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Supplementary Text   
Crystallization  

Initial native gel shift assays performed to evaluate TWIFB1 dENE binding affinity to 
poly(A) of different lengths were carried out using a poly(A) RNA ladder generated by partial 
alkali digestion of longer poly(A) RNAs (Sigma). This study was conducted to identify a proper 
range for poly(A) length to be tested in crystallization trials. Poly(A) fragments of different lengths 
were purified by denaturing PAGE and then 32P 5ʹ-end radiolabeled. It is known that the 3ʹ end of 
RNA fragments generated by alkali hydrolysis contains a 2ʹ,3ʹ-cyclic phosphate and is stable at 
neutral pH (49). Poly(A) of different lengths used in crystallization trials were chemically 
synthesized and therefore end with 3ʹ-OH group. Later, after determining the crystal structure of 
the Xtal dENE+poly(A)28 complex, we realized that poly(A) with a 2ʹ,3ʹ-cyclic phosphate is 
predicted to create a steric clash with the backbone of the pocket motif. As described in the Results 
section, the presence of the 2ʹ,3ʹ-cyclic phosphate reduces the dENE’s binding affinity for poly(A) 
and results in an ~2-fold increase in Kd.  

Co-crystallization trials were conducted using more than 40 RNA sequence variants 
complexed with poly(A) of different lengths ranging from 25 to 30 nt. All crystallization dENE 
constructs contained the same dENE core sequence (Fig. 1A) but varied the sequence outside the 
dENE core, e.g. different length and/or composition of the flanking regions. We also tested the 
wild-type dENE by removing its 5-nt single-stranded 5ʹ and 3ʹ flanking regions (Fig. 1A), which 
did not yield diffraction-quality crystals. Except for the wild-type crystallization constructs, all 
others contained a hairpin structure with a GAAA tetraloop located either on top of the upper 
dENE domain or the bottom of the lower dENE domain. To evaluate conformational homogeneity 
of the dENE+poly(A) complexes, native gel analysis was carried out. As shown in fig. S4, the 
poly(A)-bound Xtal dENE complex prepared for crystallization trials showed that a 
conformationally homogeneous complex crystalizes. 

The stabilization activity of the Xtal dENE was tested using an intronless β-globin mRNA 
reporter assay. We speculate that the longer upper stem and thereby formation of extra minor-
groove interactions in the Xtal dENE might be responsible for observing higher accumulation of 
the β-globin transcript compared to the wild-type dENE. 

A poly(A) 3ʹ-end binding pocket composed solely of RNA that facilitates formation of a 
blunt-ended triple helix 

The dENE+poly(A)28 structure reveals tight packing of the 3ʹ-most adenosine of poly(A) 
in the pocket motif. We performed EMSAs using several dENE and poly(A) variants to evaluate 
the impact of creating steric clash between poly(A) 3ʹ end and the pocket motif. Addition of a 
single G to the 3ʹ end of poly(A)28, which is predicted to induce a steric clash with the dENE G33 
phosphate, weakens the binding of dENE to poly(A) by an ~2-fold increase in Kd (fig. S16). 
Furthermore, a significant smear forms below the complex band (fig. S16B). The smear was 
resolved when a double-mutant dENE, M25, which sequesters the 3ʹ-G overhang into the major-
groove triple helix through formation of a C-G•C+ base triple, was used in the assay (fig. S16A, B 
and D). In addition, we compered the binding affinity of two poly(A) substrates containing an 
internal G substitution (poly(A)25G(A)2 and poly(A)25G(A)4) to another double-mutant dENE, 
M26, with two U to C mutations in the middle of the lower dENE domain (fig. S18A). Earlier 
studies showed that such ENE mutants were able to locate a single G in a stretch of A nucleotides, 
form a C-G•C+ base triple, and thereby lock the register of poly(A) binding (11, 17). When bound 
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to M26, poly(A)25G(A)2 is expected to form a blunt-ended triplex, while poly(A)25G(A)4 should 
generate a 2-nt overhang of the 3ʹ end of poly(A), predicting steric clash with the pocket motif 
(fig. S17). Our data show that the predicted steric clash results in an ~3-fold reduction in the 
binding affinity (fig. S17B and C).  

The M26 dENE contains a double U to C mutation in the lower dENE domain. This mutant 
is expected to lock the poly(A) register through formation of a C-G•C+ triple and to leave a 20-nt 
long poly(A) 3′ overhang (11, 17). The deadenylation assay of M26 dENE demonstrates that the 
20-nt poly(A) 3′ overhang is rapidly trimmed away and no further deadenylation occurs beyond 
that point (Fig. 4D). 

In the pocket motif, CUC/GAG base pairing is close to 100% conserved in dENEs (fig. 
S2), although the corresponding stem in single domain ENEs (fig. S22) does not show such high 
sequence conservation. Based on the dENE crystal structure, the G33, A34 and G35 nucleotides 
occupy positions that poly(A) would occupy if the poly(A) strand were computationally extended 
using the geometry of the last three A nucleotides in the dENE+poly(A)28 crystal structure. Purine 
nucleotides at the G33, A34 and G35 positions stack well with poly(A) bases. Moreover, the G33-
C59 closing base pair is more thermodynamically favorable than the weaker Watson-Crick 
interaction of an A-U base pair. In addition, the G35-C57 base pair is highly conserved as it is 
hydrogen bonded to N1 of A31. However, based on our current crystal structure, we cannot explain 
why the A34-U58 is highly conserved in dENEs. 

Formation of the pocket motif through interactions between the adenosine triad and the 
major groove of the double-helical stem into which the triad inserts augment sequestration of the 
poly(A) tail by protecting its very 3ʹ end. “Hiding” the 3′-most adenosine of the poly(A) tail in a 
pocket-containing ENE is a stabilization mechanism distinct from those of elements that impede 
exonuclease activities through a ‘roadblock’ mechanism (50-54). Since RNA 3′-end accessibility 
and processing play fundamental roles in the stability and cellular fate of RNA transcripts (55-59), 
protecting the poly(A) 3′ end through formation a blunt-ended RNA triplex is a powerful 
mechanism to regulate RNA stability and, potentially, activity.  

Finally, the TWIFB1 dENE structure reveals that dENE+poly(A) is a modular assembly. 
Specifically, the pocket motif appears to exist in several ENEs despite different modes of 
interaction with poly(A) in the minor groove or of how poly(A) transitions to the major-groove 
triple helix (figs. S2 and S22). Therefore, the repertory of identified ENEs (9) represents different 
combinations of various types of structural modules. 

Significance of dENE+poly(A) structural features in RNA stabilization 
The upper and lower domains of the dENE share several common structural features, i.e. 

WC/H A-minor interactions, the quintuple-base transition and major-groove triple helix. Our 
cellular assays demonstrated that identical mutations are more detrimental to the cellular level of 
βΔ1,2 reporter transcript when in the upper compared to the lower dENE domain. For example, 
mutating the C-G base pair in the quintuple base transition in the upper domain (M1) reduces the 
accumulation of β-globin mRNA to ~38%, while the same mutation in the lower domain (M3) 
results in ~48% activity compared to the wild-type dENE. Since the presence of the poly(A) 3ʹ-
end pocket is the major difference between the two domains, we hypothesize that the pocket motif 
compensates for mutations that disrupt other features of the lower domain. If this hypothesis is 
true, a mutation that affects both the lower domain major groove triple helix and the pocket motif 
should result in greater activity loss in the reporter assay. For example, the U to C mutation in M18 
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is expected to disrupt the major-groove triple helix, while also compromising the proper 
arrangement the 3ʹ-most adenosine of poly(A) and its ability to form a hydrogen bond with the 
G33 phosphate within the backbone of the pocket. Indeed, M18 shows the least activity (~30%) 
among mutations tested in the lower dENE domain. 

The greater detrimental effects observed for mutations in the upper domain on the 
stabilization activity of dENE in the reporter assay might be explained by kinetic effects. We 
speculate that the upper dENE domain might bind poly(A) first, as previously proposed (9), and 
thus assist the lower dENE domain in searching for the poly(A) 3ʹ end and docking it into the 
pocket motif. Since the poly(A) register is not fixed in the upper dENE domain and its 3ʹ end can 
freely exit the upper major-groove triple helix, we hypothesize that poly(A) can easily slide out of 
the upper domain and loop out variable numbers of nucleotides between the two dENE domains. 
Further investigations are required to shed light on the folding and dynamics of dENE-poly(A) 
complex formation. 

The crystal structure reveals a structural reason for the frequent occurrence of a G•A pair 
closing the upper dENE domain in multiple dENEs (fig. S2). In M9, which replaces the non-
canonical G74•A14 base pair with a G-C pair, we observed ~40% reduction in stabilization 
activity, consistent with our previous data (9). Although G•A is an antiparallel pair that can be 
extended into a canonical double-helical stem, it is less stable than a GC canonical pair (60). Based 
on the structure, although A15, which emerges from the upper dENE major-groove triple helix, 
does not interact with the G74•A14 base pair (figs. S9 and S19B), poly(A) A14 forms a stacking 
interaction with the adenine of the G74•A14 base pair (fig. S19); therefore, mutating A14 in the 
dENE to C should disrupt the stacking interaction. 

Conservation of pyrimidine/purine (Y/R) bias in the composition of the flanking stems that 
form WC/H A-minor interactions supports the importance of this feature in dENE function. In the 
upper stem, all four base pairs are involved in WC/H A-minor interactions. In the crystal structure, 
the top three base pairs provide a landing pad for poly(A) in the minor groove, while the CG 
closing base pair is involved in the quintuple transition motif. In the M21 mutant, the dENE upper 
stem and hairpin are replaced with GCUUCGGC, a thermodynamically stable tetraloop that is not 
known to bind any particular protein or make RNA-RNA interactions (61, 62). Disruption of the 
WC/H A-minor motif in M21 showed ~60% reduction in the accumulation of the reporter 
transcript, comparable to M2 (Fig. 5). To address the significance of Y/R bias in each receptor 
base pair, we mutated A-U to U-A in M22, A-U to U-A in M23, and C-G to G-C in M24 (fig. 
S20). M23 and M24, which exhibit less Y/R bias in the upper stem, showed lower activity. In 
contrast, M22 with higher Y/R bias increased the RNA stabilization activity of the dENE by ~20%. 
In the PAN or MALAT1 ENE, whose poly(A) or A-rich tract forms only a few classical A-minor 
interactions with the flanking stem, only mutation of the closing base pair results in lower 
stabilization activity (~50%); mutating any other base pair in the stem to another canonical pair 
has no significant effect on RNA stabilization (7, 12). These observations agree with earlier studies 
showing that A-minor interactions do not differ among canonical receptor base pairs (63, 64). 
However, WC/H A-minor interactions in the dENE appear to prefer a particular geometry, as well 
as Y/R bias in the composition of the stems. Yet, we cannot rule out the possibility that protein 
interactors recognize this feature in vivo. 

The canonical A-minor motif is one of the most abundant tertiary interactions found in 
numerous RNA structures (18, 65). Canonical A-minor interactions include four subtypes based 
on the positioning of the adenosine in the minor groove and the number of hydrogen bonds it forms 
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(type 0, I, II and III). The number of consecutive adenosines in a canonical A-minor motif does 
not exceed three (18, 64). When three consecutive adenosines are involved, the interactions 
conform to a type order as follows: the 5′-most adenosine forms a type III, the middle A forms a 
type II, and the 3′-most adenosine makes a type I interaction. This particular structural topology 
precludes involvement of more than three consecutive adenosines (18, 64). The majority of 
interactions that the GAAA tetraloop-minor groove receptor forms are canonical A-minor 
interactions (66-68) and they also occur in the PAN and MALAT1 triplex structures (11, 17). In 
contrast, a tract of more than three consecutive adenosines can form a WC/H A-minor motif by 
interacting with a Y/R biased stem. Therefore, WC/H A-minor motifs have the potential to form 
stable interactions with RNA double helices and are expected to play an important role in 
stabilization of polyadenylated RNAs. 

Until this study, formation of a blunt-ended triplex structure was identified only by locking 
the register of A-rich tracts using its non-A nucleotides. Previous studies demonstrated that 
superior activity of the MALAT1 ENE in stabilizing RNA is due to the formation of a blunt-ended 
triplex (7, 17). Similarly, a mutated PAN ENE, which generates a blunt-ended RNA triplex locked 
into the register by substituting one U-A•U with a C-G•C+ triple, is as active as MALAT1 in 
inhibiting rapid RNA decay (17). We inserted the TWIFB1 dENE or PAN ENE upstream of a 54- 
or 72-mer poly(A) tract in the reporter plasmid and compared their activities with a reporter 
containing the MALAT1 ENE and A-rich tract in the same position (fig. S21A). The βΔ1,2-dENE-
poly(A)54 or -poly(A)72 exhibits an increase in accumulation of the reporter transcript that is closer 
to that of MALAT1, but higher than those of ENEs that do not form blunt-ended triplex structures 
(PAN ENE or Δpocket dENE mutants) (fig. S21B and C). Therefore, the pocket motif facilitates 
formation of a blunt-ended RNA triplex without relying on the presence of non-A nucleotides in 
the poly(A) tail. 

Based on our current knowledge, dENEs are found in transposable elements, 
predominantly in plants and fungi. Median poly(A) tail lengths in plants (< 100 nt (69)) and fungi 
(~60 nt (70)) are less than those in mammalian cells (~35% and ~65%, respectively, compared to 
HEK293T cells (71, 72)). Therefore, structural features of dENEs might have evolved to stabilize 
poly(A) tails of ~60–120-nt long most efficiently. This is in agreement with our observation that 
TWIFB1 dENE stabilizes the βΔ1,2 reporter transcript more effectively when its poly(A) tail is 
~70 nt long (fig. S21).  
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Fig. S1. Schematic diagram of the triple helical structure of the PAN RNA (crystal structure 
at 2.5 Å resolution) (11) (A) and the MALAT1 (crystal structure at 3.1 Å resolution) (17) (B) 
ENEs. URILs (U-rich internal loops) are shown in green; the poly(A) tail and A-rich tract are in 
purple. The upside-down representation of PAN RNA and MALAT1 ENEs is presented for easier 
comparison with the TWIFB1 dENE. 
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Fig. S2. Sequence conservation of dENEs. (A) Secondary structure-guided alignment of TE 

sequences corresponding to dENEs and their flanking regions, described in (9). The Ts specifying 

the U residues involved in predicted U-A•U triple-helix formation in dENE are shaded green, 

while pyrimidine/purine (Y/R) biased stems are shaded blue. The three conserved adenosines 

constituting the adenosine triad are shaded cyan. Residues involved in the quintuple-base 

transition, a motif found in the TWIFB1 dENE+poly(A)28 complex, are boxed. Red residues are 

at least 60% conserved. (B) Predicted secondary structure of the rice TWIFB1 dENE. Colors are 

as in A. The black arrow indicates the predicted 5ʹ to 3ʹ direction of the poly(A) interacting with 

the dENE based on structural homology with the PAN and MALAT1 ENEs. The consensus 

structures of the Y/R biased stems, derived from the sequence alignment shown in (A), are depicted 

in black boxes on the right.  
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Fig. S3. Interactions between poly(A) RNAs and the dENE investigated using native gel shift 
assays. (A) Binding affinities of the wild-type dENE shown in (B) for poly(A) of different lengths 
(18 to 35 mers) were investigated. Poly(A) fragments were generated by partial alkali hydrolysis 
of poly(A) (Sigma) followed by PAGE purification. For each poly(A) length, native gel shift 
assays with trace [32P] 5ʹ-end labeled poly(A) were carried out. Binding affinities are the average 
of at least three replicates ± standard deviation. (B) The contribution of the Y/R biased stems to 
the ability of the dENE to bind poly(A) was evaluated using native gel shift assays. The strand-
swap mutation, in which both Y/R biased stems were strand-swapped (red nucleotides), obliterated 
poly(A)-binding. 
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Fig. S4. Evaluation of the purity and homogeneity of the Xtal dENE+poly(A)28 complex 
prepared for crystallization trials using native gel electrophoresis. Xtal RNA (~5.7 mg/ml or 
~170 µM) was mixed with poly(A)28 in different molar ratios, heated to 95 °C for 2.5 min, snap-
cooled on ice for 10 min, then equilibrated to room temperature over 1 h. RNA was visualized by 
ethidium bromide staining. 
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Fig. S5. Representative electron density maps. Initial experimental electron density for a portion 
of the complex including the poly(A) 3ʹ-end binding pocket at 3.10-Å resolution, contoured at 2σ 
(A), and the final 2Fo − Fc electron density for the same region at 2.89-Å resolution, contoured at 
2σ (B). Colors as in Fig. 1. An iridium hexamine ion, which is bound to the RNA backbone, is 
shown in blue. 
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Fig. S6. Three different ENEs form identical major-groove triple helices with poly(A). 
Schematic diagrams of the triple helix structure (above) and cartoon representation (below) of the 
crystal structures of the TWIFB1 upper domain (A), PAN RNA (B), and MALAT1 (C) ENEs. 
Superposition of the major-groove triple helix (colored regions) from the TWIFB1 upper domain 
with the major-groove triple helix from PAN RNA (RMSD = 0.8 Å) (D) or MALAT1 (RMSD = 
0.8 Å) (E). Colors and orientations are as in (A to C). The PAN and MALAT1 triplex structures 
were derived from PDB 3P22 (11) and 4PLX (17), respectively. 
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Fig. S7. Overall structure of the Xtal dENE+poly(A)28 complex in the same views as shown 
in Fig. 1E. Additionally shown are eleven iridium hexamine ions (salmon surrounded by blue 
spheres), six strontium ions (green spheres), three magnesium hexahydrate ions (yellow 
surrounded by red spheres) and a single spermidine (white complexed with blue spheres) that are 
bound to the complex. The 5ʹ to 3ʹ direction of poly(A) interaction with the upper and then the 
lower dENE domain is shown by a purple arrow. 
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Fig. S8. Analysis of the Xtal dENE+poly(A)28 complex reconstituted from dissolved RNA 
crystals using a native gel mobility shift assay. RNA crystals from multiple drops (A) were 
dissolved to reconstitute the dENE+poly(A)28 complex (B) and then analyzed by mobility shift 
relative to free dENE on a native gel later stained with ethidium bromide (C). RNA samples were 
heat denatured at 95 °C for 3 min and then cooled to room temperature for 1 h. dENE+poly(A)28 
and dENE+poly(A)12 complexes, lanes 1 and 2, were formed by mixing dENE:poly(A) in a 1:1.05 
and 1:2.1 ratio, respectively. RNA crystals collected from multiple drops (A) were washed with 
mother liquor solution ten times to remove all soluble RNA, then dissolved in 1 mM MgCl2 
containing buffer, heat denatured and annealed using the above protocol and loaded in lane 4. The 
RNA in lane 1 is the dENE+poly(A)28 complex used as the starting material to set up crystallization 
trays. Observing the same mobility shift (marked by orange stars) in lane 1 for the complex 
assembled before crystallization and lane 4 (the complex reconstituted from RNA retrieved from 
crystals after releasing poly(A) by heat denaturation) indicates that poly(A)28 in the crystal remains 
intact. Therefore, the lack of electron density for A16-A20 in the X-ray structure appears to not 
result from poly(A) scission; the A16-A20 region is most likely crystallographically disordered. 
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Fig. S9. Structural features of the upper dENE domain in the Xtal dENE+poly(A)28 complex. 
(A) Schematic diagram of the tertiary structure of the entire dENE+poly(A)28 complex as shown 
in Fig. 1. (B) Cartoon representation of the structure of the upper domain boxed in (A). Poly(A) 
lies in the minor groove of the upper stem, making multiple WC/H A-minor interactions. In the 
quintuple-base transition motif, poly(A) shifts from the WC/H A-minor motif to form a major-
groove triple helix. The first A to emerge from the major-groove triple helix, A15, points its 3′-O 
away from the middle stem (black arrow). 
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Fig. S10. Structural organization of the lower dENE domain in the Xtal dENE+poly(A)28 
complex. (A) Schematic representation of the tertiary structure of the entire dENE+poly(A)28 
complex. (B) Cartoon representation of the structure of the lower domain boxed in (A). A22 of 
poly(A) interacts with the minor groove of the middle stem. Through the quintuple-base transition, 
poly(A) shifts from a WC/H A-minor interaction to form a major-groove triple helix. The poly(A) 
3ʹ end is buried in the pocket motif formed by stacking interactions between the adenosine triad 
bases (cyan), which insert into the major groove of the three base pairs of the stem flanking the 
lower URIL. 
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Fig. S11. Base triple and base quintuple interactions observed in the Xtal dENE+poly(A)28 
structure. (A) A7 of poly(A) hydrogen bonds with two adjacent base pairs (U80-A7 and C81-G6) 
in a twisted conformation to form a quintuple-nucleotide interaction. The same base pairs also 
participate in two triple-base interactions: A6 with C81-G6 and A8 with U80-A7. (B) The 
quintuple-base transition motifs between WC/H A-minor interactions and major-groove triple 
helices are identical in the upper and lower dENE domains: superposition of the two quintuple-
base transition motifs is shown in two different views (RMSD = 0.7 Å over all non-hydrogen 
atoms). 
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Fig. S12. Structurally identical quintuple-base transitions and major-groove triple helices 
form in the upper and lower dENE domains. (A) Schematic diagram of the complex tertiary 
structure. (B) Superposition of the two regions boxed in (A) is shown in two different views 
(RMSD = 0.8 Å over all nonhydrogen atoms). 
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Fig. S13. Final electron density for the adenosine triad in the poly(A) 3ʹ-end binding pocket 
contoured at 2σ. Colors as in Fig. 1. Iridium hexamine ions, which are bound to the RNA 
backbone, are shown in blue. 
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Fig. S14. The hydrogen-bond network formed in the poly(A) 3ʹ-end binding pocket. (A) A30, 
A56 and A31, which form base-stacking interactions, reside in the major groove of three base pairs 
of the stem located next to the lower URIL. The A30, A56 and A31 bases are coplanar with the 
C59-G33, U58-A34 and C57-G35 base pairs, respectively. The base C32 in the middle of the Z-
shaped backbone positions the G33 phosphate within hydrogen-bonding distance of the terminal 
3ʹ-OH group of poly(A)28 (B). (C to E) Close-up and top views of the interactions between the 
adenosine triad and base pairs forming the flanking double helix. 
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Fig. S15. Molecular surface representations of the triplex structures from different ENEs, 
which expand Fig. 4A (top row) by presenting two other orientations (the middle and bottom 
rows). The 90° rotations reveal the 3′-most adenosine of each triplex, which faces the wide and 
shallow minor groove of the flanking stem. In the TWIFB1 upper dENE domain, the A15 
nucleotide emerges from the major-groove triplex. In contrast to the other three triple helices, in 
the TWIFB1 lower dENE triplex, the entrance to the minor groove of the flanking stem is closed 
and the groove is narrowed and more shallow. The 180° rotations show the narrow and deep major 
grooves of the flanking stems. Unlike the first three structures, in the TWIFB1 lower dENE triplex, 
which is flanked by the poly(A) 3ʹ-end binding pocket, the depth of the major groove is filled by 
the adenosine triad. The PAN and MALAT1 structures were derived from PDB 3P22 and 4PLX, 
respectively. 
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Fig. S16. Native gel shift assays support the importance of the pocket motif for dENE 
function. Binding affinities of various dENE constructs for [32P]-5ʹ-end labeled poly(A)28 and 
poly(A)28G were investigated using EMSA. (A) Predicted secondary structures of tested dENE 
constructs. Mutated nucleotides are in red and deleted ones are marked by red circles. (B) Native 
gel shift assays of the WT or mutated dENE as indicated at the top with poly(A)28 or poly(A)28G 
as marked at the bottom. Disruption of the poly(A) 3ʹ-end binding pocket by deleting residues 
critical for the formation of the pocket (in M11) or by introducing a steric clash between a 
nucleotide leaving the major-groove triple helix (single G in poly(A)28G) and phosphate backbone 
of the pocket results in 1) appearance of a smear below the complex band (B), and 2) reduction in 
the binding affinity (C). In M25, the double U to C mutation, which should engage G of poly(A)28G 
in formation of a C-G•C+ triple and thereby eliminate the steric clash, resolves the smear (last lane 
of B). Binding affinities are the average of at least three replicates ± standard deviation. (D) 
Predicted interactions of the dENE constructs used in the assay with poly(A)28G. 
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Fig. S17. Native gel shift assays support formation of the pocket through a steric mechanism. 
Binding affinity of a dENE construct with a double U to C mutation in the middle of the lower 
dENE domain for G-containing poly(A) sequences was investigated by EMSA. (A) Predicted 
secondary structure of the double-mutant construct used in the assay. Mutated nucleotides are in 
red. (B) Native gel shift assays of M26 with poly(A)25G(A)2 or with poly(A)25G(A)4. The 
introduction of a steric clash between the two nucleotides leaving major-groove triple helix (two 
As) and the phosphate backbone of the pocket results in 1) appearance of a smear below the 
complex band (B), and 2) a reduction in binding affinity (C). Binding affinities are the average of 
at least three replicates ± standard deviation. (D) Predicted interaction of the M26 double-mutant 
dENE with poly(A)25G(A)2 or poly(A)25G(A)4. 
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Fig. S18. The effect of replacing the 3ʹ-OH group in poly(A) with 2ʹ, 3ʹ-cyclic phosphate on 
binding to the dENE. (A) Native gel shift assays of complexes formed between the dENE and 
poly(A)28 terminating with either 3ʹ-OH [poly(A)28] or 2ʹ, 3ʹ-cyclic phosphate [poly(A)28-cP]. (B) 
Quantification of the samples shown in (A). Binding affinities are the average of at least three 
replicates ± standard deviation. 
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Fig. S19. Stacking interaction between A14 of poly(A) and the adenine of the G74•A14 base 
pair of the dENE. (A) Close-up and side view of the G74•A14 base pair located next to the last 
U-A•U triple in the upper dENE domain. (B) Top view of the stacking interaction between A14 of 
poly(A) and the A14 of the dENE. 
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Fig. S20. Contribution of WC/H A-minor interactions to the accumulation of the β-globin 
reporter mRNA.  (A)  Predicted secondary structure of the dENE with the mutations studied in 
the assay indicated. Gray is the wild-type sequence while mutated nucleotides are red. (B) Northern 
blots probed for β-globin and neomycin resistance (NeoR) sequences. For quantification of the 
Northern blot results, the β-globin signals were normalized to those of NeoR. Accumulation of No 
ENE was set at 1. Relative accumulation is the average of at least three independent experiments 
± standard deviation. 
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Fig. S21. Comparative accumulation of β-globin reporter transcripts containing different 
ENEs. Accumulation of β-globin reporter transcripts stabilized by ENEs forming 3ʹ-blunt ended 
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triple helices (TWIFB1 dENE and MALAT1 ENE) or ENEs that do not form 3ʹ-blunt ended triplex 
structures (PAN ENE and Δpocket dENE) are investigated. (A) Schematic of the β-globin 
constructs containing a CMV promoter, a human intronless β-globin gene (βΔ1,2), different ENEs, 
poly(A)/A-rich tract, mascRNA and a bovine growth hormone poly(A) site (BGH pA). Arrowhead 
indicates the RNase P cleavage site upstream of mascRNA. (B) Northern blot analyses of different 
β-globin reporter constructs. Blots (top) were probed for β-globin and neomycin resistance (NeoR) 
sequences. Quantification of the Northern blots (bottom) with the β-globin signals normalized to 
those of NeoR. (C) Removal of the poly(A) 3ʹ-end binding pocket from the same constructs as used 
in (B) results in reduction of RNA accumulation by ~50%. Relative accumulation of No ENE was 
set at 1. Relative accumulation is the average of at least three independent experiments ± standard 
deviation. 
  



 
 

28 
 

 

Fig. S22. Secondary structure-guided alignment of TE sequences corresponding to single-
domain ENEs and their flanking regions, described in (9). Residues putatively involved in the 
quintuple-base transition are boxed, while the three conserved adenosines constituting the 
adenosine triad, which is involved in poly(A) 3′-end binding pocket formation, are shaded cyan. 
The Ts specifying the U residues involved in predicted U-A•U triple-helix formation by the ENE 
are shaded green, while pyrimidine/purine (Y/R) biased stems are shaded blue. The red residues 
are at least 60% conserved. 
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Fig. S23. Schematic diagrams of the structures used for superposition analyses in Fig. 6. Only 
those regions used for superposition are colored. (A)  Schematic diagrams of dENE+poly(A)28 and 
the SAH riboswitch (20). (B) Schematic diagrams of dENE+poly(A)28 and the Cas9 trans-
activating crRNA (21). (C) Schematic diagrams of the dENE+poly(A)28 complex and the hTR 
pseudoknot (22).  
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Fig. S24. Comparison of the quintuple-base transition motifs from different RNA structures. 
The quintuple-base transition motif from the dENE+poly(A)28 structure is superimposed on that 
of (A) the Cas9 trans-activating crRNA (PDB 5X2G (21)), (B) the Class I preQ1 riboswitch (PDB 
3FU2 (24)), (C) the PEMV-1 mRNA pseudoknot (PDB 2RP0 (73)), or (D) the hTR pseudoknot 
(PDB 2K95 (22)). 
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Fig. S25. Secondary structure-guided alignment of viral single-domain ENE sequences 
containing a putative poly(A) 3′-end binding pocket. Note that all of these ENEs are found in 
positive-sense RNA viruses. The Himetobi P virus ENE appears in inverted orientation relative to 
the other ENEs. Residues putatively involved in the quintuple-base transition are boxed, while 
those constituting the adenosine triad, which is involved in poly(A) 3′-end binding pocket 
formation, are shaded in cyan. The U residues involved in predicted U-A•U triple-helix formation 
in ENE are shaded green, while pyrimidine/purine (Y/R) biased stems are shaded blue. The red 
residues in the upper panel are at least 60% conserved. 
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Table S1. Crystallographic data collection and refinement statistics. 
 Native  Iridium derivative  
Data collection     
Space group P6422  P6422  
Cell dimensions     
   a, b, c (Å) 93.9, 93.9, 202.2  95.5, 95.5, 206.1  
   α, β, γ (°) 90.0, 90.0, 120.0  90.0, 90.0, 120.0  
  Peak Inflection Remote 
Wavelength 0.9792 1.1053 1.1060 1.1046 
Resolution  46.99 - 2.89  

(2.99 - 2.89)a 
100.00 - 3.00  
(3.05 - 3.00) 

100.00 - 3.00  
(3.05 - 3.00) 

100.00 - 3.00  
(3.05 - 3.00) 

Total reflections 194340 (8265) 226494 229357 177161 
Unique reflections 11859 (812) 12211 12313 9607 
Completeness (%) 95.1 (67.3) 99.9 99.9 99.9 
Redundancy 16.4 (10.2) 10.3 (10.2) 10.4 (10.3) 10.4 (8.9) 
Mean I / σI 17.1 (0.66)b 20.4 (0.48)b 18.2 (0.30)b 14.4 (0.30)b 
Rmerge 0.147 (3.293) 0.17 0.16 0.21 
Rmeas 0.151 (3.45) 0.18 0.16 0.27 
Rpim 0.0374 (0.979) 0.057 0.049 0.095 
CC1/2 (74) 0.994 (0.199) 0.99 (0.15) 0.99 (0.11) 0.99 (0.10) 
CC* (75) 0.998 (0.576) 1.00 (0.51) 1.00 (0.45) 1.00 (0.43) 
     
Refinement     
Resolution (Å) 46.99 - 2.89    
No. reflections 11849 (812)    
Rwork / Rfree 0.184 / 0.225    
No. atoms 2445    
   Macromolecule 2301    
   Ligand/ion 144    
B-factor (Å2) 115.7    
   Macromolecule 113.6    
   Ligand/ion 148.7    
r.m.s. deviations     
   Bond lengths (Å) 0.009    
   Bond angles (°) 1.87    

 
a Each dataset was collected from a single crystal. Values in parentheses are for highest resolution 
shell.  
b I / σI = 2 at 3.18 Å, 3.23 Å, 3.30 Å, 3.30 Å 
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