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Abstract 

The diverse biological functions of RNA are determined by the complex structures of RNA 

stabilized by both secondary and tertiary interactions. An RNA triplex is an important tertiary 

structure motif that is found in many pseudoknots and other structured RNAs. A triplex 

structure usually forms through tertiary interactions in the major or minor groove of a 

Watson–Crick base paired stem. A major-groove RNA triplex structure is stable in isolation 

by forming consecutive major-groove base triples such as U·A-U and C
+
·G-C. Minor-groove 

RNA triplexes, e.g., A-minor motif triplexes, are found in almost all large structured RNAs. 

As double-stranded RNA stem regions are often involved in biologically important tertiary 

triplex structure formation and protein binding, the ability to sequence-specifically target any 

desired RNA duplexes by triplex formation would have great potential for biomedical 

applications. Programmable chemically-modified triplex-forming oligonucleotides (TFOs) 

and triplex-forming peptide nucleic acids (PNAs) have been developed to form TFO·RNA2 

and PNA·RNA2 triplexes, respectively, with enhanced binding affinity and sequence-

specificity at physiological conditions. Here we (i) provide an overview of naturally-

occurring RNA triplexes, (ii) summarize the experimental methods for studying triplexes, and 

(iii) review the development of TFOs and triplex-forming PNAs for targeting an HIV-1 

ribosomal frameshift-inducing RNA, a bacterial ribosomal A-site RNA, and a human miRNA 

hairpin precursor, and for inhibiting the RNA-protein interactions involving human RNA-

dependent protein kinase (PKR) and HIV-1 viral protein Rev.  

  



3 
 

1. Examples of naturally-occurring RNA triplexes 

An RNA triplex is a complex structure stabilized by multiple base triples
1-7

 formed between 

an RNA duplex and a third strand of a natural RNA or an artificial nucleic acid. A pre-formed 

RNA duplex may accommodate a third strand to form a major-groove and a minor-groove 

triplex, respectively, without disrupting the pre-formed duplex structure. Naturally-occurring 

triplexes are important for shaping RNAs into complex three-dimensional architectures and 

are important for diverse biological functions.
4,8,9

 For example, triplex structures form in 

biologically important RNAs including telomerase RNAs,
10-15

 metabolite-sensing 

riboswitches,
7,16-23

 −1 ribosomal frameshift-inducing mRNA pseudoknots,
24-29

 long 

noncoding RNAs (lncRNAs),
30-33

 group I introns,
34-36

 group II introns,
37

 and ribosomal 

RNAs.
38-40

  

 

1.1 RNA major-groove triplexes  

An RNA poly(U)·poly(A)-poly(U) major-groove triplex containing many U·A-U base triples 

(Figure 1A) is stable in the presence of Mg
2+

 ions.
41,42

 In the triplex structure, the poly(A) 

strand forms Watson–Crick A-U and Hoogsteen U·A pairs with two poly(U) strands, 

respectively (see Figure 2 for short triplex structures). The Hoogsteen poly(U) strand is 

parallel to the poly(A) strand. The major-groove triplexes with the third pyrimidine strand 

parallel to the purine strand of the duplex are known as pyrimidine or parallel motif triplexes. 

In this review, we will focus on pyrimidine motif RNA triplexes, although other types of 

major-groove RNA triplexes may also form.
43

  

 

The natural pyrimidine motif triplex structure with three consecutive major-groove U·A-U 

base triples was first found to form in the human telomerase RNA pseudoknot in the absence 

of Mg
2+

 ions (Figure 2A,B).
10,13

 The human telomerase RNA pseudoknot is a hairpin-type 
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(H-type) pseudoknot, with two stems (stem 1 and stem 2) and two loops (loop 1 and loop 2) 

(Figure 2A,B).
10,13

 The major-groove triplex structure with U·A-U, C
+
·G-C, or U·G-C base 

triples (Figure 1) formed between stem 2 and loop 1 in telomerase RNA pseudoknot 

structure is highly conserved between humans and other vertebrates, and is present in yeasts 

and ciliates, suggesting it is essential for function.
10-15

 The pyrimidine motif major-groove 

triplex is particularly stable in H-type pseudoknots, and is critical for diverse functions 

including telomerase activity,
10-15

 metabolite sensing by riboswitches in mRNA untranslated 

regions,
18,23

 and stimulating −1 ribosomal frameshifting in mRNA coding regions.
44

  

 

The duplex region of a triplex may not be perfectly Watson–Crick base paired.
15,18

 NMR 

studies have revealed that a major-groove triplex structure forms in Kluyveromyces lactis 

telomerase RNA pseudoknot even in the presence of bulges in stem 2.
15

 The bulge residues 

may be extruded and not involved in triplex formation.
15

 Thus, one may consider the possible 

formation of bulges in the RNA duplex stems, when conducting computational searching and 

modelling of RNA major-groove triplexes. The presence of a bulge destabilizes the duplex, 

the triplex, and thus the pseudoknot structure.
10,13,15,44,45

 For example, the bulge U177 residue 

in human telomerase RNA pseudoknot (Figure 2A,B) was deleted to stabilize the structure 

for the initial NMR studies.
10,13

  

 

Bulge nucleotides however, can have important functions. For example, the intracellular 

sensing of a metabolite S-adenosylmethionine (SAM) by a SAM-II riboswitch present in 

proteobacterial is facilitated by the molecular recognition of a bulge structure containing U44 

residue in stem 2 of an H-type pseudoknot (Figure 2C,D).
18

 In the ligand-free form of SAM-

II riboswitch pseudoknot, stem 2 contains the U44 bulge and a 3  3 nucleotide internal loop 

with the potential to form three consecutive non-Watson–Crick pairs. In the absence of SAM 
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binding, stem 2 is dynamic and the triplex structure (Figures 2C,D and 3B-F) does not 

form.
18,46,47

 The crystal structure of the SAM-II pseudoknot in complex with SAM-II reveals 

that the adenine moiety of SAM intercalates into the bulge region in stem 2 and forms a 

U·U·A base triple (Figure 3D) with the bulge U44 in stem 2 and U10 in loop 1 (Figure 

2C,D).
18

 Evidently, SAM binding induces stabilization of the pseudoknot structure by 

stabilizing the stem and major-groove triplex structure, which in turn sequesters the ribosome 

binding site resulting in the repression of protein translation.
18

  

 

A pyrimidine motif major-groove triplex structure may also form in an internal loop-type (I-

type) pseudoknot structure (Figure 2E,F).
48

 For example, in several viral polyadenylated 

nuclear (PAN) long noncoding RNAs (lncRNAs), the poly(A) tail and an upstream U-rich 

internal loop within a stem-loop structure may form a relatively large I-type pseudoknot 

structure as evidenced by biochemical and X-ray crystallographic studies.
30,31

 The upstream 

stem-loop structure containing the U-rich internal loop is called the expression and nuclear 

retention element (ENE) (Figure 2E), serving as a cis element for stabilizing the lncRNAs by 

sequestering the poly(A) tail from degradation.
30,31

 The crystal structure of the truncated ENE 

core from Kaposi’s sarcoma-associated herpesvirus (KSHV) PAN lncRNA in complex with a 

9-nucleotide oligo(A) sequence shows that the “trans pseudoknot” structure is stabilized by 

Watson–Crick base-paired stems as well as extensive tertiary interactions including a 

pyrimidine motif major-groove triplex (Figures 1A and 2E,F) and an A-minor motif triplex 

(Figures 2E,F and 4A,B, see Section 1.2).
30

 Thus, the formation of both major- and minor-

groove triplex structures in the I-type pseudoknot may contribute to the repression of 

degradation of the poly(A) tail and thus protection of viral polyadenylated lncRNAs.
30,31
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The ENE with a stem-loop structure containing a U-rich internal loop is also found in non-

polyadenylated cellular lncRNAs, i.e., MALAT1 (metastasis-associated lung adenocarcinoma 

transcript 1) and MEN (multiple endocrine neoplasia-).
32,33

 Similar to viral lncRNAs, the 

U-rich internal loop of an ENE and a downstream A-rich tract of a cellular lncRNA may form 

an I-type pseudoknot with extensive pyrimidine motif major-groove triplex structures and A-

minor motif interactions.
32

 A similar triplex structure was independently proposed for these 

two cellular lncRNAs with slightly different sequences; the only difference in the structure is 

that the stem away from hairpin loop (bottom stem) (see Figure 2E) is absent.
33

 Thus, 

lncRNAs without poly(A) may also be protected from degradation by forming the 

pseudoknot and triplex structures.  

 

Clearly, a pyrimidine motif major-groove RNA triplex structure is stable in isolation or 

within a pseudoknot or other large structures. Note that non-standard major-groove base 

triples other than pyrimidine motif (see Figure 3B,C,F for example) may also form in a 

pseudoknot or other structures, facilitated by topological constraints and specific structural 

environments.
1,2,5-7,18,34-37

 

 

1.2 RNA minor-groove triplexes  

Minor-groove triplexes, usually not stable in isolation, often form within large RNAs and 

RNA-protein complexes. The A-minor motif triplex (Figures 2 and 4) is a recurrent motif 

present in almost all large RNAs, including group I intron,
34-36

 group II intron,
37

 

riboswitches,
7,16-23

 ribosomal RNAs,
38-40

 and the mRNA-tRNA-ribosomal RNA complex 

structure at the decoding site of ribosome.
40,49-51

 A standard A-minor motif
39,40,49-53

 involves 

tertiary base-base and base-backbone interactions between the “smooth” sugar edge 

(including the nucleobase atoms C2-N3 and ribose 2′-OH group, see Figure 1A) and 
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Watson–Crick edge (including the nucleobase atoms N1-C2, see Figure 1A) of adenine and 

the minor groove of a Watson–Crick pair in a duplex (Figure 4A,B).  

 

A wobble G·U pair (Figure 4C) or a face-to-face imino G·A (cis Watson–Crick/Watson–

Crick) pair in a duplex has the G amino group exposed in the minor groove and may thus 

allow ideal A-minor motif interactions.
34,38,40,54-58

 In large RNAs, the third strand of a triplex 

and a fourth strand may form internal loops with consecutive non-Watson–Crick pairs, such 

as sheared A·G or A·A (trans Hoogsteen/sugar) pairs (Figure 4C).
2,34,40,56-59

 Thus, an RNA 

triplex in a large RNA may be part of a quadruplex structure with two strands forming a 

Watson–Crick canonical stem and the other two forming a non-Watson–Crick base-paired 

loop (Figure 4C). Presumably, formation of local non-Watson–Crick loop structures
34,40,52,60-

64
 and topological (steric) constraints of secondary structures

4,65,66
 contribute to the 

(de)stabilization of A-minor motif and other triplex structures in large RNAs. 

 

The minor-groove triplexes have intrinsic structural plasticity, and all three edges of the 

residues in the third strand may interact with the minor groove of a Watson-Crick duplex. For 

example, in a “twisted A-minor motif” triplex, successive adenosine residues in an RNA 

strand may rotate along the minor groove of a duplex such that the tertiary contacts are 

formed through the Hoogsteen, Watson–Crick, and sugar edges (see Figure 1) of the 

adenosine residues, respectively (Figure 4D-H).
18

 The “twisted A-minor motif” triplex is 

often found in an H-type pseudoknot, with the base triples formed between stem 1 and loop 2 

(Figures 2A-D and 4D-H). H-type pseudoknots containing “twisted A-minor motif” triplexes 

are critical for the functions of biologically important RNAs such as telomerase RNA,
10,13

 

metabolite-sensing riboswitches,
7,18-22

 −1 ribosomal frameshift inducing mRNA 
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pseudoknots,
24-29

 tRNA like structures in some plant viral RNA genomes,
67

 and transfer-

messenger RNA (tmRNA) pseudoknots essential for bacterial trans-translation.
68

  

 

Non-pseudoknot structures may also contain non-standard A-minor motif triplexes.
1-3,5-

7,16,17,34-37,53
 A-minor motif interactions often coexist with coaxial stacking interactions in 

both pseudoknot and non-pseudoknot structures.
2
 Intrinsic flexibility of minor-groove 

triplexes allows for the adenosine residues in the third strand to be replaced with guanosine or 

other residues (see Figure 4I for example).
1-3,5-7

 Adenosine is more prevalent than guanosine 

in forming minor-groove triplexes in large RNAs, probably because adenosine has a smooth 

sugar/Watson–Crick edge (N1-C2-N3, Figure 1A) and guanosine tends to be involved in 

misfolding by forming relatively stable locally base-paired structures (i.e., Watson–Crick G-

C, and non-Watson–Crick G·U, G·A, and G·G pairs).
69,70

 

 

2. Assessing triplex formation  

As discussed above, X-ray crystallography and NMR provide the direct evidence for the 

RNA triplex structure formation. We will summarize the reported methods for assessing the 

thermodynamics, kinetics, and dynamics of triplex formation.  

 

2.1 Ensemble methods 

In a UV-absorbance detected thermal melting experiment,
10,71-76

 a triplex structure is often 

disrupted in two steps by increasing the solution temperature. The third strand usually 

dissociates before the “melting” of the duplex structure and both of the two-state structural 

disruption reactions can be monitored by UV absorbance increase (hyperchromicity). The 

two transitions may merge into one if the binding of the third strand is tight. Thermodynamic 

parameters of triplex formation can be obtained from the melting curves if the transitions are 
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in equilibrium. However, triplex formation is usually slow, and the thermal melting of 

triplexes may not always be in equilibrium.  

 

In a non-denaturing polyacrylamide gel electrophoresis (PAGE) or Electrophoretic Mobility 

Shift Assay (EMSA) experiment,
71,72,76

 a titration curve may be obtained by having the 

duplex or a hairpin at a constant concentration below the dissociation constant (KD) and 

varying concentrations of the third strand. The duplex and the third strand may be annealed 

and pre-incubated to make sure an equilibrium state is reached. Hairpins and triplexes can be 

resolved in the gel because they have different electrophoretic mobilities. The gel may be 

imaged by post-staining with ethidium bromide or by labelling the RNA duplex with 
32

P or a 

dye molecule. Standard binding curves between a duplex and a third strand can be obtained to 

extract the KD values. UV thermal melting and EMSA are relatively fast and inexpensive in 

providing useful thermodynamic information, but quantitative kinetic information is 

relatively hard to obtain. 

 

Isothermal Titration Calorimetry (ITC) has been utilized for the thermodynamic 

characterization of RNA structures including triplexes.
77-83

 The advantage of ITC is that the 

characterization is done in solution and no labelling is needed. The disadvantage is that often 

a large amount of sample is needed and kinetic information is relatively hard to obtain. 

 

Surface Plasmon Resonance (SPR),
76,84,85

 is useful in detecting bimolecular interactions in 

real time, and thus for measuring the kinetics of the triplex structure formation. To facilitate 

SPR measurement, the duplex or the third strand needs to be immobilized on a surface. The 

third strand or the duplex may then be injected into the flow cell and the binding and 



10 
 

dissociation can be monitored in real time. SPR measurement usually requires small amount 

of samples.  

 

Kinetics and thermodynamics of triplex formation may also be obtained by Fluorescence 

Resonance Energy Transfer (FRET).
86

 For the FRET measurement, the duplex and the third 

strand need to be labelled with donor and acceptor dyes, respectively.  

 

Chemical and enzymatic mapping
18,87-89

 may also be utilized for assessing the 

thermodynamics and kinetics of triplex formation at single-nucleotide resolution. The 

mapping techniques are based on the fact that the triplex structure formation causes the 

protection of functional groups, and thus inhibits the reaction with small molecule chemicals, 

and binding and activity of ribonucleases, respectively. Triplex formation can be inferred 

based on the changes in the reactivity of individual residues in the duplex or the single strand.  

 

2.2 Single-molecule methods 

The single-molecule FRET (smFRET) method
90

 has been used to detect RNA triplex 

formation in a pseudoknot (Figure 2A,B) at various solution conditions.
45,46

 smFRET 

technique also facilitates the direct revelation of (un)binding kinetics of the third strand to a 

duplex.
91

 To facilitate smFRET characterization of dynamics and kinetics of triplex 

formation, the duplex or the third strand needs to be immobilized on a surface. 

 

Single-molecule nanomanipulation by optical tweezers
90

 allows the direct measurement of 

the effect of triplex formation on the mechanical stability of a pseudoknot (Figure 2A,B).
44

 

In an optical tweezers single-molecule pulling experiment, mechanical stretching force is 

applied on the terminal ends of a pseudoknot or other molecules.
44,90,92

 To facilitate the 
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pulling experiment, a single molecule may be immobilized between two micrometer-sized 

beads through two long double-stranded nucleic acid “molecular handles”. A correlation was 

observed among triplex structures, pseudoknot mechanical stability with the force applied at 

the two terminal ends of the pseudoknots, and the efficiency of −1 ribosomal frameshifting in 

vitro.
44

 The results suggest that triplex structures are critical for stimulating −1 ribosomal 

frameshifting, when the other factors are kept largely constant.
44

 Pseudoknot-induced −1 

ribosomal frameshifting may also be affected by many other factors including the slippery 

sequence, spacer length, pseudoknot folding kinetics, and interactions with ribosome.
28,44,92

  

 

3. How to design RNA triplexes to specifically target RNA duplexes 

Recognition of RNA duplexes through intermolecular major-groove triplex formation with 

unmodified third strands (Hoogsteen strands) is typically limited to a length of more than 10 

base triples and low pH condition.
71,72,75,76,87

 We will be focused on reviewing the 

development of replacing the unmodified Hoogsteen strand with relatively short chemically 

modified triplex-forming oligonucleotides (TFOs) (Figure 5A-D) and triplex-forming 

peptide nucleic acids (PNAs) (Figures 5E and 6) for targeting RNA duplexes to form major-

groove TFO·RNA2 and PNA·RNA2 triplexes, respectively. 

 

3.1 Targeting RNA duplexes through major-groove TFO·RNA2 triplex formation  

Extensive studies have been carried out to specifically target any sequence of DNA duplexes 

by triplex formation.
93

 The rules for the DNA triplex formation may not always apply for 

RNA triplex formation, and the disadvantage of targeting RNA duplexes by TFOs is that 

TFOs often bind more tightly to DNA than to RNA duplexes.
71,72,75,76,87,94

 For example, UV-

absorbance detected thermal melting and EMSA studies reveal that DNA and 2′-OMe RNA 

(Figure 5C) strands can only bind to DNA but not RNA duplexes.
71,72,75,76,87,94

 In addition to 
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base-base hydrogen bonds (Figures 1 and 3A), a backbone-backbone hydrogen bond formed 

between the 2′-OH from the TFO and a non-bridging phosphate oxygen in the purine strand 

stabilizes an RNA triplex (Figure 3E).
3,30,72,74-76

 The 2′-OH-phosphate hydrogen bond is 

missing with a DNA or 2′-OMe RNA as the third strand. In addition, the 2′-OMe group may 

cause steric clashes with the RNA duplex. Taken together, DNA and 2′-OMe RNA strands 

are unable to bind to RNA duplexes to form triplexes due to the loss of a hydrogen bond and 

steric clash. However, enhanced formation of a TFO·DNA2 triplex was observed with 2′-

OMe modification in a TFO, probably due to the geometrical compatibility with the major 

groove of a DNA duplex.
76,94,95

  

 

A Locked Nucleic Acid (LNA) modification (Figure 5D) in a TFO, however, stabilizes a 

TFO·RNA2 triplex as well as a TFO·DNA2 triplex, as evidenced by thermal melting and 

EMSA studies.
76

 The stabilization effect of an LNA-modified TFO is probably due to the 

highly constrained methylene group, resulting in TFO backbone pre-organization and 

minimization of steric clash, despite the loss of 2′-OH-phosphate hydrogen bond.
76

  

 

Thermal melting and EMSA studies show that 2-thio U base modifications (Figure 1B) in a 

TFO enhances the formation of both TFO·RNA2 and TFO·DNA2 triplexes.
76

 Possible 

stabilizing effects of 2-thio U modification include the enhanced van der Waals contacts, base 

stacking, hydrogen bonding, preorganized C3′-endo sugar pucker, and reduced dehydration 

energy. In addition, it has been reported that shifting the pKa of the hydrogen bond donors in 

a monomer from far above 7 towards near 7 may enhance the hydrogen bonding strength.
96

 

Thus, tuning the pKa by an atomic mutation from U to 2-thio U in a TFO may be useful for 

enhancing the hydrogen bonding with the Hoogsteen edge of an A base (Figures 1A,B) in an 

RNA duplex for the TFO·RNA2 triplex formation.
76
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3.2 Targeting RNA duplexes through major-groove PNA·RNA2 triplex formation  

Compared to DNA and RNA, PNAs (Figures 5E and 6) are chemically stable and have 

flexible and neutral peptide-like backbone, and thus show significantly enhanced binding to 

natural nucleic acids. These characteristics make PNAs attractive for applications in antisense 

and other nucleic acid-based gene regulation approaches.
97-101

 PNAs were originally designed 

to enhance binding affinity with DNA duplexes to form major-groove PNA·DNA2 triplexes. 

However, strand invasion often occurs resulting in the formation of PNA·DNA-PNA 

complexes with two PNA strands forming Watson–Crick and Hoogsteen base pairs with the 

purine DNA strand, respectively.
97,98

  

 

Formation of PNA·RNA2 triplexes without strand invasion has been reported recently, and 

thus PNAs show great potential in targeting RNA duplex structures.
78-83,102

 In a pyrimidine 

motif major-groove PNA·RNA2 triplex, the PNA strand is parallel to the purine tract in the 

RNA duplex, i.e., the N-terminus of PNA is aligned with the 5′ end of the purine tract of 

RNA duplex. As evidenced by thermal melting, EMSA, and ITC studies, a PNA·RNA2 

triplex is significantly more stable than a PNA·DNA2 triplex,
78,82,102

 probably because the 

RNA duplex major groove provides geometry compatibility and favorable backbone-

backbone interactions with PNA. X-ray crystallography and NMR studies are needed to 

rationalize why a triplex-forming PNA binds to an RNA duplex more tightly than a DNA 

duplex.   

 

3.2.1 Recognition of Watson–Crick A-U and G-C pairs 

As discussed above, a standard major-groove U·A-U base triple (Figures 1A, 2, and 3E) is 

often found in natural RNAs. Thus, a PNA thymidine (T) residue is often used to recognize a 
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Watson–Crick A-U pair to form a T·A-U PNA·RNA2 base triple (Figure 6A). Due to the 

relatively low pKa (about 4.5) of monomer C, a low pH is needed to fully protonate C 

residues in a triplex-forming PNA to form a C
+
·G-C base triple (Figures 1C and 6B). A 

neutral PNA nucleobase pseudoisocytosine (J) has been developed to form a J·G-C base 

triple (Figure 6C);
98

 the pKa of the J monomer is about 9.4.
103,104

 Thermal melting, EMSA, 

and ITC studies show that incorporation of J residues in a PNA significantly alleviates the pH 

dependence for PNA·RNA2 triplex formation.
82,102

 A PNA nucleobase 2-aminopyridine (M) 

with a monomer pKa of 6.7
105,106

 is promising for the recognition of a Watson–Crick G-C pair 

to form an M
+
·G-C base triple (Figure 6D).

82
 The replacement of cytosine residues by M 

residues allows the formation of stable and sequence-specific PNA·RNA2 triplexes at near-

physiological pH conditions.  

 

A PNA L nucleobase, a thiolated derivative of the J nucleobase, has been reported for 

forming an L·G-C base triple (Figure 6E).
102

 Thermal melting and EMSA studies reveal that, 

compared to J-modified PNAs, L-incorporated 8-mer PNAs show enhanced affinity and 

specificity in recognizing the duplex region of a model RNA hairpin to form a PNA·RNA2 

triplex at near-physiological buffer condition (200 mM NaCl, pH 7.5). Importantly, an L-

incorporated 8-mer PNA shows relatively weak binding to single-stranded RNAs, single-

stranded DNAs, or double-stranded DNAs.
102

 Similar to 2-thio U modification (Figure 1B) 

in a TFO as discussed above,
76

 the stabilization of a PNA·RNA2 triplex by L modification 

may be due to the combined effects of enhanced van der Waals contacts, base stacking, 

hydrogen bonding, and reduced dehydration energy. Compared to a standard Watson–Crick 

G-C pair, the steric clash and loss of two hydrogen bonds in a Watson–Crick-like G-L pair 

may result in the destabilization of Watson–Crick RNA-PNA and DNA-PNA duplexes.
102

 

Thus, it is possible to develop PNAs with base and backbone modifications to enhance the 
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stability of PNA·RNA2 triplexes and minimize the formation of RNA-PNA duplexes or 

PNA·RNA-PNA triplexes. Based on the geometric compatibility and hydrogen bond patterns, 

we expect that M and other modified PNA residues (Figure 6) may also facilitate the 

selective binding to RNA duplexes in the major groove rather than single strands.  

 

Taken together, we can conclude that at the current stage, the recognition of Watson-Crick A-

U and G-C pairs in an RNA duplex at physiological condition can be facilitated by the 

formation of major-groove T·A-U, M
+
·G-C or L·G-C PNA·RNA2 base triples, respectively 

(Figure 6A,D,E). 

 

3.2.2 Recognition of Watson–Crick C-G and U-A pairs 

A purine tract in one of the two strands of an RNA duplex is needed for a standard 

pyrimidine motif major-groove triplex formation (Figures 1, 2, and 7A-C). However, in 

natural RNA duplexes, a purine tract in one strand is often interrupted by pyrimidine residues, 

resulting in the formation of inverted Watson–Crick C-G and U-A pairs (pyrimidine 

inversions, see Figures 6F-I and 7D-F). PNA residues with modified bases such as 5-

methylisocytosine (iC)
107,108

 and 2-pyrimidinone (P)
109,110

 have been incorporated into PNAs 

to target Watson–Crick C-G pairs to form iC·C-G and P·C-G base triples, respectively 

(Figures 6F,G and 7E).
79-81

 ITC measurements show that an iC-incorporated 6-mer PNA 

(CTCiCTC) binds to the target RNA duplex containing one inverted C-G pair with a KD of 1 

M in a buffer of 100 mM sodium acetate, pH 5.5.
80

 The binding affinity of the iC-

incorporated PNA to the target RNA duplex is slightly enhanced compared to PNAs with the 

iC replaced by unmodified bases (C, T, G and A), which have the KD values ranging from 1.4 

to 5 M. The sequence selectivity is low as the iC-incorporated 6-mer PNA also binds to 
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other RNA duplexes with the C-G pair replaced by G-C, A-U, or U-A with the KD values of 

1.3 to 2 M. 

 

To improve the sequence selectivity for the recognition of a Watson–Crick C-G pair, the 

Rozners group developed a modified PNA P momoner to form a P·C-G base triple (Figure 

6G).
79

 As evidenced by ITC studies, a 9-mer PNA incorporating a P residue (CTCTCPTCC) 

binds to the target RNA duplex containing one inverted C-G pair with a KD of 22 nM in a 

buffer of 100 mM sodium acetate, pH 5.5. The sequence selectivity is relatively good as the 

P-incorporated 9-mer PNA binds relatively weakly to other RNA duplexes with the C-G pair 

replaced by G-C, A-U, or U-A, with the KD ranging from 0.1 to 0.3 M. However, the 

binding affinity of the P-incorporated 9-mer PNA to the target RNA duplex is slightly 

weakened compared to PNAs with the P replaced by unmodified base C (KD = 14 nM) or T 

(KD = 16 nM).  

 

To improve the binding affinity, the linker between the PNA backbone and P nucleobase was 

extended to give a PNA monomer Pex (Figure 6H).
79

 ITC measurements reveal that, 

compared to the P-modified PNA, a Pex-modified 9-mer PNA (CTCTCPexTCC) can 

recognize the target RNA duplex containing one inverted C-G pair with significantly 

enhanced binding affinity with the KD decreased from 22 nM to 3 nM in a buffer of 100 mM 

sodium acetate, pH 5.5. The sequence selectivity of Pex-incorporated 9-mer PNA, however, 

decreases as it also binds to an RNA duplex with the C-G pair replaced by an A-U pair (KD = 

6 nM). Interestingly, sequence selectivity is significantly improved upon increasing the pH 

from 5.5 to 6.25. At pH 6.25, the Pex-incorporated 9-mer PNA binds to the target RNA 

duplex with one C-G pair (KD = 0.2 M), with no appreciable binding (KD > 100 M) to other 

RNA duplexes with the C-G pair replaced by G-C, A-U, or U-A.  
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The 3-oxo-2,3-dihydropyridazine (E) nucleobase was designed to recognize a DNA Watson–

Crick T-A pair to form a PNA·DNA-PNA base triple E·T-A (see Figure 6I for the base triple 

structure).
111

 As evidenced by ITC studies, a 9-mer PNA (CTCTCETCC) incorporating a 

PNA E residue (Figure 6I) shows selective binding (KD = 36 nM) to a complementary RNA 

duplex containing a U-A pair at 100 mM sodium acetate, pH 6.25.
79

 The binding is at least 

about 10 times weaker to an RNA duplex with the U-A pair replaced by an A-U, G-C or C-G 

pair. Upon decreasing the pH to 5.5, a PNA·RNA2 triplex containing an E·U-A base triple 

shows no significant change in binding affinity (KD = 26 nM). Note that replacing the C 

residues in the 9-mer PNA with M or L (Figure 6D,E) is expected to facilitate the binding to 

the RNA duplex target at more physiological pH. 

 

Similar to the Pex-incorporated PNA (Figure 6H), the sequence selectivity of the E-

incorporated PNA (Figure 6I) decreases upon decreasing the pH from 6.25 to 5.5.
79

 The 

reduced selectivity of matched base triple over mismatched base triples may be due to the 

fact that a PNA E residue has a relatively flexible linker – originally designed to avoid the 

steric clash with the 5-methyl group of a DNA T base.
111

 In addition, at pH 5.5, an E residue 

may have structural rearrangement, and/or exist in alternative tautomeric forms and 

protonation states to form mismatched base triples E·G-C and E·A-U.
79

 Thus, one needs to 

consider conformational plasticity and chemical dynamics
108,112,113

 in designing RNA 

triplexes to specifically target RNA duplexes. Detailed structural characterizations of the base 

pairs/triples formed between RNA and PNA are needed to facilitate further modifications for 

enhancing the binding affinity and selectivity. 
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In summary, the reported modified PNA nucleobases for the recognition of inverted RNA 

Watson–Crick C-G and U-A pairs (Figure 6F-I) contain only one six-member heterocycle, 

and thus only one base (i.e., C or U) of the RNA Watson–Crick pair is targeted, resulting in 

suboptimal binding affinity and selectivity. We expect that enhanced and sequence specific 

triplex formation at physiological condition will be facilitated by incorporating modified 

larger bases
93

 into triplex-forming PNAs through the recognition of not only the pyrimidine 

base (U or C), but also the purine base (A or G) in inverted Watson–Crick C-G and U-A pairs 

in an RNA duplex.  

 

In addition, small molecules may be covalently linked with TFOs and triplex-forming PNAs 

to enhance the binding. In a major-groove triplex structure, the TFO strand divides the 

original RNA duplex major groove into two grooves (Figure 2E),
30

 and thus provides unique 

recognition sites for small molecules.
114

 It has been shown that the triplex stability but not the 

duplex stability may be selectively enhanced by neomycin, which binds to the triplex groove 

formed between the Hoogsteen strand and the pyrimidine strand.
114

  

 

4. Examples of potential applications  

Compared to small molecule binders, TFOs and triplex-forming PNAs are advantageous for 

sequence-specifically binding to RNA duplex structures and can do so in a programmable 

manner (Figures 6 and 7). Cellular delivery of bioactive TFOs and PNAs has been facilitated 

by attaching small molecules and short peptides.
83,99-101,115,116

 As discussed above, it is 

possible to develop chemically modified PNAs and possibly TFOs for selectively and tightly 

binding to RNA duplex but not single-stranded regions.
102

 Compared to a traditional 

antisense strand,
99-101,115-117

 which forms a duplex structure with the target sequence, the 

advantages of a TFO or a triplex-forming PNA are as follows: (i) The triplex formation 
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strategy facilitates the targeting of not only the sequence but also the secondary structure of 

RNA, which results in high selectivity. (ii) The triplex formation does not involve the 

disruption of the pre-formed RNA secondary structure of the target sequence, which 

presumably facilitates fast binding kinetics.  

 

TFOs and triplex-forming PNAs are thus promising ligands for inhibition of RNA tertiary 

(see Section 1) and RNA-protein
118

 interactions involving RNA duplex structures. In addition, 

TFOs and triplex-forming PNAs may be utilized for the specific stabilization of RNA duplex 

structures, and thus modulate functions involving RNA (un)folding. Carefully designed TFOs 

and triplex-forming PNAs may also be useful tools for mapping complex RNA secondary 

structures by identifying double helixes. Development of TFOs and triplex forming PNAs for 

biological applications is still at its early stage; a few examples are discussed below.  

 

4.1 Inhibiting the RNA-dependent protein kinase (PKR) binding to RNA duplexes 

RNA-dependent protein kinase (PKR) is an interferon-inducible, RNA-dependent kinase that 

undergoes autophosphorylation reactions, followed by the phosphorylation of eukaryotic 

translation initiation factor 2 (eIF-2), resulting in translation inhibition.
119

 Thus, 

interactions between cellular PKR and viral RNA duplexes are crucial for the host’s antiviral 

response. Some DNA viruses (e.g., adenovirus and Epstein–Barr virus) produce highly 

structured inhibitory RNAs that bind to and inactivate PKR, and thus evade the host’s 

antiviral defense.
120,121

 Thus, TFOs or triplex forming PNAs may be designed to bind to the 

duplex regions of the viral inhibitory RNAs to probe and modulate the interaction between 

the viral inhibitory RNA and PKR. As a proof of principle study, EMSA and in vitro 

autophosphorylation assays reveal that unmodified long (>18 nucleotides) RNA TFOs may 

inhibit the PKR binding to RNA duplexes, through a major-groove triplex formation at near-
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physiological condition (Figure 7A).
122

 The IC50 values are 35 and 210 nM, respectively, for 

a 28-nucleotide TFO and a 20-nucleotide TFO. Thus, chemically modified TFOs and triplex-

forming PNAs have the potential to serve as tools for studying PKR signalling, and as 

therapeutics to inhibit the interaction between viral decoy RNAs and PKR. 

 

4.2 Inhibiting HIV-1 viral Rev protein binding to Rev response element RNA (RRE)  

Assembly of HIV-1 Rev protein on a viral Rev response element RNA (RRE) facilitates the 

transport of viral genomic and partially spliced viral mRNAs for virus packaging and viral 

protein translation, respectively.
123-126

 Thus, anti-HIV therapeutics may be developed by 

targeting the highly conserved RRE structure to inhibit Rev binding to RRE. An unmodified 

chimeric DNA-RNA oligonucleotide was designed to form both duplex (8 base pairs) and 

triplex (6-12 base triples) structures (Figure 7B) with a variant of RRE RNA.
127

 EMSA 

binding studies show that the binding affinities range from 100 nM to 30 M under 

physiological buffer condition. The simultaneous duplex and triplex formation results in 

enhanced inhibition of viral Rev protein binding compared to the duplex-forming 

oligonucleotide alone,
127

 and modulation of other biological activities such as −1 ribosomal 

frameshift.
89

 Thus, a TFO or a triplex-forming PNA may be covalently attached to a duplex-

forming oligonucleotide or PNA, to enhance the binding affinity and selectivity targeting the 

natural RRE (Figure 7B) and other functional RNAs.  

 

4.3 Targeting HIV-1 ribosomal frameshift-inducing RNA  

Many viruses including HIV-1 have evolved programmed ribosomal frameshift to express 

defined ratios of structural and enzymatic proteins. In HIV-1 group M (main), the frameshift 

stimulating signals of all subtypes are a hairpin.
128

 The frameshift efficiencies of all subtypes 

are low and within a narrow range of 4-9% in vitro and 1-3% in cultured cells.
128

 Thus, TFOs 
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and triplex-forming PNAs may serve as novel anti-HIV therapeutics by stabilizing frameshift 

stimulatory RNA structure and/or inhibiting its interaction with ribosome and/or other 

cellular factors. It is promising that a short PNA (with the sequence of LLTTLL, see Figure 

6A,E) binds to an HIV-1 frameshift stimulatory RNA by forming a 6-base-triple PNA·RNA2 

triplex (Figure 7C) with a binding affinity of 1 M at a near-physiological buffer condition 

(200 mM NaCl, pH 7.5).
102

 It is worth noting that an unmodified PNA (CCTTCC) or a J 

modified PNA (JJTTJJ) does not bind to the HIV-1 frameshift stimulatory RNA.
102

  

 

4.4 Targeting bacterial ribosomal A-site RNA 

The A-minor triplex (see Figure 4A,B for example) formation facilitates the selection of the 

cognate tRNAs in the decoding process of mRNA translation.
40,49-51

 The ribosomal A-site 

RNA contains a 1  2 internal loop (Figure 7D,E) in helix 44 of small subunit rRNA. The 

two A residues on the same side of the loop are in a dynamic equilibrium of two 

conformations (stacked within helix 44 or bulged out). In the bulged out conformation, the 

two A residues form A-minor interactions with the mini-helix formed between an mRNA 

codon and a cognate tRNA anticodon loop.
40,49-51

 However, binding of A-site internal loop-

targeting aminoglycoside antibiotics causes the two A residues to bulge out, which stimulates 

the A-minor interaction with the codon-anticodon mini-helix with either cognate or near-

cognate tRNA. The enhanced A-minor interactions upon antibiotics binding cause an 

increased frequency of the incorporation of near-cognate tRNAs, resulting in aberrant 

bacterial protein translation.
49,50

  

 

It would be interesting to see how triplex formation in the duplex region of helix 44 in small 

subunit rRNA adjacent to the ribosomal A-site 1  2 internal loop may affect ribosome 



22 
 

structure, dynamics, decoding, and translation. New antibiotics based on TFOs and triplex-

forming PNAs may be developed targeting the bacterial ribosomal A-site RNA duplex. ITC 

studies show binding affinities of about 0.5 M for the binding of 8-mer or 9-mer triplex-

forming PNAs to the model bacterial A-site RNA duplexes (Figure 7D,E) at relatively low 

pH (6.3 or 5.5).
79,81

 No M or L modifications (Figure 6D,E),
82,102

 however, were 

incorporated in the triplex-forming PNAs, which are known to specifically stabilize 

PNA·RNA2 triplexes at physiological pH. The results suggest that a G·U pair and a G·A pair 

in an RNA duplex can also form base triples with a PNA C residue to form C
+
·G·U and 

C
+
·G·A triples, respectively. In addition, the two A residues in the 1  2 internal loop can be 

targeted by forming a PNA·RNA base pair (T·A) and a PNA·RNA·RNA base triple (T·A·A), 

respectively (Figure 7D,E). Thus, several mismatches and non-base-paired residues within 

an RNA duplex are tolerable for the formation of a stable PNA·RNA2 triplex.  

 

4.5 Targeting miRNA hairpin precursors  

Cellular miRNAs are maturated from hairpin precursors (pre-miRNAs) by Dicer proteins and 

are involved in many disease-associated gene regulation processes.
129

 miRNA activity can be 

inhibited by an antisense strategy through duplex formation using the so-called antimiR 

oligomers.
99,101,116

 Inhibition of Dicer binding and thus pre-miRNA maturation by triplex 

formation may also be a viable strategy. A 10-mer PNA (Figure 7F) incorporating three M 

and one E residues (Figure 6D,I) was designed to target a duplex region of a model hairpin 

derived from pre-miRNA-215.
82

 The ITC measurement reveals a KD of 83 nM at 

physiological buffer condition (90 mM KCl, 10 mM NaCl, 2 mM MgCl2, 50 mM potassium 

phosphate, pH 7.4 at 37 °C).
82

 The results again suggest that a stable PNA·RNA2 triplex can 

form in the presence of several mismatches in the RNA duplex by forming non-standard 

PNA·RNA·RNA base triples such as T·A·C, T·A·A, and M
+
·G·U (Figure 7F).  
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5. Summary 

In summary, naturally-occurring RNA triplexes are emerging as important tertiary structures 

of many functional RNAs, which inspired the recent development of chemically modified 

TFOs and triplex-forming PNAs for targeting RNA duplexes with high affinity and sequence 

specificity. The recent work on triplex-forming PNAs shows that a total of 6-10 consecutive 

PNA·RNA2 base triples are sufficient for the formation of a relatively stable and sequence 

specific triplex at physiological condition. In this review, we discuss only a few examples as 

the targets for TFOs and triplex-forming PNAs. There is a great potential in developing 

chemically modified TFOs and triplex-forming PNAs as biological tools and therapeutics 

targeting many other functional structured RNAs.  
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Figure 1. Standard major-groove base triples of U·A-U (A), s
2
U·A-U (B), C

+
·G-C (C), and 

U·G-C (D). The hydrogen, carbon, nitrogen, oxygen, sulfur atoms are shown in white, cyan, 

blue, red, and yellow, respectively. The Watson–Crick and Hoogsteen base pairs are 

indicated by green arrows in the U·A-U base triple (panel A). According to Leontis/Westhof 

base pairing classification,
6
 in a Watson-Crick pair, the Watson-Crick edges of two bases are 

involved in hydrogen bonding. In a Hoogsteen pair, the Hoogsteen edge of A or G 

(containing atoms 5-8) are exposed in the major groove and involved in hydrogen bonding 

with the Watson-Crick edges of U or C, respectively. The letter R represents the ribose-

phosphate backbone, which separates the Hoogsteen edge and the sugar edge. The sugar edge 

also contains the 2′-OH group in the riboses. Most of the hydrogen bonds are indicated by 

gray dashed lines. In the base triple C
+
·G-C (panel C), the hydrogen bond formed between 

protonated N3 in C
+
 and N7 in G is indicated by a red dashed line. The U·A-U, C

+
·G-C, and 

U·G-C base triple structures are taken from the RNA Base Triple Database 

(http://rna.bgsu.edu/triples).
6
 In the base triple s

2
U·A-U (panel B, modelled from the U·A-U 

base triple structure), the van der Waals interaction between the sulfur atom of s
2
U (2-thio U) 

and H8 atom of adenine is indicated by a green dashed line.   



31 
 

 

Figure 2. Triplex and pseudoknot structures. Watson–Crick pairs are indicated by solid lines. 

Non-Watson–Crick pairs are indicated by dots or dashed lines. The distance cutoff for the 

hydrogen bonds is 4 Å between two heteroatoms. (A,B) H-type pseudoknot structure found in 

human telomerase RNA (PDB: 2K96).
10,13

 The bulge U177 residue (between A176 and G178) 

was deleted to stabilize the structure for the initial NMR studies. (C,D) Crystal structure of an 

H-type pseudoknot of SAM-II riboswitch in complex with SAM (PDB: 2QWY).
18

 (E,F) 

Crystal structure of a trans pseudoknot formed between a truncated ENE core from KSHV 

PAN lncRNA and a 9-nucleotide oligo(A) sequence (PDB: 3P22).
30

 The standard major-

groove triplex with five U·A-U base triples is shown in panel E.  
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Figure 3. Representative major-groove and other base triples formed involving stem 2 in H-

type pseudoknots found in human telomerase RNA (panel A, see Figure 2A,B, PDB: 

2K96)
10,13

 and a SAM-II riboswitch in complex with SAM (panels B-F, see Figure 2C,D, 

PDB: 2QWY).
18

 The distance cutoff for the dashed lines representing hydrogen bonds is 4 Å 

between two heteroatoms. (A) A major-groove U·G-C base triple formed between stem 2 and 

loop 1 in human telomerase RNA pseudoknot. The standard major-groove U·A-U base triple 

structures (see Figure 1A) are not shown. (B) A non-standard major-groove base triple G·G-

C. (C) A non-standard major-groove base triple A·C-G. (D) A base triple U·U·A formed 

involving the adenine moiety of SAM. (E) A standard major-groove U·A-U base triple is 

shown to highlight the backbone-backbone hydrogen bond formed between 2′-OH in U12 

and a non-bridging phosphate oxygen in A46, in addition to the base-base hydrogen bonds 

shown in Figure 1. (F) A base triple formed between A13 in loop 1 and a non-Watson-Crick 

A48·U18 pair. 
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Figure 4. Representative minor-groove base triples. The carbon atoms are shown in cyan or 

green. The distance cutoff for the dashed lines representing hydrogen bonds is 4 Å between 

two heteroatoms. (A,B) Standard A-minor interactions formed between a truncated ENE core 

from KSHV PAN lncRNA and a 9-nucleotide oligo(A) sequence (see Figure 2E,F, PDB: 

3P22).
30

 In a standard A-minor base triple, adenosine residues in the third strand form 

hydrogen bonds with a stem utilizing sugar and/or Watson-Crick edges. Type II and type I A-

minor interactions are present in panels A and B, respectively. (C) Packing of two duplexes 

facilitated by A-minor motif interactions between two sheared A·A pairs (A58·A86 and 

A87·A57) in J4/5 loop and a wobble pair (formed between G and 5-methyl U (m
5
U)) in P1 

stem in the 5′ exon of a group I intron (PDB: 1U6B).
34

 A58 and A87 are present in two 

opposite strands with cross-strand stacking, and are involved in type II and type I-like
50

 A-
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minor interactions, respectively. (D,E) “Twisted A-minor” base triple formed between stem 1 

and loop 2 in human telomerase RNA pseudoknot (see Figure 2A,B, PDB: 2K96).
10,13

 A171 

(panel D) and A172 (panel E) in loop 2 rotate along the minor groove of stem 1 and form 

minor-groove base triples using Hoogsteen edge (amino group) only, and Hoogsteen and 

Watson-Crick edges (amino group and N1), respectively. (F-H) “Twisted A-minor” base 

triples formed between stem 1 and loop 2 in a SAM-II riboswitch in complex with SAM (see 

Figure 2C,D, PDB: 2QWY).
18

  A33 (panel F) and A35 (panel G) in loop 2 form minor-

groove base triples with stem 1 using Watson-Crick edges (amino group and/or N1). In panel 

H, A35, A36, and A37 in loop 2 are observed to rotate along the minor groove of stem 1 and 

form minor-groove base triples using Hoogsteen edge (amino group) only, Watson-Crick 

(amino group and N1), and Watson-Crick and sugar edges (N1 and N3), respectively. (I) A 

minor-groove base triple involving U38 residue in loop 2 and two consecutive base pairs 

G6·U26 and C7-G25 in stem 1 present in a SAM-II riboswitch (see Figure 2C,D, PDB: 

2QWY).
18
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Figure 5. Chemical structures of DNA (A), RNA (B), 2′-OMe RNA (C), LNA (D), and PNA 

(E).  
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Figure 6. Major-groove base triples formed between PNA bases (shown in blue) and RNA 

Watson–Crick pairs (A-U, G-C, C-G, and U-A, shown in black). The letter R represents the 

sugar-phosphate backbone of RNA. Most of the hydrogen bonds between the bases are 

indicated by gray dashed lines. The hydrogen bonds formed between protonated N3 in C
+
 and 

N7 in G (panel B), and protonated N1 in M
+
 and N7 in G (panel D) are indicated by red 

dashed lines. Hydrogen bonds involving the backbones may also be present and need to be 

confirmed by future structural studies. J (panel C) is for pseudoisocytosine. M
+
 (panel D) is 

for the protonated form of 2-aminopyridine. L (panel E) is for thio-pseudoisocytosine. In the 

base triple L·G-C, the van der Waals interaction between the sulfur atom of L and H8 atom of 

G is indicated by a green dashed line. iC (panel F) is for 5-methylisocytosine. P and Pex 
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(panels G and H) are for 2-pyrimidinone base with carbonyl methylene and carbonyl 

ethylene linkages to the PNA backbone, respectively. E (panel I) is for 3-oxo-2,3-

dihydropyridazine.   
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Figure 7. Examples of RNA duplexes that have been targeted by TFOs and triplex-forming 

PNAs. TFOs and PNAs are shown in blue. Watson–Crick and non-Watson–Crick pairs are 

indicated by solid lines and dots, respectively. (A) Formation of a major-groove triplex 

between an unmodified 20-nucleotide RNA TFO (shown in blue) and a model RNA duplex, 

at near-physiological condition, inhibits PKR binding and activity.
122

 (B) A conjugate of 

unmodified DNA (shown in orange) and RNA (shown in blue) strands forms an 8-base-pair 

DNA-RNA duplex and a 12-base-triple TFO·RNA2 triplex with a variant of viral RRE, at 

physiological buffer condition.
127

 The simultaneous duplex and triplex formation can inhibit 

viral Rev protein binding. The sequence and secondary structure of wild-type stem IIB is 

shown in the box. (C) A short PNA binds to an HIV-1 frameshift stimulatory RNA by 

forming a 6-base-triple PNA·RNA2 triplex at near-physiological buffer condition.
102

 (D,E) 

An 8-mer or 9-mer triplex forming PNA binds to the duplex region of the small subunit 

rRNA helix 44, which contains the bacterial ribosomal A-site with a 1  2 internal loop 

(shown in red).
79,81

 (F) A 10-mer PNA incorporating M and E residues (Figure 6D,I) binds 

to a duplex region of a model hairpin derived from pre-miRNA-215, at physiological buffer 

condition.  


