vase conformation i, and 
in the prong.
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Extended Data Fig. 5 | The base of the double-helical stem is positioned above an RNB trihelix-linker. a, The trihelix-linker forms the final barrier to the dsRNA 
before the tunnel to the active site. b, R616 on the junction of the trihelix stacks under C1 and points towards the first base of the 3′overhang (U17). c, Density for the 
RNB trihelix and linker.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | CryoEM 3D class distribution of particles.  
a, Representative processing pipeline of hairpinD-U7 showing the presence of 
both vase and prong conformation. b, Standardized data processing workflow 
to compare 3D class distribution of particles (Methods). Good particles picked 
by WarpEM’s neural network-based picker first underwent 2D classification 
in cryoSPARC. Particles from classes with high estimated resolution and 
particle number were selected for ab initio reconstruction with 4 to 5 classes 
(Methods). The resulting initial models were then used as starting references 
in a heterogeneous refinement with the full set of good particles. The result ing 
refinements were evaluated for their similarity to the prong or vase confor-
mation and the proportion of particles belonging to each class plotted in c. 

c, Comparison of particle distribution in different datasets. Numbers #1 and 
#2 indicate repeat data collections of the same complex. Controls with EDTA 
(100 µM) were done for the hairpinD-U8 and -U5 complexes. Effect of hairpin 
GC content on conformational distribution of Dis3L2 was evaluated for a -U7 
overhang. X-axis: % of particles in vase (pink) or prong (blue) conformation, 
y-axis: individual datasets RNA-free or hairpin RNA-bound Dis3L2, numbers 
denote the length of the 3′ overhang. The deeper color indicates higher 
quality 3D-reconstructions, gray indicates particles that did not contribute 
to a meaningful reconstruction. d, Control processing pipeline excluding 2D 
classification. e, 3D maps from heterogeneous refinement of hairpinC-U12 dataset 
in CryoSPARC with the proportion of particles in a vase conformation indicated.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Kinetic analysis of WT HsDis3L2 against hairpin 
RNAs. a, Minimal kinetic model used for global data fitting. b, Gel showing 
degradation of hairpinA-GCU14 and ss-U34 to completion by Dis3L2 over a longer 
time course. c, Quantification of substrate disappearance from reaction shown 
in b. d, Fraction of hairpinA-GCU14 substrate disappearance measured over 
time at various Dis3L2 concentrations. e, Comparison of functional equilibrium 
dissociation constants for productive (K1/2

P) and non-productive (K1/2
NP) binding 

determined in the global fit of WT Dis3L2 on hairpinA-GCU14 (the data point 
for x = 15 was omitted due to large uncertainty). f, Correlation of experimental 
data vs the corresponding data calculated using the kinetic parameters for 
pre-steady state reactions of Dis3L2 on hairpinA-GCU14. g, Step-plot showing 

the change in substrate and intermediate species at discrete timepoints during 
pulse-chase reaction at 50 nM Dis3L2 on hairpinA-GCU14, the initial timepoint was 
taken before addition of chase at 3 min. h-j, Comparison of Dis3L2 processivity 
on hairpinA-GCU14, hairpinA-U16, and hairpinB-GCU14 (P HairpinB-GCU14, x = -11 was 
omitted due to large uncertainty). Error bars are shown as vertical lines. K1/2 errors 
in (e) were calculated using error propagation from SEM of koff and kon derived 
from global fit of data from enzyme titrations (9 concentrations with n = 5) and 
pulse chase experiments (2 concentrations with n = 4). Processivity error for i 
represents the Standard Deviation of the Mean with n = 3, while errors for h and j 
were calculated using the error propagation formula from the SEM of kf and koff as 
described above for panel e.
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Extended Data Fig. 8 | Processivity of HsDis3L2 on 7SL mimic and longer 
double-stranded RNA substrates. a, Representative gels from pre-steady 
state nuclease titration assays with 1 nM 5′ P32 -radiolabeled RNA substrate and 
50 nM HsDis3L2. The overall length of the species is indicated on the left of the 
panels. Each experiment was repeated independently with similar results for 
three concentrations of HsDis3L2. b, Representative gels from pulse-chase 
reactions of WT human Dis3L2 at 50 nM concentration and 1 nM radiolabeled 

RNA substrate. Cold chase was added to the reaction at the 3 min timepoint to a 
final concentration 5000 nM. Measurements were taken pre-chase at 3 min (pink 
dot), and post-chase at 4, 5, 7.5, and 10 min (blue gradient dots). Each experiment 
was repeated independently with similar results at two concentrations of 
HsDis3L2 with n = 2. c, d, e, RNA fold predictions and corresponding processivity 
values from pulse-chase experiments for 7SL-hairpinF-U16, 7SL-hairpinG-U16, and 
hairpinI-GCU14. Error bars mark the Standard Deviation of the Mean with n = 4.
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Extended Data Fig. 9 | Comparison of structures and kinetic profiles of 
human Dis3 and Dis3L2. a, Structures of Human Dis3L2 and Human Dis3 (PDB 
code: 6D6Q)51. b–f, Kinetic profile for hairpinA-GCU14 degradation by HsDis3 
at single-nt resolution: b, Processivity (blue circles), c, Functional equilibrium 
dissociation constant for productive binding (K1/2) (green diamonds), d, forward 
rate constant (orange squares), e, dissociation rate constant (pink triangles), and, 

f, association rate constants (purple circles) compared to HsDis3L2 (gray). Error 
bars for (d-f) represent the SEM derived from a global fit of data from enzyme 
titrations (9 Dis3 concentrations with n = 2) and pulse-chase experiments (2 Dis3 
concentrations with n = 3). Processivity error bars for (b) are propagated errors 
calculated from the SEM of kf and koff, while K1/2 errors (c) are propagated errors 
calculated from SEM of koff and kon.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Contribution of the CSDs and trihelix-and-linker to 
degradation of structured substrates by human Dis3L2. a–c, Kinetic profile 
for hairpinA-GCU14 degradation by the ΔCSD mutant at single-nt resolution: 
a, forward rate constants (orange squares), b, dissociation rate constants 
(pink triangles), and, c, association rate constants (purple circles) compared 
to WT Dis3L2 (gray), (the datapoints for kon at x = −3 and −4 were omitted due 
to large uncertainty). Error bars mark the SEM derived from a global fit of data 
from enzyme titrations (8 ∆CSD concentrations with n = 2) and pulse-chase 
experiments (2 ∆CSD concentrations with n = 3). d–f, Kinetic profile for hairpinA-
GCU14 degradation by Δ123H (trihelix deletion) mutant at single-nt resolution: 
d, forward rate constants (orange squares), e, dissociation rate constants (pink 
triangles), and, f, association rate constants (purple circles) compared to WT 

Dis3L2. Error bars mark the SEM derived from a global fit of data from enzyme 
titrations (9 ∆123H concentrations with n = 3) and pulse-chase experiments 
(2 ∆123H concentrations with n = 4). g, Representative gels showing the 
degradation profile by 250 nM Δ123H mutant against 1 nM hairpinA-GCU14 and 
U34 substrates. Each experiment was repeated independently with similar results 
for n = 2 h–j, Fraction of substrate disappearance, fraction of intermediates, 
and fraction of end-product accumulation over time from reactions shown 
in g, k, Representative pulse-chase experiments for 1 nM hairpinA-GCU14 and 
100 nM Dis3L2 helix mutants: Δ1H (Δ612-634), Δ2H (Δ632-647), Δ3H (Δ654-665) 
and ∆123H. Measurements were taken pre-chase at 5 min (pink dot), and post-
chase at 6, 7, 10, and 15 min (blue gradient dots). Each experiment was repeated 
independently with similar results for n = 2.
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