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Abstract

Poly(A) tail addition to the 3ʹ end of a wide range of RNAs is a highly conserved modification 

that plays a central role in cellular RNA function. Elements for nuclear expression (ENEs) are cis-

acting RNA elements that stabilize poly(A) tails by sequestering them in RNA triplex structures. A 

2.89-Å resolution crystal structure of a double ENE from a rice hAT transposon mRNA complexed 

with poly(A)28 reveals multiple modes of interaction with poly(A), including major-groove triple 

helices, extended minor-groove interactions with RNA double helices, a quintuple-base motif that 

transitions poly(A) from minor-groove associations to major-groove triple helices, and a poly(A) 

3ʹ-end binding pocket. Our findings both expand the repertoire of motifs involved in long-range 

RNA interactions and provide insights into how polyadenylation can protect an RNA’s extreme 3ʹ 
end.

One Sentence Summary:

The structure of an RNA element that protects the poly(A) tail reveals multiple modes of 

interaction between poly(A) and double-stranded RNA
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Cis-acting RNA elements play crucial roles in stabilizing polyadenylated RNAs, which 

include both mRNAs and long noncoding RNAs (lncRNA) (1–5). One cis-acting RNA 

element conferring RNA stabilization is the element for nuclear expression (ENE), which 

contains a U-rich internal loop (URIL) flanked by short double helices. ENEs reside mostly 

in 3ʹ untranslated regions (UTRs) of mRNAs or in the 3ʹ-proximal regions of lncRNAs (6–

9). The ENE was first identified in polyadenylated nuclear (PAN) lncRNA that is expressed 

by oncogenic Kaposi’s sarcoma-associated herpesvirus (KSHV) (6). The PAN ENE acts by 

sequestration of the poly(A) tail via formation of a triplex composed of five U-A•U triples 

that protect the RNA from rapid deadenylation-dependent decay (10–12). This leads to the 

accumulation of PAN RNA to astonishingly high levels (up to ∼500,000 copies per nucleus) 

in KSHV-infected cells (11, 13).

Discovery of the PAN ENE led to the bioinformatic prediction of numerous ENEs in 

the genomes of other viruses, as well as in fungi and plants (9, 14). Moreover, ENEs 

were identified in two abundant vertebrate lncRNAs, i.e. human metastasis-associated lung 

adenocarcinoma transcript 1 (MALAT1) and multiple endocrine neoplasia β (MENβ) (7, 8). 

Abnormal upregulation and accumulation of MALAT1 reported in various human cancers 

require the ENE at the 3’ end (15–17).

High-resolution crystal structures of ENE triplexes from KSHV PAN (11) and human 

MALAT1 RNAs (17) revealed that they both contain stacked major-groove triples involving 

the poly(A) tail (PAN RNA) or 3’-A-rich tract (MALAT1) (fig. S1). In each case, the triplex 

is fortified by adjacent A-minor interactions (18) with double-stranded RNA. The PAN 

ENE sequesters only five nucleotides of the poly(A) tail within a triplex, leaving its 3ʹ end 

exposed downstream of the triplex (11, 17). In contrast, MALAT1 terminates with an A-rich 

tract, generated by RNase P processing, and harbors an ENE URIL interrupted by C and G 

nucleotides, which interact with complementary nucleotides in the A-rich tract, locking its 

register to form a blunt-ended triplex (fig. S1B) (17). Thereby, the MALAT1 triplex inhibits 

the rapid nuclear deadenylation-dependent decay pathway more effectively than PAN RNA, 

which slows only the initial phase of decay (10, 12, 17).

Recently, double ENEs (dENEs), containing two URILs separated by a predicted double-

helical region (Fig. 1A and fig. S2), were found in transposable element (TE) mRNAs, 

mostly in plants and fungi (9). Interestingly, unlike PAN and MALAT1 ENEs, all dENEs 

possess three highly conserved adenosines (the adenosine triad) (cyan in fig. S2). In the 

predicted secondary structure of dENEs, two of the adenosines lie in the lower URIL, while 

the third is bulged from the lower stem. In addition, dENEs exhibit a striking pyrimidine/

purine (Y/R) bias in the composition of the URIL-flanking stems that are not expected to 

interact with poly(A), based on the crystal structures of the PAN and MALAT1 triplexes (9, 

19) (figs. S1 and S2).

To gain insight into the molecular architecture and function of dENEs, we determined the 

crystal structure of the dENE from rice TWIFB1, a hAT DNA transposon, complexed with 

poly(A)28. The TWIFB1 dENE is located 35 nt upstream of the poly(A) tail in the 3ʹ UTR 

of the transposase mRNA. The 2.89-Å resolution structure reveals several different modes 

of interaction between the dENE and poly(A), including: 1) the expected major-groove 
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triplexes, 2) a previously unrecognized class of minor-groove interactions between poly(A) 

and double-helices, 3) quintuple-base motifs that transition poly(A) from minor-groove 

interactions to major-groove triplexes, and 4) a novel poly(A) 3ʹ-end binding pocket. We 

demonstrated the physiological significance of all these motifs for RNA stabilization and 

uncovered their conservation in many other RNAs.

Results

Crystallization and structure determination of a dENE+poly(A)28 complex

Electrophoretic mobility shift assays (EMSAs) demonstrated that the dENE binds poly(A) in 

trans and that binding affinity increases with poly(A) length (supplementary text and Fig. 1C 

and fig. S3A). Surprisingly, poly(A)-binding was lost when the URIL-flanking Y/R biased 

stems, not predicted to engage in poly(A) interactions, were strand-swapped (fig. S3B). This 

suggested that interactions of poly(A) with the dENE possibly extend into the middle and 

upper stems (Fig. 1A). After testing over 40 different variants, a modified dENE construct 

was eventually obtained (Xtal, Fig. 1B), which contains the dENE core (green in Fig. 1A 

and B), binds poly (A), and yields crystals that diffract well (supplementary text, Fig. 1A-C 

and fig. S4). As judged by the cell-based intronless β-globin (βΔ1,2) reporter assay, the 

Xtal dENE is active (supplementary text and Fig. 1D). The X-ray structure of the 86-nt Xtal 

dENE bound to a 28-mer poly(A) was determined at 2.89-Å resolution with Rwork and Rfree 

of 0.18 and 0.22, respectively (fig. S5 and table S1).

Overall architecture of the dENE+poly(A)28 complex

Similar to ENEs from PAN RNA and MALAT1 (11, 17), the dENE forms major-groove 

RNA triplexes with poly(A)28 (fig. S6). However, the structure reveals several unanticipated 

features. One is that the 5ʹ to 3ʹ direction of poly(A) interacting with the dENE is opposite 

to that predicted based on structural homology with the PAN and MALAT1 ENEs (9, 19): 

poly(A) instead interacts with the upper dENE domain and then the lower dENE domain 

in the 5ʹ to 3ʹ direction (Fig. 1E and fig. S7). Between the two triple-stranded features, 

electron density is missing for five adenylates from the poly(A)28 and they do not appear 

in the model (Fig. 1E). Presumably, this region is conformationally disordered as the intact 

complex can be recovered from the crystals (fig. S8).

A second unexpected feature is that multiple consecutive adenosines associate with the 

minor groove of the upper stem to form a previously-unrecognized category of A-minor 

motif (Fig. 2A-C and figs. S9 and S10). In contrast to the few classical A-minor interactions 

observed adjacent to the PAN (11) and MALAT1 (17) triplexes, which form by insertion 

of the minor-groove edge of adenines into the minor groove of an RNA stem (18), these 

minor-groove interactions involve the Watson-Crick edge or both the Watson-Crick and 

Hoogsteen edges of adenines. Therefore, we call them WC/H A-minor interactions. While 

the N1 and N6 atoms of poly(A) A5, A6 and A8 hydrogen bond to dENE residues A82, 

G6 and U80, respectively, within the minor groove of the upper stem to form base triple 

interactions, A7 is twisted with respect to the upper stem and associates with two adjacent 

base pairs through formation of a quintuple-nucleotide interaction involving its N1, N6 

and N7 (Fig. 2B-C, and fig. S11A). After forming several WC/H A-minor interactions, 
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poly(A) makes a transition to an extended U-A•U major-groove triplex through another 

quintuple-base interaction, which involves two poly(A) nucleotides: A9 and A10, and three 

dENE nucleotides: U9 and the C79-G8 base pair (Fig. 2D-F and figs. S9 and S11B). The 

structure of the upper dENE domain and that of its counterpart in the lower domain (i.e. the 

quintuple-base transition motif and major-groove triplex) are so similar to each other that 

they superimpose with root mean square deviation (RMSD) of ~0.8 Å (fig. S12).

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

The crystal structure further reveals that the lower dENE domain contains a novel structural 

feature for transitioning to the lower stem which we call a “pocket motif”. This motif is 

absent from the upper dENE domain (figs. S9 and S10) and was not seen in any previous 

ENE crystal structure (11, 17). The pocket resides in the border between the lower URIL 

and the lower stem of the dENE and is formed through the stacking of the bases of 

A30, A31 and A56, (cyan in Fig. 3 and fig. S13) within the major groove of the lower 

stem directly abutting the URIL. The base of A56 is splayed apart from its two adjacent 

nucleotides in the primary sequence, U55 and C57, and is stacked between A30 and A31 

(Fig. 3A and fig. S14). In addition, the 2ʹ-OH group and O4ʹ oxygen of A56 ribose are 

hydrogen bonded to N6 of A30 and N6 of A31, respectively, and N1 of A31 is hydrogen 

bonded to the C57-G35 pair (Fig. 3A-B, and figs. S2 and S14). To form such unprecedented 

architecture three nucleotides in the pocket motif, A31, C32 and A56, adopt a C2ʹ-endo 
sugar pucker (figs. S14). Moreover, C32 adopts a syn conformation and flips its base out 

into solution, which allows positioning of G33 to form the C59-G33 base pair (Fig. 3A-B). 

Collectively, these rare structural features bend the RNA backbone of the pocket motif into 

a Z-shape (Fig. 3A). By forming a U-A•U triple, the 3ʹ-most adenosine of poly(A) thereby 

becomes poised to form a hydrogen bond between its 3ʹ-OH group and the G33 phosphate 

within the backbone of the pocket (Fig. 3 and fig. S14B).

The pocket motif is one feature distinguishing the TWIFB1 dENE from previous ENE 

structures. As shown in surface representation, in the PAN and MALAT1 triplexes the 

poly(A) tail or the A-rich tract follows a path that points towards an accessible space, i.e. the 

minor groove of the flanking stem (Fig. 4A and fig. S15). Thereby, the 3ʹ end of poly(A) 

could be easily extended. Yet, MALAT1 forms a 3ʹ-blunt ended triplex because the register 

of its A-rich tract is fixed (fig. S6C) (17). Similar to the PAN and MALAT1 ENEs, the 

TWIFB1 upper dENE domain does not recognize the 3ʹ-most adenosine of poly(A). Indeed, 

a nucleotide (A15) emerges from the major-groove triplex (Fig. 4A). In contrast, poly(A) 

encounters a ‘blockade’ – the pocket motif – at its 3ʹ end in the TWIFB1 lower dENE 

domain, such that the minor-groove pathway in the flanking stem is not open (Fig. 4A and 

fig. S15). We superimposed the major-groove triplexes and flanking 3-bp stems from the 

TWIFB1 upper dENE domain on those of the PAN and MALAT1 ENEs (RMSD = 1.1 

and 1.2 Å, respectively) (Fig. 4B). None of these three ENEs exhibits structural constraints 

that should prevent emergence of a 3ʹ poly(A) overhang. Superposition of the upper and 

lower major-groove triplexes from the TWIFB1 dENE clearly shows that insertion of the 

adenosine-triad bases into the major groove of the 3-bp stem flanking the lower triplex 

results in movement of the closing base pair of the lower domain compared to that of the 
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upper domain (~10 Å) (Fig. 4B). The exit path of poly(A) is blocked by creation of the 

pocket for the poly(A) 3ʹ end. Therefore, the unique architecture of the pocket sequesters the 

poly(A) 3′-end and facilitates the formation of a 3ʹ-blunt ended triplex.

We used quantitative EMSAs to determine the functional importance of the pocket in 

poly(A) binding by the dENE. First, we compared the poly(A)28-binding affinity of the 

wild-type dENE and pocket-deleted (Δpocket) mutant (fig. S16). The Δpocket mutant 

showed an ~4-fold increase in its apparent dissociation constant (Kd) for poly(A)28 (fig. 

S16). Furthermore, we examined the effect of creating a steric clash between the dENE G33 

phosphate and a bulky group (e.g. a 3ʹ-overhanging nucleotide) appended to the 3ʹ end of 

poly(A)28. Such constructs exhibited: 1) lower poly(A) binding affinity, and 2) significant 

smear formation below the complex band (fig. S16-S17). Compensatory mutations in the 

dENE or poly(A), which - based on the structure - should abolish the introduced steric clash, 

enhanced poly(A) binding affinity and resolved smear formation (supplementary text and 

figs. S16-S17). Finally, we found that substituting the 3ʹ-OH of poly(A) with a 2ʹ,3ʹ-cyclic 

phosphate resulted in an ~2-fold decrease in Kd (fig. S18). Thus, our biochemical data 

confirm our crystallographic observations that the 3ʹ-most adenosine of poly(A) is tightly 

bound in the pocket with its 3ʹ-OH group contributing to binding.

To obtain more insights into the function of the pocket in poly(A) 3′-end protection, we 

performed in vitro deadenylation assays (11, 12) on substrates containing either the wild-

type or the Δpocket dENE extended with poly(A)72. While the wild-type dENE protects 

the substrate from decay, mutational deletion of the pocket renders the RNA susceptible to 

degradation (Fig. 4D). To show that the observed degradation represents deadenylation, we 

used a double U to C mutant dENE (M26 in fig. S17) terminating with poly(A)69G(A)22, 

which is expected to lock the poly(A) register by forming a C-G•C+ triple (Fig. 4C). We 

observed rapid initial substrate shortening and then accumulation of a product whose length 

is consistent with the size of the wild-type dENE-poly(A)72 (Fig. 4D and supplementary 

text). Together, these results demonstrate the importance of the pocket in formation of a 

3ʹ-blunt ended triplex structure through a steric mechanism, which inhibits deadenylation in 

vitro.

Significance of dENE+poly(A) structural features in RNA stabilization

Cellular accumulation of the βΔ1,2 reporter transcript has previously been used to assess 

the in vivo functionality of ENEs as cis-acting RNA stabilization elements (6, 7, 9, 14). 

To evaluate the functional significance of the structural features of the dENE+poly(A)28 

complex, a series of βΔ1,2 reporters was generated by inserting either wild-type or mutant 

dENE variants into the 3ʹ UTR and assaying β-globin transcript accumulation in human 

HEK293T cells (Fig. 5). The data show that, overall, disruption of any of the identified 

structural features (Fig. 5B) reduces the RNA stabilization activity of the dENE (Fig. 5C). 

We tested identical mutations in features common to the two dENE domains (e.g. M1 

versus M3, M2 versus M4, etc) and observed that mutations in the lower domain are better 

tolerated. This observation is consistent with the presence of the poly(A) 3ʹ-end binding 

pocket in the lower dENE domain, which may partially compensate for mutations disrupting 

the major-groove triplex of the lower domain (supplementary text). Mutations in any of the 
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three residues involved in the quintuple-base transition motif formation (M1, M5 and M7 in 

the upper, and M3, M6 and M8 in the lower dENE domain) reduce the dENE stabilization 

activity to an extent comparable to mutations in the major-groove triplexes (M16 and M19 

in the upper, and M17 and M20 in the lower dENE domain). More interestingly, mutations 

that disrupt only the poly(A) 3ʹ-end binding pocket (M10 to M13), despite leaving other 

poly(A)-dENE interactions unperturbed, reduce the accumulation of β-globin mRNA by 

~50%. Thus, the pocket is important for the stabilization activity of the dENE. In addition, 

our structure reveals molecular interactions that support the frequent occurrence of a non-

canonical G•A pair as the closing base pair of upper dENE domains (fig. S2). The reason 

is that the adenine of the G74•A14 base pair provides a platform for stacking interactions 

with the adenosine in the last major-groove triple of the upper domain (supplementary text 

and fig. S19). Finally, we evaluated the effect of WC/H A-minor interactions in the upper 

dENE domain by mutating their receptor base pairs (fig. S20). Mutations that disrupted Y/R 

bias reduced accumulation of the reporter transcript by ~20 to 30%, indicating that WC/H 

A-minor interactions contribute to stabilization activity (supplementary text). As expected, 

mutations in the portion of the middle stem that is not involved in any interaction with 

poly(A) have minimal effects (M14: < 20%; M15: no effect) on dENE stabilization activity.

Functional significance of blunt-ended triplexes, formed through fixing the register of 

downstream A-rich tracts, has been studied before (7, 17). For example, it was shown 

that addition of 3ʹ overhangs reduces MALAT1 ENE stabilization activity (7). We tested 

stabilization activity of the TWIFB1 dENE when inserted upstream of a 54- or 72-mer 

poly(A) tract using the βΔ1,2 reporter assay. Indeed, the dENE exhibits robust stabilization 

activity resembling the activity of a blunt-ended triplex (MALAT1 ENE) rather than those 

that have 3ʹ overhang (Δpocket dENE or PAN ENE) (fig. S21 and supplementary text). 

We conclude that formation of a pocket-mediated blunt-ended triple helix counteracts RNA 

decay in vivo.

WC/H A-minor interactions and the quintuple-base transition motif are common to other 
RNAs

The WC/H A-minor and quintuple-base transition motifs observed in the TWIFB1 

dENE+poly(A)28 structure are not unique. Sequence alignment argues that such motifs 

also appear in many single domain (fig. S22) and other dENEs (fig. S2A). We searched 

ribosomal RNA and small RNA structures in the Protein Data Bank (PDB) and found 

several equivalent WC/H A-minor and quintuple-base transition motifs. For example, the 

S-adenosylhomocysteine (SAH) riboswitch possesses three consecutive adenosines that 

form a WC/H A-minor motif (20) superimposable on the A7, A8 and A9 WC/H A-minor 

motif of the dENE+poly(A)28 complex with an RMSD = 0.9 Å (Fig. 6A and fig. S23A). 

The quintuple-base transition motif is also found in other RNAs (fig. S24), such as the 

guide RNA trans-activating CRISPR RNA from Campylobacter jejuni CRISPR-Cas9 system 

(Cas9 trans-activating crRNA) (21), where this motif connects a WC/H A-minor triple to 

a G-A•U major-groove triple (Fig. 6B and fig. S23B). Strikingly, in the human telomerase 

RNA (hTR) pseudoknot, an RNA major-groove triple helix composed of three stacked 

U-A•Us is flanked by a quintuple-base transition motif (22) that is superimposable on that 

of the dENE complex with an RMSD of ~1.5 Å (Fig. 6C and fig. S23C). In conclusion, the 
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structural motifs identified in the dENE+poly(A)28 complex represent types of long-range 

interactions that are characteristic of many RNA structures.

Discussion

The high-resolution crystal structure of the dENE+poly(A)28 complex demonstrates that 

poly(A) sequestration is widely employed for cellular stabilization of polyadenylated 

transcripts. Although RNA stabilization by clamping the poly(A) tail or 3ʹ-terminal A-rich 

tract within a triplex has been described before for PAN or MALAT1 lncRNAs (11, 17), the 

structure of the dENE+poly(A)28 complex reveals novel structural features that contribute 

to poly(A) binding and RNA stabilization. These novel features are; 1) WC/H A-minor 

interactions formed between poly(A) and double-stranded helices, 2) conserved quintuple-

base motifs that transition poly(A) from minor-groove interactions to major-groove triplexes, 

and 3) a unique poly(A) 3ʹ-end binding pocket that facilitates formation of a blunt-ended 

triplex structure through a steric mechanism. Although some of these features, i.e. WC/H 

A-minor and the quintuple-base motifs exist in RNAs whose structures were previously 

determined (Fig. 6 and fig. S24), they were not recognized earlier as distinct structural 

motifs.

Several types of adenosine-minor groove interactions have been previously described, 

including: the A-minor motif, which is the most frequently-occurring tertiary structure 

interaction in RNAs (18), the twisted A-minor (23), the inclined A-minor (24, 25), and the 

A-amino kissing motifs (26). In the dENE structure, the WC/H A-minor motif comprises 

four consecutive adenosines tracking in the minor groove by interaction with the bases and 

ribose moieties. This interaction mode makes it possible for several consecutive adenosines 

to associate with a double-helical stem by alternating contacts with the two strands (Fig. 1F), 

distinct from previously-described minor-groove interactions. Moreover, extended WC/H 

A-minor motifs apparently require Y/R biased helices as judged by their high degree of 

evolutionary conservation (figs. S3, S22 and S25). Moreover, WC/H A-minor interactions 

are followed by quintuple-base transition motifs if flanked by a major-groove triple(s) (Fig 

6, B and C, and fig. S23, B and C).

New structural motifs observed in the dENE+poly(A)28 complex are bioinformatically 

predicted to occur also in many single-domain ENEs identified in transcripts produced 

by TEs (mostly retrotransposons) and in genomes of positive-sense RNA viruses belonging 

to the order Picornavirales (fig. S22 and S25) (9). Interestingly, the RNA 3′-ends of both 

classes of these cell-invading agents are targeted by cellular RNA decay pathways to restrict 

retrotransposition or viral infection, respectively (27–29). For instance, 3′-end uridylation 

by terminal uridyltransferase 4/7 (TUT4/7), which usually leads to RNA degradation, 

was demonstrated to potently restrict the proliferation of both retrotransposons and RNA 

viruses (30, 31). Thus, it appears that these agents evolved ENEs to counter host defense 

mechanisms acting on RNA 3′-ends. The poly(A) 3′-end binding pocket is particularly well 

suited for this function.

The dENE+poly(A)28 structure coupled with current and previous bioinformatics searches 

(9) has revealed extensive widespread interactions of poly(A) with highly structured RNAs 
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derived from transposons. The question arises whether such interactions occur more broadly 

in non-transposon derived cellular polyadenylated RNAs. Recent genome-wide probing 

of mRNA structure and decay led to the conclusion that double-strandedness of poly(A) 

tail-proximal regions enhances mRNA stability in both yeast and human cells (1, 32, 33). 

Is this enhancement brought about by engaging in interactions with poly(A) tails akin 

to those found for ENEs? Our previous bioinformatics screens for ENE-like elements 

(designed based on the PAN ENE structure) did not reveal canonical ENEs in either 

non-repetitive regions of eukaryotic genomes or mRNA and lncRNA transcriptomes except 

for MALAT1 and MENβ lncRNAs (7, 9, 14). The dENE+poly(A)28 structure has now 

revealed the modular nature of this complex. Separate module(s) appearing in isolation or in 

combination with other yet unknown features may have escaped detection. The identification 

of novel structural motifs in this study raises new possibilities for designing more targeted 

bioinformatic searching strategies. Likewise, new experimental approaches will be needed to 

probe such interactions.

In conclusion, the dENE+poly(A)28 structure in conjunction with other documented 

poly(A)-RNA interactions (1, 11, 17, 22, 32) demonstrates that poly(A) is capable, perhaps 

more than any other homo-ribopolymer, to engage in extensive tertiary interactions to form 

structured RNA modules. Therefore, it is tempting to speculate that the ancestral role of 

poly(A) tails was to protect RNA from 3′-end degradation through such poly(A)-RNA 

interactions. Only later in evolution, with the advent of poly(A)-binding proteins, was this 

function relegated significantly to proteins (34, 35).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Structural overview of the TWIFB1 dENE+poly(A)28 complex. Predicted secondary 

structures of the wild-type dENE (A) and of the crystallization construct (Xtal) (B), which 

was used to determine the X-ray structure in (E). The dENE core is shown in green. 

Non-native sequences in Xtal are shown in gray. (C) Interaction between 32P 5ʹ-end labeled 

poly(A)28 and dENE constructs was evaluated by native gel shift assays. (D) Northern 

blot analysis of the βΔ1,2 reporter transcript abundance in HEK293T cells. Values are the 

average of at least four biological replicates ± standard deviation. (E) Cartoon representation 

of the crystal structure, with poly(A)28 in purple, the ENE core in green, the three 

adenosines engaged in base stacking interactions (adenosine triad) in cyan, and non-native 

sequences in gray. (F) Schematic diagram of the complex tertiary structure with colors as in 

(E). Leontis-Westhof notation (36) is used for Hoogsteen base pairs; bullets for noncanonical 

base pairs and dashed lines for poly(A) interactions with the minor grooves of the stems. 

Long-range interactions observed in the pocket structure between stacked adenines (boxed in 

red) are indicated by solid lines. Disordered nucleotides, A16-A20, are indicated by dashes in 

(E) or outlined letters in (F).
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Fig. 2. 
Hydrogen-bonding interactions in the upper ENE domain of the dENE+poly(A)28 complex. 

Colors as in Fig. 1, with nucleotide labels also color coded. Watson-Crick base pairing and 

hydrogen bonds involving poly(A) are represented by black dashed lines. (A) Close-up of 

the WC/H A-minor motif that poly(A) forms with the upper stem. WC/H A-minor motif 

include three base triples (B) and one quintuple-nucleotide interaction (C), in which poly(A) 

adenines use their Watson-Crick and/or Hoogsteen edges to interact with the minor groove 

of the upper stem. (D) Close-up of the poly(A) transition from the WC/H A-minor motif 

to the major-groove triple helix. (E) Poly(A) makes this transition through formation of a 

network of hydrogen bonds involving A9 and A10 from poly(A), the C79-G8 base pair and 

U9. The Hoogsteen face of A10 base pairs with the Watson-Crick face of U9, while its 

Watson-Crick face interacts with the C79-G8 base pair minor groove. (F) Superposition of 

canonical U-A•U triples that form major-groove triplexes in the structure.

Torabi et al. Page 14

Science. Author manuscript; available in PMC 2022 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Key interactions that form the poly(A) 3ʹ-end binding pocket. (A) Close-up overview of 

the poly(A) transition from the lower dENE major-groove triplex to the flanking double 

helix (dENE sequence in green). The poly(A) 3ʹ-end binding pocket formed by the stacked 

nucleobases of the adenosine triad (cyan) lies in the major groove of a 3-base-pair long 

flanking double helix. The U60-A28•U29 triple and the U55•G36 base pair flanking the 

pocket are shown only in the front view. (B) and (C) show side and top views of the 

pocket, respectively. The 3ʹ end of poly(A) is shown in purple. The base of A56 stacks 

between those of A30 and A31, while forming multiple hydrogen bonds with these two 

dENE nucleotides. The flipped out nucleobase of C32 contributes to the flexibility of the 

backbone and allows formation of the Z-shaped structure of the phosphate backbone. The 

poly(A) 3ʹ end is poised above the pocket with its 3ʹ-OH within hydrogen-bonding distance 

of the G33 phosphate oxygen.
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Fig. 4. 
The TWIFB1 dENE pocket motif blocks the poly(A) exit path, forming a 3ʹ blunt-ended 

triplex. (A) Molecular surface representations of different ENEs oriented to show the 

direction of poly(A)/A-rich tract (white open arrow), the 3ʹ-most adenosine of each major-

groove triplex and its surrounding region. (B) Superposition of the triple helices from 

various ENEs using the last four U-A•U triples and three base pairs of their flanking stems. 

The upper dENE domain is superimposed over the PAN or MALAT1 ENE with an RMSD 

= 1.1 or 1.2 Å, respectively. In the superposition of the two dENE domains, only the major-

groove triple helices were used (RMSD = 0.7 Å). The upper dENE triplex on right is shown 

in transparent colors. The red-colored region represents predicted steric clash that should 

occur between the backbone of poly(A) and the pocket motif if the poly(A) strand leaves 

the major-groove triplex in the lower dENE domain. PAN and MALAT1 triplex structures 

were derived from PDB 3P22 (11) and 4PLX (17), respectively. (C) Cartoon representation 

Torabi et al. Page 16

Science. Author manuscript; available in PMC 2022 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the TWIFB1 dENE with a 72-mer poly(A) tail. Us changed to Cs in M26 are circled in 

orange. (D) In vitro deadenylation assays show that wild-type dENE protects its downstream 

poly(A) from deadenylation, while the absence of the pocket in M11 abrogates this ability. 

In M26, part of the poly(A) tail is trimmed rapidly and a product of the same size as 

wild-type dENE-poly(A)72 accumulates. dT lanes show transcripts fully deadenylated by 

endogenous RNase H in the HeLa cell nuclear extract upon addition of oligo(dT)40 to the 

reaction.
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Fig. 5. 
Functional significance of dENE structural features contributing to the stabilization and 

accumulation of the β-globin reporter mRNA containing different dENE mutations. (A) 

Schematic of the βΔ1,2-dENE construct containing a CMV promoter, a human βΔ1,2 gene 

and a bovine growth hormone poly(A) site (BGH pA). (B) Schematic of the dENE predicted 

secondary structure highlighting the mutations studied in the assay. Gray is wild-type 

sequence, mutated nucleotides are red and Δ represents nucleotide deletion/s. In M12, all 

three As of the adenosine triad are substituted with U. (C) Northern blots (top) 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. 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. 6. 
Similarity between structural motifs identified in the dENE+poly(A)28 complex and 

equivalent motifs from other RNAs. Only the motifs that are common between compared 

structures are highlighted with color. (A) Structures of dENE+poly(A)28, the SAH 

riboswitch (PDB 3NPQ (20)) and superposition of their WC/H A-minor motifs (only 

interactions involving A7-A9 from the dENE) with an RMSD = 0.9 Å. (B) Structures of 

dENE+poly(A)28, the Cas9 trans-activating crRNA (PDB 5X2G (21)) and superposition 

of their WC/H A-minor interaction and quintuple-base transition motif (only interactions 

involving A8-A10 from the dENE) with RMSD = 0.9 Å. (C) Structures of dENE+poly(A)28, 

the hTR pseudoknot (PDB 2K95 (22)) and superposition of their quintuple-base transition 

and major-groove triplex (only interactions involving A9-A13 from the dENE) with RMSD 

= 1.5 Å.
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