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Abstract

It has been nearly 63 years since the first characterization of an RNA triple

helix in vitro by Gary Felsenfeld, David Davies, and Alexander Rich. An RNA

triple helix consists of three strands: A Watson–Crick RNA double helix whose

major-groove establishes hydrogen bonds with the so-called “third strand”. In
the past 15 years, it has been recognized that these major-groove RNA triple

helices, like single-stranded and double-stranded RNA, also mediate promi-

nent biological roles inside cells. Thus far, these triple helices are known to

mediate catalysis during telomere synthesis and RNA splicing, bind to ligands

and ions so that metabolite-sensing riboswitches can regulate gene expression,

and provide a clever strategy to protect the 30 end of RNA from degradation.

Because RNA triple helices play important roles in biology, there is a renewed

interest in better understanding the fundamental properties of RNA triple heli-

ces and developing methods for their high-throughput discovery. This review

provides an overview of the fundamental biochemical and structural properties

of major-groove RNA triple helices, summarizes the structure and function of

naturally occurring RNA triple helices, and describes prospective strategies to

isolate RNA triple helices as a means to establish the “triplexome”.
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1 | INTRODUCTION

Nucleic acids are largely thought to perform their biological functions as single- or double-stranded structures. In 1953,
Watson and Crick reported the structure of DNA, whereby the nitrogenous bases of two anti-parallel DNA strands interact
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via hydrogen bonds to form the canonical “Watson–Crick” base pairs: A-T and G-C (Watson & Crick, 1953). Similar inter-
actions were later discovered for double-stranded RNA: The A-U and G-C Watson–Crick base pairs along with a non-
canonical G•UWobble base pair (in text, “-” denotes Watson–Crick base pair and “•” denotes Hoogsteen base pair or other
non-Watson–Crick interactions; A. Rich & Watson, 1954; A. D. Rich & Davies, 1956; Varani & McClain, 2000). In 1957,
Felsenfeld and co-workers deduced the formation of RNA triple helices in vitro by noting a minimum in absorbance when
poly(U) and poly(A) RNAs were mixed together at a 2:1 ratio (Felsenfeld, Davies, & Rich, 1957). Subsequent characteriza-
tion of these structures confirmed that the additional poly(U) strand binds along the major-groove of the poly(A-U) duplex,
forming a major-groove triple helix of stacked U•A-U base triples (Arnott & Bond, 1973; Arnott, Bond, Selsing, &
Smith, 1976; Hoogsteen, 1959). A U•A-U base triple is defined by multiple hydrogen bonds: A-U maintains canonical
Watson–Crick base pairing with two hydrogen bonds and U•A forms a Hoogsteen base pair that involves two hydrogen
bonds (Figure 1a), hence the third strand is commonly referred to as the Hoogsteen strand. Early on, studies focused on tri-
ple helices formed inside a test tube; therefore, one major outstanding question lingered: Do triple helices exist inside cells?

When Felsenfeld and co-workers first deduced the formation of a poly(U•A-U) triple helix, they posited that a natu-
rally occurring triple helix could be comprised of double-stranded genomic DNA and single-stranded RNA (Felsenfeld
et al., 1957). This biological scenario was eventually realized in the late 2000s when it was reported that noncoding
RNAs, such as long noncoding RNAs (lncRNAs) and microRNAs (miRNAs), regulate gene expression via formation of
RNA•DNA–DNA (R•D-D) triple helices, that is, RNA binds to major groove of genomic DNA (see [Li, Syed, &
Sugiyama, 2016] for a review). However, the first direct observation of RNA base triples was in the X-ray crystal struc-
ture of tRNAPhe and the first direct observation of a poly(U•A-U)-derived triple helix was revealed in an NMR structure
of human telomerase RNA, which has three consecutive U•A-U major-groove base triples (Table 1; Holbrook, Sussman,
Warrant, & Kim, 1978; Sussman, Holbrook, Warrant, Church, & Kim, 1978; Theimer et al., 2005). Since then, it has
been established that RNA triple helices can perform a variety of cellular functions: Metal-ion binding to facilitate

FIGURE 1 Composition and structural arrangement of major-groove RNA triple helices. Hydrogen-bonding interactions (gray dashed

lines) are shown for the two canonical major-groove base triples: (a) U•A-U and C+•G-C (ball-and-stick representation of base triples from

PDB 6SVS; Ruszkowska, Ruszkowski, Hulewicz, Dauter, & Brown, 2020). Interactions are shown along with the Hoogsteen and Watson–Crick
faces. (b) Schematics are shown for strand polarity and nucleotide composition in parallel and anti-parallel motifs. Interbase interactions are

represented as a circle (•) for Hoogsteen base pair, a single dash (−) for Watson–Crick base pair, and a square (■) for reverse Hoogsteen base

pair. (c) Major-groove RNA triple helices are commonly found in H-type or I-type pseudoknot structures. The three strands of triple helix are

identified by the following tricolor scheme: Hoogsteen strand is blue, Watson strand is purple, and Crick strand is green
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catalysis by self-splicing group II introns and the spliceosome, ligand binding by riboswitches that control gene expres-
sion, and protecting RNA from degradation (Conrad, 2014). Importantly, these RNA triple helices have been found in
eukaryotic, prokaryotic, and viral RNAs, suggesting that they are widespread throughout nature. However, finding
RNA tertiary interactions such as stacked base triples is an imposing challenge. Thus, developing experimental tools
that can rapidly discover and validate triple helices with high accuracy is clearly needed. This review describes the fun-
damental biochemical and structural features of major-groove RNA triple helices, the structure and function of natu-
rally occurring major-groove RNA triple helices, and then discusses methods that could be developed for the global
discovery of RNA triple helices.

2 | FUNDAMENTAL PROPERTIES OF RNA TRIPLE HELICES

2.1 | Classification system of RNA triple helices

In nature, both major- and minor-groove triple helices have been observed. A minor-groove triple helix forms when the
third strand interacts along the minor-groove edge, rather than major-groove, of an RNA duplex (see [Devi, Zhou,
Zhong, Toh, & Chen, 2015; Lescoute & Westhof, 2006] for a review). The A-minor motif is a well-known minor-groove
base triple and this tertiary interaction stabilizes large RNA structures, such as self-splicing introns and the ribosome as
well as ribosomal frameshifting pseudoknots (Adams, Stahley, Kosek, Wang, & Strobel, 2004; Lescoute &
Westhof, 2006; Nissen, Ippolito, Ban, Moore, & Steitz, 2001; Su, Chen, Egli, Berger, & Rich, 1999; Szewczak, Ortoleva-
Donnelly, Ryder, Moncoeur, & Strobel, 1998; Toor et al., 2008). Naturally occurring major-groove RNA triple helices,
such as telomerase RNA, are sometimes adjacent to a minor-groove triple helix or have intervening minor-groove base
triples (Theimer et al., 2005). Importantly, minor-groove triple helices are usually not stable in isolation; therefore, this
review will focus on major-groove RNA triple helices.

Major-groove triple helices are defined as parallel or anti-parallel. This nomenclature refers to the 50–30 polarity of
the third strand with respect to the polypurine strand of the Watson–Crick duplex: A parallel orientation establishes
Hoogsteen interactions whereas an anti-parallel orientation establishes reverse Hoogsteen interactions (Figure 1b). Tri-
ple helices can also be labeled as pyrimidine or purine motif, and this nomenclature reflects the predominant
nucleobase in the third strand: The pyrimidine motif is U- or C-rich whereas the purine motif is A- or G-rich. In gen-
eral, the pyrimidine motif favors a parallel orientation whereas the purine motif favors an anti-parallel orientation
(Figure 1b). Within folded RNA structures, the pyrimidine motif is commonly found within H- or I-type pseudoknots
(Figure 1c). Of note, there is experimental evidence that supports (Kalwa et al., 2016; Mondal et al., 2015; O'Leary
et al., 2015; Zhao, Senturk, Song, & Grummt, 2018) and does not support (Escude et al., 1993; Morgan & Wells, 1968;
Semerad & Maher 3rd., 1994) the formation of purine-motif triple helices when the third strand is RNA. Finally, RNA
triple helices are defined by their molecularity: Intramolecular is where the three strands belong to the same transcript
and intermolecular is where the three strands originate from two or three different transcripts. The primary focus of
this review article will be intramolecular pyrimidine-motif RNA triple helices.

2.2 | Nucleotide composition of RNA triple helices

Pyrimidine-motif major-groove RNA triple helices are most commonly composed of the two canonical base triples:
U•A-U and C+•G-C (Figure 1a and Table 1). Unlike the U•A-U base triple, the C+•G-C base triple is pH sensitive, for
the pKa at the N3 position of cytosine is ~4.6 (Levene, Bass, & Simms, 1926). For a Hoogsteen C+•G base pair, proton-
ation at the N3 position of cytidine establishes a hydrogen bond with N7 of guanosine so that two hydrogen bonds sta-
bilize the Hoogsteen face, similar to U•A (Figure 1a). Thus, it is not surprising that C•G-C-containing triple helices are
more stable at lower pH (i.e., ~5) compared to neutral pH (Brown, Valenstein, Yario, Tycowski, & Steitz, 2012; James,
Brown, & Fox, 2003; Roberts & Crothers, 1996; Volker & Klump, 1994; S. Wang, Friedman, & Kool, 1995). Importantly,
the pKa of the Hoogsteen cytidine depends on its location within the triple helix and the identity of adjacent base tri-
ples. Most pKa studies have examined DNA triple helices, although there are key conclusions that likely apply to RNA
triple helices: (a) the pKa of C•G-C base triples in DNA triple helices is usually >4, with observed pKa values shifting as
high as 9.5 and (b) the greatest pKa shifts occur when the C•G-C base triple resides at an internal (not terminal) loca-
tion within the triple helix, is flanked by T•A-T (not C•G-C) base triples, and the triple helix is intramolecular (not
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TABLE 1 Summary of three-dimensional structures solved for natural RNAs containing a major-groove triple helix

RNA source Base triples Structure Part of RNP? References

No. Identity

Telomerase

Human TR 3 U•A-U NMR (PDB 1YMO, 2K95, 2K96) Yes, cryo-EM
structure of
holoenzyme
(EMD-7521)

Kim et al. (2008),
Nguyen
et al. (2018),
Theimer, Blois,
and Feigon (2005)

Kluyveromyces lactis
TR

1
5

C•G-C
U•A-U

NMR (PDB 2M8K) Yes, but no
structure of
holoenzyme

Cash et al. (2013)

Tetrahymena
thermophila TER

2
1

U•A-U
A•G-C

NMR (PDB 5KMZ) Yes, cryo-EM
structure of
holoenzyme
(EMD-6443)

Jiang et al. (2015)

Splicing

Lactococcus lactis
group IIA intron

1
1

G•G•U
C•C-G

Cryo-EM (PDB 5G2Y) Yes, cryo-EM
structure with
LtrA (PDB 5G2X)

Qu et al. (2016)

Pylaiella littoralis
Group IIB intron

1
1
1

U•A-U
G•G•U
A•C-G

X-ray crystallography (PDB 6CHR) Yes, but no
structure with
maturase

Chan et al. (2018)

Oceanobacillus
iheyensis

Group IIC intron

2
1

C•C-G
G•G•U

X-ray crystallography (PDB 3BWP)a Yes, but no
structure with
maturase

Toor, Keating,
Taylor, and
Pyle (2008)

Thermosynechococcus
elongatus

Group IIC intron

1
1
1

A•A-U
G•G•U
A•C-G

Cryo-EM (PDB 6MEC) Yes, cryo-EM
structure with
maturase

Haack et al. (2019)

Human U2-U6
snRNAs

1
1
1

A•A-U
G•G-C
U•C-G

Cryo-EM (PDB 5MQF)a Yes, cryo-EM
structures of
spliceosome

Bertram et al. (2017)

Saccharomyces
cerevisiae U2-U6
snRNAs

1
1
1

A•A-U
G•G-C
U•C-G

Cryo-EM (PDB 5GMK)a Yes, cryo-EM
structures of
spliceosome

Wan, Yan, Bai,
Huang, and
Shi (2016)

Schizosaccharomyces
pombe U2-U6
snRNAs

1
1
1

A•A-U
G•G-C
U•C-G

Cryo-EM (PDB 3JB9) Yes, cryo-EM
structures of
spliceosome

Hang, Wan, Yan,
and Shi (2015),
Yan et al. (2015)

Riboswitches

Clostridium
acetobutylicum

c-di-GMP-II riboswitch

1
1
2
1

U•U-A
G•G-C
A•C-G
c-di-GMP•A-U

X-ray crystallography (PDB 3Q3Z) Unknown Smith, Shanahan,
Moore, Simon, and
Strobel (2011)

Thermobifida fusca
ykkC

Guanidine-III
riboswitch

1
1
2
1

GAI•(G•A-U•C)
(A•C-G)•GAI
G•G-C
U•C-G

X-ray crystallography (PDB 5NWQ) Unknown L. Huang, Wang,
Wilson, and
Lilley (2017)

Lactobacillales
rhamnosus

PreQ1-II riboswitch

1
2

A•U•PreQ1•C
U•A-U

X-ray crystallography (PDB 4JF2) Unknown Liberman, Salim,
Krucinska, and
Wedekind (2013)

Streptococcus
pneumoniae

PreQ1-II riboswitch

1
2

A•U•PreQ1•C
U•A-U

NMR (PDB 2MIY) Unknown Kang, Eichhorn, and
Feigon (2014)
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intermolecular; Asensio, Lane, Dhesi, Bergqvist, & Brown, 1998; Callahan, Trapane, Miller, Ts'o, & Kan, 1991; Leitner,
Schroder, & Weisz, 2000; Plum & Breslauer, 1995; Singleton & Dervan, 1992; Xodo, Manzini, Quadrifoglio, van der
Marel, & van Boom, 1991). These conclusions are generally thought to hold true considering two naturally occurring
RNA triple helices, telomerase and human metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), are des-
tabilized inside cells (i.e., physiological pH) when their triple helices are mutated to have two or more consecutive
C•G-C base triples (Brown et al., 2014; Brown, Kinzig, DeGregorio, & Steitz, 2016a; Shefer et al., 2007). Nonetheless,
studying the pKa shifts of C

+•G-C base triples in RNA triple helices is an area that requires more investigation.
As canonical base triples, U•A-U and C+•G-C are the most stable major-groove base triples, although almost every

possible base triple combination (N•N-N, where N = A, C, G or U) has been observed in three-dimensional RNA struc-
tures (Abu Almakarem, Petrov, Stombaugh, Zirbel, & Leontis, 2012; Firdaus-Raih, Harrison, Willett, &
Artymiuk, 2011). A majority of these base triples were detected in rRNA from three-dimensional (3D) structures of the
ribosome; therefore, these base triples are minor-groove base triples or they are isolated instances, meaning they are
not stacked atop one another to form a major-groove triple helix. In the context of a U•A-U-rich major-groove RNA tri-
ple helix, systematic studies are gradually being conducted to better understand the stability of noncanonical RNA base
triples, which is any base triple other than U•A-U or C+•G-C. Here, the nucleotide composition of a single base triple is
varied within a naturally occurring MALAT1 RNA triple helix (Brown et al., 2016a) or non-naturally occurring RNA tri-
ple helix (Kunkler et al., 2019). These studies employed native gel-shift assays and a cell-based intronless β-globin
reporter assay to measure the relative stability of base triples. Despite the different RNA sequence and structural con-
texts, several notable themes emerged: The canonical U•A-U and C•G-C base triples are most stable, noncanonical base
triples are most stable when a pyrimidine fills the Hoogsteen position (e.g., U•G-C, U•G-U, C•C-G, U•C-G), and four
consecutive base triples of U•A-U, C•G-C, or U•G-C support the formation of a triple helix. Another study exchanged

TABLE 1 (Continued)

RNA source Base triples Structure Part of RNP? References

No. Identity

Faecalibacterium
prausnitzii

PreQ1-III riboswitch

1
2
1

A•U•PreQ1•C
U•A-U
A•A-U

X-ray crystallography (PDB 4RZD) Unknown Liberman
et al. (2015)

Sargasso Sea
metagenome

SAM-II riboswitch

1
1
1
1
2

A•A•U
G•G-C
A•C-G
U•U•ASAM

U•A-U

X-ray crystallography (PDB 2QWY) Unknown Gilbert, Rambo, Van
Tyne, and
Batey (2008)

Candidatus
Pelagibacter ubique
HTCC1062 metY

SAM-V riboswitch

1
1
1
2
1

G•A-U
A•G-C
U•U•ASAM

U•A-U
G•U•A

X-ray crystallography (PDB 6FZ0) Unknown L. Huang and
Lilley (2018)

RNA stability elements

Human MALAT1 9
1

U•A-U
C•G-C

X-ray crystallography (PDB 4PLX) Yes, but no
structure with
METTL16

Brown et al. (2014),
Brown, Kinzig,
DeGregorio, and
Steitz (2016b),
Warda et al. (2017)

Kaposi's
sarcoma-associated
herpesvirus PAN
RNA

5 U•A-U X-ray crystallography (PDB 3P22) Unknownb Mitton-Fry,
DeGregorio, Wang,
Steitz, and
Steitz (2010)

Abbreviations: c-di-GMP, bis-(30-50)-cyclic dimeric guanosine monophosphate; GAI, guanidine; PreQ1,
7-aminomethyl-7-deazaguanine (a precursor of the modified nucleoside, queuosine), and ASAM, S-adenosylmethionine.
aOnly a representative PDB ID is provided because there are too many to list. Refer to Galej, Toor, Newman, and
Nagai (2018) for a more comprehensive list.
bNone detected in the presence of HEK293 and HeLa cell lysate using an in vitro gel-shift assay (Brown et al., 2016b).
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nucleotide composition for the entire strand, rather than a single base triple, and found that poly(inosine•A-U),
poly(inosine•inosine-C), and poly(G•G-C) form triple helices, although no natural counterparts have been identified to
date (Letai, Palladino, Fromm, Rizzo, & Fresco, 1988). Interestingly, modified ribonucleotides expand the variety of
base triples even further. Riboswitches engage modified nucleobases, ribonucleosides, and ribonucleotides of natural
ligands in base triple formation to complete coaxial helical stacking (Table 1 and see Section 3.3 for details). With
143 modified ribonucleosides currently known (McCown et al., 2020), there is the potential for chemically diverse base
triples to reside in yet-to-be-discovered naturally occurring RNA triple helices.

2.3 | Fine structural parameters of RNA triple helices

The structural parameters of DNA and RNA double helices have been rigorously established, with the earliest structural
parameters being extrapolated from X-ray fiber diffraction data and eventually high-resolution X-ray crystal structures
(Drew et al., 1981; Schindelin et al., 1995). For RNA triple helices, the structural parameters of poly(U•A-U) structures
were derived from models generated using a combination of X-ray fiber diffraction data and computational modeling
(Arnott & Bond, 1973; Arnott et al., 1976; Chandrasekaran, Giacometti, & Arnott, 2000; Raghunathan, Miles, &
Sasisekharan, 1995). More recently, an X-ray crystal structure was solved for a U•A-U-rich RNA triple helix spanning
11 consecutive base triples, thereby revealing the global and local structural parameters (Figure 2 and Table 2;
Ruszkowska et al., 2020). Overall, the right-handed RNA triple helix, which has a central C•G-C base triple flanked on
both sides by five U•A-U base triples, is an A-family conformer and is quantitatively similar to A0-RNA, which is effec-
tively an underwound form of A-RNA (Table 2; Arnott, Hukins, Dover, Fuller, & Hodgson, 1973; Ruszkowska
et al., 2020; Tanaka et al., 1999). Despite the presence of a Hoogsteen strand, the RNA triple helix has a diameter of
24 Å, which is nearly identical to those of double helices (Table 2). Similar to the values determined from X-ray fiber
diffraction-based models of poly(U•A-U) triple helices, the helical pitch (i.e., height of a full turn) is relatively tall at
35.1 Å with adjacent base triples spaced 2.9 Å apart vertically and rotated about the helical axis at a ~30� twist (Table 2;
Arnott & Bond, 1973; Arnott et al., 1976). Therefore, one complete helical turn contains 12 base triples, which is greater
than the number of base pairs per turn in both A-RNA and B-DNA (Table 2). This helical unwinding accommodates
the Hoogsteen strand. Here, the major-groove width increases from 3.1 Å in A-RNA to 9.2 Å for the double helix of the
RNA triple helix (Figure 2 and Table 2). This expansion of the major groove is made possible by a reduced inclination
angle (i.e., tilt of base pair with respect to helical axis) to 8.4�, thereby allowing the Hoogsteen strand to occupy nearly
all the major groove (i.e., major-groove width is only 2.3 Å between Hoogsteen and Crick strands; Figure 2 and
Table 2). Importantly, this structure of a U•A-U-rich RNA triple helix definitively shows that all three strands have gly-
cosidic bonds in the anti-conformation and riboses that favor the C30-endo sugar pucker conformation, which is consis-
tent with structures solved for naturally occurring RNA triple helices. Future studies are needed to determine how the
fine structural parameters for this U•A-U-rich RNA triple helix compare to those of other triple helices, particularly a
C+•G-C-rich RNA triple helix or a T•A-T-rich DNA triple helix. Altogether, understanding the fundamental biochemi-
cal and structural principles of RNA triple helices provides insights into the structural makeup that would be possible
for naturally occurring RNA triple helices.

FIGURE 2 Structural views of triple and double

helices. The top and side views are shown for X-ray

crystal structures (cartoon representation) solved for an

RNA triple helix, A-RNA double helix, A0-RNA double

helix, and B-DNA double helix. Hoogsteen strand is

blue, Watson (or purine-rich) strand is purple, and Crick

(or pyrimidine-rich) strand is green. Select structural

parameters are defined by red text and pictures. The

PDB IDs for displayed structures are listed below

each name
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3 | STRUCTURE AND FUNCTION OF NATURAL RNA TRIPLE HELICES

Experimental techniques to detect major-groove triple helices in nucleic acids include circular dichroism spectroscopy,
oligonucleotide binding assays (e.g., isothermal titration calorimetry, native gel-shift assay, surface plasmon resonance),
fluorescence resonance energy transfer, infrared spectroscopy, structure mapping (chemical or nuclease), UV thermal
denaturation assay, and compensatory base triple mutations (e.g., stepwise substitution of putative U•A-U with
C+•G-C base triple) coupled with functional assay appropriate for triple helix-of-interest. These techniques generate
results that would be consistent with the formation of a triple helix. Importantly, direct evidence comes from solving
3D structures using X-ray crystallography, nuclear magnetic resonance (NMR), or single-particle cryogenic-electron
microscopy (cryo-EM) methodologies. Because simplified in vitro systems for structural studies can artificially induce
the formation of a triple helix, it is ideal to have a cell-based assay in which the parent RNA harboring the triple helix,
either endogenous or exogenous, can be studied in its true physiological environment. To validate an RNA triple helix,
experimental evidence from two or more orthogonal approaches is desired, preferably direct evidence coupled with a
cell-based assay examining compensatory base triple mutants. The structure and function of natural RNA triple helices,
defined herein as two consecutive base triples along helical axis, that have been visualized using X-ray crystallography,
NMR and/or cryo-EM are described below. Thus far, three major biological functions have been determined: Catalysis,
ligand binding, and stability element.

3.1 | RNA triple helix is required for telomerase catalytic activity

Telomerase is the ribonucleoprotein (RNP) complex responsible for synthesizing telomeres, which are structures that
protect the ends of linear chromosomes (see [Wu, Upton, Vogan, & Collins, 2017] for review). The minimal telomerase
RNP consists of telomerase RNA (TR, also known as hTR, TERC, TER in ciliates or TLC1 in yeast), a noncoding RNA
which provides a template for the synthesis of telomeres (Greider & Blackburn, 1989), and telomerase reverse transcrip-
tase (TERT), which possesses de novo nucleotidyl transferase activity to synthesize telomeric DNA repeats (Lingner

TABLE 2 Computed values of various structural parameters

Parameter RNA triple helixa A-RNA double helix A0-RNA double helix B-DNA double helix

Helical sense Right handed Right handed Right handed Right handed

Diameter (Å) 24 22.9 24 23.9

Helix pitch (Å) 35.1 27.5 32.8 33.7

Helical rise per base pair or
base triple (Å)

2.9 2.6 2.9 3.4

Helical twist (�) 29.7 33.7 31.4 36.2

Base pairs per helical turn or
base triples per helical turn

12 10.7 11.5 10

Axial displacement (Å) −5.0 −3.9 −4.9 0.3

Major-groove dimensions

Width (Å) 9.2 (2.3) 3.1 8.4 11.4

Depth (Å) 11.0 9.2 9.3 4.5

Minor-groove dimensions

Width (Å) 9.0 9.9 9.7 4.9

Depth (Å) 1.5 0.5 0.5 5.3

Inclination angle (�) 8.4 17.6 13.6 −0.5

Glycosidic bond conformation Anti Anti Anti Anti

Sugar pucker conformation C30 endo C30 endo C30 endo C20 endo

Note: Values obtained from Ruszkowska et al. (2020).
aAll values computed using only the double helix portion of RNA triple helix except for parenthetical 2.3, which is
major-groove width between Hoogsteen and Crick strands.
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et al., 1997; Nakamura et al., 1997). Although TRs are divergent in size (~150 to >3,000 nucleotides) and sequence, their
structures from various eukaryotic organisms, such as budding yeast, ciliates, and vertebrates, have a conserved H-type
pseudoknot (Figures 1c and 3) that includes a major-groove triple helix (Cash et al., 2013; J. L. Chen, Blasco, &
Greider, 2000; Shefer et al., 2007; Theimer et al., 2005; Tzfati, Knight, Roy, & Blackburn, 2003; Ulyanov, Shefer,
James, & Tzfati, 2007).

Human TR was the first naturally occurring U•A-U major-groove RNA triple helix to have its 3D structure solved,
which was almost 50 years after poly(U•A-U) triple helices had been reconstituted in a test tube by Felsenfeld and co-
workers (Felsenfeld et al., 1957; Theimer et al., 2005). Since then, solution NMR structures have been solved for human
TR (Figure 3), Kluyveromyces lactis TR and Tetrahymena thermophila TER (Table 1; Cash et al., 2013; Cash &
Feigon, 2017; Kim et al., 2008; Theimer et al., 2005). These structures show that the major-groove triple helix is com-
posed of two to five U•A-U base triples along with a protonated C+•G-C base triple in K. lactis and a protonated
A+•G-C base triple in T. thermophila (Table 1; Cash et al., 2013; Cash & Feigon, 2017; Kim et al., 2008; Theimer
et al., 2005). These major-groove triple helices are extended by nearby minor-groove base triples, forming a nearly con-
tinuous triple helix that may form cooperatively (Cash & Feigon, 2017; Chen, Chang, Chou, Bustamante, & Tinoco
Jr., 2009; Kim et al., 2008; Theimer et al., 2005). Importantly, the presence of a major-groove triple helix in TR is further
supported by mutating individual U•A-U base triples to the isosteric C•G-C base triple (Cash et al., 2013; Cash &
Feigon, 2017; G. Chen et al., 2009; Qiao & Cech, 2008; Shefer et al., 2007; Theimer et al., 2005). For human TR, this
compensatory mutational analysis showed that the C•G-C-containing mutant is thermodynamically more stable at
pH 5 than pH 7 based on UV thermal denaturation assays and that the complete triple mutation is necessary to recover
telomerase activity in an in vitro TRAP (telomeric repeat amplification protocol) assay, demonstrating that the triple
helix is essential for catalysis (Theimer et al., 2005). A similar base triple compensatory mutational analysis was per-
formed and similar outcomes were observed for K. lactis, Saccharomyces cerevisiae (TLC1) and T. thermophila TRs using
various in vitro and cell-based assays to monitor telomerase activity (Cash et al., 2013; Cash & Feigon, 2017; Qiao &
Cech, 2008; Shefer et al., 2007). Collectively, these studies demonstrate that the triple helix structure, not sequence, is
conserved and is required for telomerase activity.

Originally, it was thought that the 20-hydroxyl of A176, which participates in a U•A-U base triple, played a direct
role in catalysis (Qiao & Cech, 2008). However, cryo-EM structures of the human and Tetrahymena telomerase holoen-
zyme both show the pseudoknot forming an arc-like structure that partially encircles TERT, positioning the triple helix
on the opposite side of TERT's active site (Jiang et al., 2015; Nguyen et al., 2018). In light of these recent structural find-
ings, it appears that the triple helix contributes to the proper folding of the pseudoknot, whose structure is essential for
a fully assembled and catalytically active RNP (Cash et al., 2013; Cash & Feigon, 2017; Liu & Theimer, 2012;
Mihalusova, Wu, & Zhuang, 2011; Qiao & Cech, 2008; Shefer et al., 2007; Theimer et al., 2005; Tzfati et al., 2003). Thus,
the dynamics of a distal tertiary structural element are coupled to catalysis.

Although the pseudoknot is required for a fully active RNP, the triple helix is not required for S. cerevisiae TERT
(Est2) to bind to TR (Qiao & Cech, 2008). Unfortunately, the low resolution of the telomerase holoenzyme cryo-EM
structures prevents an in-depth analysis of how TERT directly interacts with the triple helix. It should also be

FIGURE 3 Triple helix in telomerase RNA. Telomerase RNA forms a nearly continuous

triple helix (tricolor cartoon representation) in which a U•A-U major-groove triple helix is

adjacent to a minor-groove triple helix
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mentioned that a C•G-C major-groove base triple and a minor-groove C•U-A base triple stack atop each other in the
CR4/5 domain of Japanese medaka telomerase TR (J. Huang et al., 2014). Neither of these base triples makes direct
contacts with the telomerase RNA-binding domain of TERT (J. Huang et al., 2014). Additionally, an extended form of
human TR transcripts (hTR exL) is predicted to form a triple helix that may recruit dyskerin or another protein (Tseng,
Wang, Schroeder, & Baumann, 2018). Thus far, the structures of telomerase RNPs have not yielded any insights into
how proteins interact with the various triple helices of TR. Because most TR pseudoknots have U•A-U base triples and
A176 contributes to catalysis, it will be informative to learn how TERT directly recognizes, if at all, the major-groove tri-
ple helix of TR. Furthermore, telomerase has emerged as an attractive and novel target in cancer therapeutics because
telomerase reactivation promotes human cell immortality and cancer, whereby telomerase activity is upregulated in
>75% of tumor samples collected from multiple cancer types (Shay, 2016; Shay & Bacchetti, 1997). Therefore, a better
understanding of the telomerase triple helix may enable the design of a novel therapeutic.

3.2 | RNA triple helix coordinates catalytic magnesium ions during splicing

Introns are intervening noncoding RNA sequences that are removed from precursor RNAs (e.g., mRNA, rRNA, and
tRNA) in a process known as splicing. RNA splicing proceeds in two sequential phosphotransesterification reactions:
First 50 splice site cleavage and then 30 splice site cleavage so that the two RNA segments can be ligated together. Inter-
estingly, this splicing reaction occurs at a single catalytic center and requires a “catalytic triplex” for both group II
introns and the eukaryotic spliceosome. High-resolution 3D structural studies of group II introns and the spliceosome
have shown that their active site architectures are highly conserved, supporting the hypothesis that these RNA catalysts
share a common molecular ancestor (see [Galej et al. (2018)] for review).

Group II introns are self-splicing ribozymes found in all three domains of life. Based on RNA secondary structures,
group II introns are classified as IIA to IIF and are generally 400–800 nucleotides in length (see [Smathers and Rob-
art (2019)] for a review). Group II introns form a six-domain structure (I–VI), with the catalytic triplex residing in
domain V. A fully formed catalytic triplex consists of three consecutive base triples, which includes the so-called “cata-
lytic triad” (Table 1; Chan et al., 2018; Haack et al., 2019; Marcia & Pyle, 2012; Toor et al., 2008). The catalytic triad is
the most highly conserved region across group IIA–C introns. Two common catalytic triads are AGC and CGC, which
refer to the nucleotides in the purine-rich strand of the catalytic triplex. For example, the AGC catalytic triad from the
Pylaiella littoralis group IIB intron corresponds to the U•A-U/G•G-U/A•C-G catalytic triplex, where the underlined
nucleotides denote the catalytic triad (Table 1; Chan et al., 2018). A combination of mutational, phosphorothioate sub-
stitution, and metal rescue analyses have shown that the catalytic triplex of the ai5γ group II intron from S. cerevisiae is
essential for splicing because the phosphate backbone interacts with at least two divalent magnesium ions (Boulanger
et al., 1995; Gordon, Fong, & Piccirilli, 2007; Gordon & Piccirilli, 2001; Sontheimer, Gordon, & Piccirilli, 1999). These
two metal ions activate the nucleophile in the second step of splicing (i.e., exon-ligation) and stabilize the leaving
groups during both splicing steps (Gordon et al., 2007; Gordon & Piccirilli, 2001; Sontheimer et al., 1999). 3D structural
studies have subsequently confirmed that the negatively charged phosphate backbones of the catalytic triplex coordi-
nate two magnesium ions with high affinity, consistent with a two metal-ion mechanism (Figure 4a; Chan et al., 2018;
Haack et al., 2019; Marcia & Pyle, 2012, 2014; Robart, Chan, Peters, Rajashankar, & Toor, 2014; Steitz & Steitz, 1993;
Toor et al., 2008). Along with metal binding, the triple helix is thought to mediate the transition between the two steps
of splicing, for RNA structural probing studies and comparative analyses of crystallographic structures during the splic-
ing reaction cycle have observed the catalytic triplex undergoing dynamic conformational transitions (Chan et al., 2018;
Marcia & Pyle, 2012). Although group II introns require a maturase protein for activity in vivo, it appears that the
maturase protein does not interact with the catalytic triplex, for the maturase protein is more than 10 Å from the cata-
lytic triplex in a cryo-EM structure of the Lactococcus lactis group IIA intron-LtrA maturase complex (Qu et al., 2016).
Altogether, most structural and mechanistic observations for the group II intron, including the catalytic triplex, apply
to the eukaryotic spliceosome.

The eukaryotic spliceosome is an RNP complex whose composition is dynamic throughout the splicing cycle: Five
small nuclear RNPs (i.e., U1, U2, U4, U5, and U6 snRNPs) and numerous proteins to form a multi-megadalton com-
plex. This RNP is responsible for pre-mRNA splicing in eukaryotes (see [Wilkinson, Charenton, & Nagai, 2019] for
review). Like group II introns, the active site of the spliceosome has a catalytic triplex that (a) includes a catalytic triad
and (b) uses its phosphate backbone to coordinate two catalytic magnesium ions, which stabilize the leaving groups of
each step in the splicing reaction (Figure 4a and Table 1; Fica, Mefford, Piccirilli, & Staley, 2014; Fica et al., 2013;
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Gordon, Sontheimer, & Piccirilli, 2000; Sontheimer, Sun, & Piccirilli, 1997; Yean, Wuenschell, Termini, & Lin, 2000).
The intermolecular catalytic triplex forms via Watson–Crick base pairing between the U2 and U6 snRNAs, and the
Hoogsteen strand nucleotides in U6 snRNA includes two nucleotides (underlined GA) from the ACAGAGA sequence
that recognizes the 50-splice site of intron (Bertram et al., 2017; Fica et al., 2014; Hang et al., 2015; Mefford &
Staley, 2009; Wan et al., 2016; Yan et al., 2015; Yan, Wan, Bai, Huang, & Shi, 2016). These interactions bring together
the 50-splice site and the metal-bound catalytic triplex at the active site. Thus far, cryo-EM structures of the spliceosome
have predicted a relatively rigid catalytic center, including the catalytic triplex, once the activated spliceosome forms
(L. Zhang, Vielle, Espinosa, & Zhao, 2019). In contrast, yeast genetic studies suggest the catalytic core undergoes
conformational rearrangements, toggling between catalytically active and inactive conformations (Eysmont, Matylla-
Kulinska, Jaskulska, Magnus, & Konarska, 2019). Most nucleobases in the U2–U6 catalytic triplex appear to be dispens-
able for splicing in S. cerevisiae whole-cell extract, suggesting that proteins play an important role in stabilizing the
U2–U6 snRNAs (Bao, Boon, Will, Hartmuth, & Luhrmann, 2018). Unlike group II introns, the catalytic triplex of the
spliceosome is embedded in a protein cavity; therefore, most RNA–protein contacts are established between the sugar-
phosphate backbone of the catalytic triplex and the side chains of arginine, lysine, glutamine, and serine. However, a
cryo-EM structure of the S. cerevisiae spliceosome C complex suggests that the side chain of His5 from CWC2P has the
potential to mediate two hydrogen bonds: One with N2 of the Hoogsteen G in the G•G-C base triple and one with O6
of G in the U•C-G base triple (Figure 4b and Table 1; Wan et al., 2016). This putative arrangement illustrates a novel
way in which proteins may recognize two stacked base triples. Finally, it should be mentioned that the minor
spliceosome is predicted to form a similar catalytic triplex by the U6atac and U12 snRNAs based on sequence conserva-
tion and biochemical studies. The catalytic triplex in group II self-splicing introns and the spliceosome demonstrates
how triple helices can mediate essential biological functions and likely more examples remain to be discovered.

3.3 | RNA triple helix as a ligand-binding site

Riboswitches are highly conserved RNA structural elements (or aptamers) used primarily by bacteria to control gene
expression in response to intracellular ligand binding. As a cis-regulatory element typically in the 50 untranslated region
of mRNAs, riboswitches can sense ligands, usually a metabolite or ion, and subsequently adopt a ligand-bound struc-
ture that will accordingly turn transcription or translation ON/OFF (see [Breaker, 2018] for a review). Over 100,000
riboswitches have been discovered among ~47 riboswitch classes, which are classified by ligand identity (P. J. McCown,
Corbino, Stav, Sherlock & Breaker, 2017).

Thus far, 3D structures have been solved for ~30 different riboswitch classes and six of them revealed a major-
groove triple helix in their ligand-bound states: Cyclic-dimeric-guanosine monophosphate (c-di-GMP)-II, guanidine-III,
prequeosine (PreQ1)-II, PreQ1-III, S-adenosylmethionine (SAM)-II, and SAM-V (Table 1; Gilbert et al., 2008; L. Huang &
Lilley, 2018; L. Huang et al., 2017; Kang et al., 2014; Liberman et al., 2013; Liberman et al., 2015; Smith et al., 2011). In
general, riboswitch triple helices are composed of two canonical U•A-U base triples and one to four noncanonical base
triples that are arranged together in a classic H-type pseudoknot or a related variant (Figures 1c and 5). Importantly,
the ligand in all six riboswitches is recognized by the triple helix. For the five RNA-derived ligands, their nucleobases
participate in a noncanonical base triple or quadruplet (Figure 5 and Table 1). For example, the adenine moiety of SAM

FIGURE 4 Catalytic triplexes involved in splicing. (a) The catalytic triplex of both the group II self-splicing intron (tricolor stick

representation) and the spliceosome (not shown) coordinate two catalytic metal ions (orange spheres) via electrostatic interactions with

phosphate backbone. Two views are shown. (b) His5 of CWC2P (orange stick representation) may form hydrogen bonds (gray dashed lines)

with two of the three base triples (tricolor sticks) in the catalytic triplex observed for the S. cerevisiae spliceosome
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is engaged in an ASAM•U reverse Hoogsteen base pair of an ASAM•U•U triple and PreQ1 is recognized by cytidine via
trans-Watson–Crick interactions in an A•U•PreQ1•C quadruplet (Figure 5a,b; Gilbert et al., 2008; L. Huang &
Lilley, 2018; Kang et al., 2014; Liberman et al., 2013; Liberman et al., 2015). In the c-di-GMP-II riboswitch crystal struc-
ture, the two guanine bases of c-di-GMP are differentially recognized: One guanine engages in a minor-groove c-di-
GMP•A-U base triple whereas the other guanine forms hydrogen bonds with nearby nucleotides and a hydrated mag-
nesium ion (Figure 5c; Smith et al., 2011). Interestingly, ligands that lack a nucleobase moiety can also be recognized
by a triple helix. The one lone example, the guanidinium ion, is coordinated by a guanine in a noncanonical A•C-G
base triple and another guanine in a G•A-U•C quadruplet (Figure 5d; L. Huang et al., 2017). Because several hundred
“undiscovered” riboswitch classes are predicted (P. J. McCown, Corbino, Stav, Sherlock, & Breaker, 2017), it will be
interesting to learn if these riboswitches use triple helices to capture ligands, particularly ligands that do not have
chemical moieties mimicking nucleotides.

FIGURE 5 Structural basis of

ligand recognition by an RNA triple

helix. The 3D structures are shown

for six ligand-bound riboswitches:

(a) SAM-II, SAM-V, (b) PreQ1-II,

PreQ1-III, (c) c-di-GMP-II, and

(d) guanidine-III. For each

riboswitch, there is a panel that

displays the entire experimentally

determined structure with PDB in

parenthesis (left panel, cartoon

representation), the triple helix

interacting with ligand (middle

panel, cartoon representation), and

noncovalent interactions of ligand

and nucleotides (right panel, ball-

and-stick representation). The ligand

is shown in orange and triple helix

components are shown in tricolor

scheme
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With various binding modes of ligands and base triples being observed, it is not surprising that a broad range of
equilibrium dissociation constants have been measured for the six riboswitch-ligand complexes: 200 pM to 2 nM for
c-di-GMP-II, 60 μM for guanidine-III, 17.9 nM–6.6 μM for PreQ1-II, 6.5–900 nM for PreQ1-III, 670 nM for SAM-II, and
0.5–150 μM for SAM-V (Gilbert et al., 2008; L. Huang & Lilley, 2018; Kang et al., 2014; Lee, Baker, Weinberg,
Sudarsan, & Breaker, 2010; Liberman et al., 2013; Liberman et al., 2015; P. J. McCown, Liang, Weinberg, &
Breaker, 2014; Meyer, Roth, Chervin, Garcia, & Breaker, 2008; Poiata, Meyer, Ames, & Breaker, 2009; Sherlock &
Breaker, 2017). Importantly, divalent ions can strengthen ligand-binding affinity up to 85-fold for the Streptococcus
pneumoniae PreQ1-II riboswitch (Kang et al., 2014), a finding that prompts the question: To what extent is the triple
helix (or pseudoknot) formed in the absence of ligand (see [Jones & Ferre-D'Amare, 2017] for review on ligand-binding
pocket conformations)? Having three electronegative strands, triple helices are more stable in the presence of magne-
sium ions (Felsenfeld et al., 1957). Thus, it is difficult to parse whether ligands bind to a preformed triple helix or if
ligand binding induces the formation of a triple helix. At least for the metX SAM-II riboswitch, both magnesium and
ligand-binding seem to be required for the fully-folded ligand-bound conformation, although magnesium plays a critical
role in pre-organizing the riboswitch toward a binding-competent state but it still lacks the triple helix in the absence of
SAM (B. Chen, Zuo, Wang, & Dayie, 2012; Haller, Rieder, Aigner, Blanchard, & Micura, 2011; Roy et al., 2017). Simi-
larly, two U•A-U base triples in the Lactobacillus rhamnosus PreQ1-II riboswitch include A nucleotides from the
ribosome-binding site; therefore, the triple helix forms after ligand binding (Aytenfisu, Liberman, Wedekind, &
Mathews, 2015; Liberman et al., 2013; Souliere et al., 2013; Warnasooriya et al., 2019). Another consideration is that
proteins could participate in the folding and conformational states of some riboswitches, although proteins are not
required for ligand binding to the current experimentally validated riboswitches (Breaker, 2012). Importantly, the RNA
triple helix can mediate both ligand binding and expression output for select riboswitches and the functional coupling
is only beginning to be understood (Dutta & Wedekind, 2019).

Finally, it should be noted that riboswitches using a triple helix as a ligand-binding site are not coupled to a single
mechanism for controlling gene expression. The ligand-bound forms of the c-di-GMP-II (Lee et al., 2010) and
guanidine-III (Sherlock & Breaker, 2017) riboswitches turn ON translation while PreQ1-II (Dutta, Belashov, &
Wedekind, 2018; Meyer et al., 2008; Neuner, Frener, Lusser, & Micura, 2018; Van Vlack, Topp, & Seeliger, 2017),
PreQ1-III (Liberman et al., 2015; Van Vlack et al., 2017), metX SAM-II (Gilbert et al., 2008), and SAM-V riboswitches
(L. Huang & Lilley, 2018; Poiata et al., 2009) turn OFF translation. Thus, there are instances where ligand binding leads
to sequestration of the ribosome-binding site into a triple helix to turn OFF translation and other instances where the
ribosome-binding site is released upon ligand binding, thereby turning ON translation. Proteins are involved in these
processes to turn translation ON/OFF. Ribosomal protein S1 interacts with various conformations of the
Thermoanaerobacter tengcongensis PreQ1-I riboswitch, a structure whose ligand-binding site resides in a minor-groove
triple helix (Jenkins, Krucinska, McCarty, Bandarian, & Wedekind, 2011; Lund, Chatterjee, Daher, & Walter, 2019).
Likewise, it will be interesting to learn if proteins can recognize riboswitches that possess a major-groove triple helix.
Overall, riboswitches show how triple helices play an important role in sensing ligands and in regulating expression of
prokaryotic genes.

3.4 | RNA triple helix as a stability element

RNA triple helices have been cleverly co-opted by viruses to stabilize RNA. The first example was a triple helix found in
the polyadenylated nuclear (PAN) RNA, which is a highly abundant nuclear lncRNA expressed by the Kaposi's
sarcoma-associated herpesvirus (KSHV) during the lytic phase of infection and plays various roles in gene expression
(Conrad, 2016; Mitton-Fry et al., 2010; Sun, Lin, Gradoville, & Miller, 1996; Zhong, Wang, Herndier, & Ganem, 1996).
The KSHV PAN RNA triple helix resides at the 30 end and consists of two cis-acting RNA elements: A stem-loop struc-
ture containing a U-rich internal loop and a 30-poly(A) tail (Figure 6a). An X-ray crystal structure of the KSHV PAN
RNA triple helix shows the U-rich internal loop engaged with oligo A9, forming five U•A-U major-groove base triples
and three A-minor base triples (Figure 6a; Mitton-Fry et al., 2010). This extensive network of tertiary interactions pro-
tects the poly(A) tail and inhibits rapid nuclear RNA decay, establishing one mechanism by which PAN RNA accumu-
lates to high levels in KSHV-infected cells (Conrad, 2016; Conrad, Mili, Marshall, Shu, & Steitz, 2006; Conrad, Shu,
Uyhazi, & Steitz, 2007; Conrad & Steitz, 2005; Mitton-Fry et al., 2010; Sun et al., 1996; Zhong et al., 1996). Notably, the
triple-helical structure itself, without any protein cofactors, is necessary and sufficient to inhibit deadenylation cata-
lyzed by purified recombinant PARN (poly(A)-specific ribonuclease) in an in vitro system (Conrad et al., 2006).
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Collectively, the KSHV PAN RNA triple helix revealed a novel mechanism by which a viral lncRNA counteracted
nuclear RNA decay. Because the mechanism was originally found in a viral lncRNA, this work prompted the question:
Do other viral and host RNAs harbor triple-helical RNA stability elements?

Indeed, similar stability elements abound in nature, for more than 200 have been computationally identified in
(a) lncRNAs expressed by dsDNA viruses, the MALAT1 lncRNA in vertebrates and likely the MENβ lncRNA in mam-
mals; (b) genomic ssRNA(+) from dicistroviruses; and (c) transposable elements, including those that are transposase
mRNAs from plants, fungi, slime mold, and stickleback fish retroviruses (Brown et al., 2012; Tycowski, Shu, Borah,
Shi, & Steitz, 2012; Tycowski, Shu, & Steitz, 2016; Wilusz et al., 2012; B. Zhang et al., 2017). Among the 200+ stability
elements predicted to date, the functionality of about 10 has been confirmed by their ability to stabilize heterologous
intronless β-globin or GFP reporter mRNAs, a function that is likely mediated by formation of a triple helix (Brown
et al., 2012; Tycowski et al., 2012, 2016; Wilusz et al., 2012). More interestingly, structural analyses revealed that the sta-
bility elements can be classified as single or double domain, whereby each U-rich internal loop represents a domain
(Figure 6a,b; Tycowski et al., 2016). Most of the plant transposable elements possess a double-domain stability element
(Tycowski et al., 2016). Here, the upper domain resembles the canonical KSHV PAN U-rich stem-loop whereas the
lower domain shows two notable structural differences: A 3- or 4-nucleotide-long bulge and the A-minor stem inter-
rupted by a bulge or an internal loop (Tycowski et al., 2016). Like the single-domain stability elements, the poly(A) tail
is predicted to interact with both U-rich internal loops, although mutational studies indicate the upper domain of the
TWIFB1_OSa structure is responsible for most stabilization activity (Figure 6b; Tycowski et al., 2016). Currently, there
is no 3D structure of a double-domain stability element; therefore, it will be interesting to learn the structural signifi-
cance of the upper domain over the lower domain and if the poly(A) tail engages in tertiary interactions with the stem
connecting the upper and lower domains.

Among the 200+ stability elements discovered to date, the MALAT1 and MENβ structures are distinctly different
from all others (Figure 6). The MALAT1 and MENβ lncRNAs undergo 30-end processing by RNase P due to the pres-
ence of tRNA-like structures in their transcripts and the resulting mature forms of MALAT1 and MENβ terminate with
genomically encoded A-rich tracts rather than 30-poly(A) tails (Sunwoo et al., 2009; Wilusz, Freier, & Spector, 2008).
The single-domain MALAT1 and MENβ stability elements have U-rich internal loops uniquely interrupted by G and C
nucleotides that interact with the complementary nucleotides in the downstream A-rich tract so that the triple helices
have a blunt end, rather than a 30-poly(A) tail overhang predicted for others (Figure 6; Brown et al., 2012, 2014; Wilusz
et al., 2012). The blunt-ended triple helix of MALAT1 effectively inhibits the rapid phase of nuclear RNA decay whereas
the KSHV PAN RNA triple helix only reduces the rapid phase according to a cell-based intronless β-globin reporter

FIGURE 6 Structures of triple helices that function as RNA stability elements. (a) A generalized schematic diagram is shown for a

single-domain stability element alongside the X-ray crystal structure of the KSHV PAN RNA triple helix (cartoon representation). Important

structural regions are labeled. (b) A generalized schematic diagram is shown for the predicted structure of a double-domain stability

element: TWIFB1_Osa. Gray circles (•) and dashed lines (−) indicate putative nucleotide interactions. (c) A generalized schematic diagram

and X-ray crystal structure is shown for a blunt-ended RNA triple helix: Human MALAT1 (cartoon representation). The tricolor scheme of

strands and symbols for their interactions are described in Figure 1. The PDB IDs are listed below each RNA label
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decay assay in HeLa-TetOff cells (Brown et al., 2014; Conrad et al., 2006). However, the decay machinery for the
MALAT1 and KSHV PAN triple helices may be different. While KSHV PAN undergoes a deadenylation-dependent
decay due to its poly(A) tail, the 30 end of MALAT1 is sequestered into a blunt-ended triple helix; therefore, it may first
require a helicase, such as DHX9, to disrupt the triple helix and/or undergo oligouridylation (Brown et al., 2016b; Jain,
Bacolla, Chakraborty, Grosse, & Vasquez, 2010; Wilusz et al., 2012). Moreover, the MALAT1 triple helix interacts with
a protein, methyltransferase-like protein 16 (METTL16; Brown et al., 2016b; Warda et al., 2017). METTL16 is an N6-
methyladenosine (m6A) RNA methyltransferase and how the METTL16-triple helix complex affects the half-life of
MALAT1 remains unknown as well as the biological function of the complex itself (Pendleton et al., 2017). A weak
m6A site has been detected in the upper stem of the MALAT1 stability element using miCLIP (m6A individual-
nucleotide resolution crosslinking and RNA immunoprecipitation), although it is unknown if METTL16 catalyzes for-
mation of this m6A mark and/or recognizes it (Linder et al., 2015; Pendleton et al., 2017). Lastly, another unique func-
tion of the MALAT1 triple helix is that it upregulates translation in the context of a GFP reporter system (Wilusz
et al., 2012). Therefore, understanding the mechanism of translational upregulation mediated by a triple helix may
potentially lead to the discovery of novel triple helices having roles in the cytoplasm.

In summary, triple-helical RNA stability elements exist for multiple classes of RNAs, including those that local-
ize to the nucleus and cytoplasm as well as those expressed by viruses, animals, fungi, and plants. Understanding
the structure and function of these unique stability elements has led to novel experimental tools as well as drug tar-
gets. For example, the MALAT1 triple helix has been used to study the functional role of the poly(A) tail in transpo-
sons and used as a stability tool for RNAs in cell-based systems (Doucet, Wilusz, Miyoshi, Liu, & Moran, 2015;
Nissim, Perli, Fridkin, Perez-Pinera, & Lu, 2014; Vogan et al., 2016; Zhan, Xie, Zhou, Liu, & Huang, 2018). More-
over, MALAT1 is upregulated in multiple cancer types and its triple helix is required for this accumulation, making
it a potential drug target (Gutschner, Hammerle, & Diederichs, 2013). Most triple-helical RNA stability elements
remain uncharacterized and likely hold the potential to revealing more unique insights into the roles of RNA triple
helices in biology.

3.5 | Other RNA triple helices

Other RNA triple helices containing major-groove base triples have been observed. Notably, two consecutive U•A-U
base triples were observed in an NMR structure of the 7SK stem-loop 1 in complex with a peptide representing the
RNA-binding domain of the HIV Tat protein (Pham et al., 2018). Interestingly, arginine sandwich motifs recognize the
Hoogsteen face of G in C-G base pairs flanking the U•A-U base triples. A similar mode of recognition of a C-G base pair
adjacent to a U•A-U base triple in HIV-1 TAR RNA has been demonstrated for arginine residues in HIV Tat and a lab-
evolved RNA recognition motif (Belashov et al., 2018; Pham et al., 2018). Also noteworthy, an X-ray crystal structure of
Campylobacter jejuni Cas9 in complex with guide RNA and DNA revealed an unusual arrangement of a U•A•G major-
groove base triple and an A•A-U minor-groove base triple being interrupted by a base quintuple and an extrahelical res-
idue, A63 (Yamada et al., 2017). Because C. jejuni tracrRNA (trans-activating CRISPR RNA) lacks two consecutive
major-groove base triples, it is not included in the table of triple helices (Table 1). Nonetheless, it is notable that Cas9
does not establish base triple-specific interactions except for an arginine-phosphate backbone contact (Yamada
et al., 2017). Rather, the extrahelical base of A63 stacks with a histidine residue and the N1 of A63 forms a hydrogen
bond with an asparagine residue (Yamada et al., 2017). Therefore, it is possible that proteins recognize flanking
sequences and structures of triple helices instead of the triple helix itself.

Additional RNA triple helices have been reported, although some have only partial triple helix character or there is
no 3D structure and/or cell-based compensatory mutagenesis studies performed to validate triple helix. In vitro-selected
aptamers having base triples were not discussed in this review because they are non-natural RNAs. Finally, R•D-D tri-
ple helices comprised of noncoding RNA and genomic DNA were not discussed because this review is focused on triple
helices in which all three strands are RNA.

4 | DISCOVERING RNA TRIPLE HELICES

A long-standing challenge in the field of RNA triple helices is the lack of experimental approaches to unambiguously
identify natural RNA triple helices (i.e., the triplexome) rather than rely on their serendipitous discovery upon solving
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the 3D structure of an RNA that happens to form a triple helix, such as many of those listed in Table 1. To overcome
this technical limitation, another molecule could be designed or adapted to specifically recognize only triple helices and
not other nucleic acid structures. Furthermore, the recognition of triple helices could be refined to select triple helices
based on strand identity: All DNA, all RNA, or a DNA–RNA hybrid. Regardless of the composition of the triple helix,
various molecules could theoretically be adapted for an experimental strategy that specifically recognizes a triple helix,
such as nucleic acids, proteins, small molecules, or some combination of the three. The current status and future pros-
pects of these putative triplex-specific binders are discussed below.

4.1 | Nucleic acids

Of all molecules that could specifically recognize a triple helix, nucleic acids may arguably be one of the most chal-
lenging from a global discovery perspective. One, the use of a single-stranded oligonucleotide could potentially bind
to another single-stranded oligonucleotide, leading to the isolation of a duplex and not the desired triple helix. Two,
the sequence of an oligonucleotide will limit binding partners unless universal bases could be exploited for
Hoogsteen binding (Hoshika et al., 2019; Rusling et al., 2005). Nonetheless, polyribonucleotide-linked columns have
been used as tools for double-helix affinity capture (DAC) via triple helix formation (Flavell & Van Den Berg, 1975;
Johnson et al., 1996; Letai et al., 1988; Zuidema, Van den Berg, & Flavell, 1978). Thus, duplexes with a propensity
to form triple helices could be identified by eluting duplexes from the column and then subjecting them to high-
throughput deep sequencing. Similarly, triplex-forming oligonucleotides (TFOs), which function as the “third strand”
and engage duplexes via Hoogsteen interactions, have been developed as a tool to modulate gene expression (see
[Bahal, Gupta, and Glazer (2016)] for review). Covalently linking TFOs to crosslinkers, such as psoralen, to selec-
tively pulldown duplexes via triple helix formation has been successful in Escherichia coli and human cell extract
(Isogawa, Fuchs, & Fujii, 2018).

Aptamers, which are synthetic single-stranded nucleic acids that bind to a specific target, are conceptually
another potential strategy. Nucleic acid-based aptamers, typically developed using systematic evolution of ligands
by exponential enrichment (SELEX), have been effective at specifically recognizing targets of various sizes and
shapes, from small molecules and metal ions to proteins and microorganisms (see [T. Wang, Chen, Larcher, Bar-
rero, and Veedu (2019)] for a review). However, the only aptamer designed to target a specific RNA is HIV-1 TAR
RNA, and that aptamer was selected mainly for its sequence complementarity to the TAR loop and not structure
(Duconge & Toulme, 1999). Thus, it remains to be tested whether nucleic acid aptamers could specifically recog-
nize the highly electronegative structure of a triple helix (Figure 2). Considering the diverse base triple composi-
tion of known triple helices (Table 1), using nucleic acids for the global discovery of triple helices will be more
challenging but certainly represent valuable tools for validating specific triple helices in a low-throughput
manner.

4.2 | Proteins

Antibodies have the ability to recognize a specific molecule with high affinity. Although nucleic acids are often times
weakly immunogenic, several antibodies against triple helices have been reported in the literature, including one that
can discriminate between poly(U•A-U) versus poly(U•dA-dT) triple helices (Rainen & Stollar, 1977; Stollar &
Raso, 1974; Thomas, Seibold, Adams, & Hess, 1995). Therefore, a straightforward approach to map RNA triple helices
would be to perform an immunopurification using an anti-RNA triple helix antibody followed by deep sequencing to
identify bound nucleic acids. Considering the diversity of base triples in natural RNA triple helices, it may be necessary
to use multiple antibodies or to identify an antibody whose recognition of triple helices is independent of sequence.
Another important variable to test would be the number of base triples. Most antibodies are generated against
poly(U•A-U) containing dozens or maybe hundreds of base triples whereas most natural RNA triple helices are limited
in length to three to six base triples (Table 1). Looking to nature for help would be another possibility, for proteins have
been observed to bind to DNA and RNA triple helices (Table 1; Buske, Mattick, & Bailey, 2011). Regardless of the pro-
tein used to isolate triple helices, a clever strategy will be needed to bioinformatically determine which strands belong
to which triple helix (Russo et al., 2019).
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4.3 | Small molecules

As mentioned above (see Section 3.3), riboswitches are the best example in nature of a small molecule engaged with a
triple helix. In a non-natural context, more than a dozen small molecules are known to preferentially bind to RNA tri-
ple helices over their double helix counterparts or can induce triplex formation: Berberine and analogs (Bhowmik, Das,
Hossain, Haq, & Suresh Kumar, 2012; Das, Kumar, Ray, & Maiti, 2003; Sinha & Kumar, 2009), berenil (Pilch, Kirolos, &
Breslauer, 1995), coralyne (Sinha & Kumar, 2009), fisetin (Bhuiya, Haque, Goswami, & Das, 2017), luteolin (Tiwari,
Haque, Bhuiya, & Das, 2017), neomycin (Arya, Coffee Jr., Willis, & Abramovitch, 2001), palmatine (Sinha &
Kumar, 2009), quercetin (Pradhan, Bhuiya, Haque, & Das, 2018), ruthenium(II) complexes (X. J. He & Tan, 2014), san-
guinarine (Das et al., 2003) and a benzo[f]quino[3,4-b]quinoxaline derivative conjugated to neomycin (Arya, Xue, &
Tennant, 2003; Figure 7a). These molecules generally bind to RNA triple helices with dissociation constants in the
nanomolar to low micromolar range. Currently, there are no high-resolution structures of a triple helix in complex with
the aforementioned compounds, although various binding modes are predicted, such as intercalation and groove bind-
ing (Haq & Ladbury, 2000; Sinha & Kumar, 2009). Regardless of binding mode, these small molecules are rather pro-
miscuous, as they can bind to other noncanonical nucleic acid structures and sometimes cannot distinguish between
DNA versus RNA triple helices (Ren & Chaires, 1999). Elucidating the triplex-binding properties of these small mole-
cules holds the potential of exploiting them for the global discovery of triple helices. Such a precedent has been
established for the duplex-crosslinker psoralen (AMT) used by PARIS (psoralen analysis of RNA interactions and
structures) and LIGR-seq (ligation of interacting RNA followed by high-throughput sequencing) methods to identify
double-stranded RNA inside cells and the G-quadruplex-crosslinker BioTASQ used by G4RP-seq (G4-RNA-specific
precipitation and sequencing) to capture four-stranded RNA inside cells (Lu et al., 2016; Sharma, Sterne-Weiler,
O'Hanlon, & Blencowe, 2016; Yang et al., 2018). These studies provide proof-of-principle that small-molecule cros-
slinkers can be used to identify multi-stranded RNA structures inside cells.

More recently, two independent studies discovered small molecules that can selectively recognize the MALAT1 tri-
ple helix, a structure that represents a unique anti-cancer drug target (Abulwerdi et al., 2019; Donlic et al., 2018). The
Hargrove group used an in vitro fluorescence-based assay to show that the compound dubbed DPFp8 (Figure 7b), a
diphenylfuran-based derivative, binds to the MALAT1 triple helix with an EC50 of 36 nM but no binding to a MALAT1
construct that lacks a triple helix was detected (Donlic et al., 2018). Although DPFp8 is predicted to have a rod-like
shape, its binding mode to the MALAT1 triple helix is unknown (Donlic et al., 2018). The LeGrice and Baird groups
identified two compounds, dubbed 5 and 16 (Figure 7b), that bind to the MALAT1 triple helix with KD values of ~2 to
8 μM and a 1:1 stoichiometry of RNA:compound (Abulwerdi et al., 2019). Neither compound appears to bind via inter-
calation based on results from a dye displacement assay but instead, molecular docking studies predict different groove-
binding modes and sites for each compound: Compound 5 via van der Waals interactions along major groove at a
central region of triple helix and compound 16 at the surface of minor groove near the terminus of triple helix adjacent
to A-minor motif (Figure 6c; Abulwerdi et al., 2019). More importantly, both compounds are functional in mammary
tumor organoids, reducing MALAT1 levels by ~50% and branching morphogenesis by ~30% (Abulwerdi et al., 2019).
The dynamics of the MALAT1 RNA triple helix in a test tube versus inside a cell is another consideration in drug design
(Ageeli, McGovern-Gooch, Kaminska, & Baird, 2019; Yonkunas & Baird, 2019).

Collectively, this body of work further illustrates that (a) RNA triple helices play important biological roles, includ-
ing in disease states, (b) RNA structures, like proteins, are viable drug targets, and (c) small molecules could be devel-
oped as an experimental tool to establish nature's triplexome. A 3D structure of a small molecule in complex with a
triple helix will likely open new avenues in designing small molecules for RNA triple helices. Additionally, the recent
X-ray crystal structure of a U•A-U-rich triple helix containing 11 consecutive base triples provides a structural platform
to model ligand binding (Ruszkowska et al., 2020).

4.4 | Computational predictions

Besides experimental methods, computational strategies have spurred the identification of some triple helices. For
example, several lncRNA•gDNA triple helices have been identified using one or more computational approaches, such
as LongTarget, Triplexator, TRIPLEXES, and Triplex Domain Finder (Buske, Bauer, Mattick, & Bailey, 2012; S. He,
Zhang, Liu, & Zhu, 2015; Kuo et al., 2019; Lin et al., 2019). For intermolecular triple helices like lncRNA•gDNA, com-
putational programs rely on Hoogsteen base-pairing rules or the so-called triple-strand code. The relative stability of all
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16 base triples has been quantitatively determined for D•D-D, R•R-R, and R•D-D triple helices, although no universal
rules emerge, at least for the 14 noncanonical base triples (Best & Dervan, 1995; Brown et al., 2016a; Kunkler
et al., 2019; Mergny et al., 1991). Thus, a new experimental strategy to map R•D-D triple helices inside cells has been

FIGURE 7 Chemical structures of triplex-binding small molecules. Chemical structures are shown for small molecules that (a) broadly

recognize RNA triple helices and (b) bind to the MALAT1 RNA triple helix
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developed, whereby protein-free DNA-associated RNA and RNA-associated DNA is isolated and then subjected to a
series of nuclease digests followed by high-throughput sequencing (Senturk Cetin et al., 2019).

For intramolecular triple helices, the computational strategy is not trivial because it involves RNA tertiary structure,
which is extremely difficult to accurately predict de novo. Nonetheless, some major-groove triple helices are
pseudoknots (see [Peselis and Serganov (2014)] for review); therefore, pseudoknot-predicting algorithms, such as
HotKnots, Maximum Weighted Matching method, PKNOTS, and ProbKnot, could be a starting point (Bellaousov &
Mathews, 2010; Ren, Rastegari, Condon, & Hoos, 2005; Rivas & Eddy, 1999; Tabaska, Cary, Gabow, & Stormo, 1998).
Additionally, many of the riboswitches and triple-helical RNA stability elements have been predicted by computation-
ally searching for conserved structural elements using Infernal or other structural homology-based programs
(Nawrocki & Eddy, 2013). For example, the triple-helical RNA stability elements consist of a stem-loop structure con-
taining a U-rich internal loop adjacent to one or more G-C base pairs that facilitate A-minor interactions (Figure 6;
Tycowski et al., 2012; Tycowski et al., 2016; B. Zhang et al., 2017). In general, computational approaches can guide
researchers to triple helices, although all putative triple helices must undergo experimental validation.

5 | CONCLUSION

Elucidating the biology of characterized RNA triple helices, albeit relatively few to date, illustrates how these non-
canonical structures can be utilized by prokaryotes, eukaryotes, and viruses in nearly ubiquitous cellular mechanisms,
such as catalysis and ligand binding. Because RNA function usually involves dynamic interactions with protein-binding
partners, an important next step is to understand the specific role of RNA triple helices in RNPs. For example, the triple
helix in TR is required for telomerase activity but resides outside the active site. Moreover, RNA triple helices represent
novel therapeutic targets, for they exist in RNAs having prominent roles in human health, such as TR and the MALAT1
lncRNA in cancer. More RNA triple helices likely exist and have essential roles in biology, including implications in
human health. To identify the triplexome, novel methods will need to be developed in accelerating our efforts to under-
stand the structure and function of major-groove RNA triple helices throughout nature. These efforts may advance via
insights from nature (e.g., riboswitches or triple-stranded RNA-binding proteins), from molecules developed in the lab-
oratory (e.g., synthetic compounds or antibodies), or from a combination of nature and laboratory. Once a triplexome is
established, the biological roles of RNA triple helices can be unraveled.
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