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ABSTRACT: Non-canonical base pairs play an important role in enabling the structural and functional complexity of RNA. Molecular 
recognition of such motifs is challenging because of their diversity, significant deviation from the Watson-Crick structures, and 
dynamic behavior resulting in alternative conformations of similar stability. Triplex-forming peptide nucleic acids (PNAs) have 
emerged as excellent ligands for the recognition of Watson-Crick base-paired double helical RNA. The present study extends the 
recognition potential of PNA to RNA helices having non-canonical GOU, AOC, and tandem GOA/AOG base pairs. The purines of the 
non-canonical base pairs formed M+•GOU, T•AOC, M+•GOA and T•AOG Hoogsteen triples of similar or slightly reduced stability com-
pared to the canonical M+•G-C and T•A-U triples. Recognition of pyrimidines was more challenging. While the P•COA triple was only 
slightly less stable than the P•C-G, the E nucleobase did not form a stable triple with U of the UOG wobble pair. Molecular dynamics 
simulations suggested the formation of expected Hoogsteen hydrogen bonds for all stable triples. Collectively, these results expand 
the scope of triple helical recognition to non-canonical structures and sequence motifs common in biologically relevant RNAs. 

Introduction 

RNA folds in complex double helical conformations featur-
ing a variety of non-Watson-Crick structural elements, such 
as internal, hairpin and multi-helix junction loops, bulges, 
and base triples and quadruples. Although the various loops 
are typically drawn as single stranded in the RNA secondary 
structure diagrams, in 3D structures most of these segments 
are well-structured and folded in helices where more than 
half of the loop nucleotides form non-canonical base pairs.1, 

2 Hence, the RNA motifs built of non-canonical base pairs are 
abundant and play important roles in structural flexibility of 
RNA, its recognition by proteins, and long-range RNA-RNA in-
teractions.  

Molecular recognition of folded RNA is a highly desirable 
but daunting task. Extensive efforts to find small molecule 
ligands that specifically recognize RNA loops and bulges have 
been successful in specific cases.3-5 However, the ability to 
recognize any sequence of folded RNA remains elusive.6-9 Alt-
hough it is relatively easy to find strong RNA binders, difficul-
ties still remain in finding sequence-specific binders. RNA hel-
ices have a uniform and polar surface that presents little op-
portunity for hydrophobic shape selective recognition. Con-
sequently, the most common targets for small molecules are 
RNA bulges and internal loops. However, binding to these 
structures is frustrated by the conformational flexibility of 
non-helical RNA. As a result, many strong RNA binders must 
rely on electrostatic interactions with the negatively charged 

phosphates to boost the affinity at the expense of selectivity, 
which is less than ideal for drug development.  

 

Figure 1. Structures of triplex-forming PNA, Hoogsteen hydro-
gen-bonded base triples, and representative non-canonical RNA 
base pairs. 

We10 and other research groups11-17 have been developing 
an alternative approach to the recognition of double-
stranded RNA (dsRNA) using triplex-forming peptide nucleic 
acids (PNAs). PNAs are DNA analogues built of neutral and 
achiral amide backbone (Figure 1). They were initially devel-
oped as triplex-forming ligands for DNA in 1991,18 but have 
gained a wide variety of applications as duplex-forming 
probes and diagnostics because of their strong and sequence 



 

specific binding to single-stranded DNA and RNA.19, 20 Inter-
estingly, PNA-dsRNA triplexes were not explored until the 
2010 report by Rozners and co-workers.21 In the following 
decade, our research group found that PNA modified with 2-
aminopyridine (M in Figure 1) had exceptionally high affinity 
and sequence specificity for the matched dsRNAs under 
physiological conditions and formed PNA-dsRNA triplexes 
that were more than 10-fold more stable than the corre-
sponding PNA-dsDNA triplexes.22-24 Collaborative work with 
Sugimoto and Endoh demonstrated that PNA-dsRNA triplex 
formation was able to inhibit mRNA translation25 and mi-
croRNA maturation26 in live cells. Most recently, we became 
interested in using triplex-forming PNAs to control the con-
formation of non-Watson-Crick motifs of folded RNAs. We 
discovered that M-modified PNAs formed unusually stable 
triple helices with dsRNAs having single and double purine 
nucleotide bulges.27 Depending on the sequence of PNA, tri-
plex formation shifted the dynamic equilibrium of the bulge 
from looped-out to stacked-in conformation. Collectively, 
previous studies by us and others demonstrated that PNAs 
were excellent ligands for sequence specific recognition of 
folded double helical RNA and had strong potential to mod-
ulate conformation and function of biologically relevant 
RNAs.10, 17  

In the present study, we expand the triple helical recogni-
tion of dsRNA to include non-canonical GOU, AOC, and tan-
dem GOA/AOG base pairs. In the context of the present study, 
we consider only the Watson-Crick U-A and C-G as the canon-
ical base pairs, while all other base pairing possibilities are 
called non-canonical whether they engage in Watson-Crick-
like or Hoogsteen or sugar edge hydrogen bonding.1, 2 Previ-
ously, our group22, 26, 28, 29 and others14, 30-33  have reported 
recognition of biologically relevant RNA targets that presum-
ably involved Hoogsteen hydrogen binding to purines of non-
canonical GOU and AOC base pairs. The formation of stable 
triple helices was observed in these studies; however, the ef-
fect of non-canonical base pairs on the complex formation 
was not specifically explored. Recognition of pyrimidines of 
non-canonical base pairs is less studied. A notable exception 
is the report by Chen and co-workers that U of UOG was rec-
ognized by an extended heterocyclic nucleobase S but not by 
nucleobase E designed to bind the canonical U-A base pairs.34 
Herein, we report systematic study of triple helical recogni-
tion of double helical RNA featuring the non-canonical GOU, 
AOC, and tandem GOA/AOG base pairs. We found that triplex-
forming PNAs recognized the purine nucleosides of non-ca-
nonical and Watson-Crick base pairs with similar or slightly 
reduced affinity. Recognition of pyrimidines was notably less 
efficient, especially that of uridine in the UOG wobble pair. 
These results further demonstrate the effectiveness of tri-
plex-forming PNAs in molecular recognition of complex 
structures of folded RNA.  

Results and Discussion 

In our previous studies on PNA-dsRNA triplexes, we used a 
model system of four hairpins (HRP1-HRP4) having a variable 
base pair in the middle of the stem.22-24 In the present study, 
we modified our model system by placing the non-canonical 

base pairs at the same position (Figures 2, 3, and 6). The orig-
inal sequences formed highly stable hairpins HRP1-HRP4 hav-

ing melting temperatures (Tms) > 90 C (Figure S12A, Table 
S13). Modification of sequences to incorporate the non-ca-
nonical base pairs resulted in a slight loss of thermal stability; 

however, all hairpins used in this study had Tms > 84 C (Fig-

ures S12B and S12C, Tables S14 and S15), which was ~20 C 
higher than Tms of the corresponding triplexes.  

PNAs carrying modified nucleobases (M, E, P, etc.) were 
synthesized as previously described35 and their binding affin-
ity for the RNA hairpins having the non-canonical base pairs 
was measured using isothermal titration calorimetry and UV 
thermal melting, as in our previous studies.24 The UV melting 
experiments were done at 300 nm, a wavelength that allows 
selective detection of triplex melting without interference 
from the melting of RNA hairpins.36 This was possible be-
cause at 300 nm the RNA nucleobases have negligible ab-
sorbance while the M nucleobases have weak but easily de-
tectable absorbance.  

The GOU wobble is the most prevalent and functionally im-
portant non-canonical base pair in complex RNAs.37 The ge-
ometry of GOU differs significantly from the canonical Wat-
son-Crick base pairs. In the GOU wobble, U is displaced to-
wards the deep (major) groove, while G is rotated towards 
the shallow (minor) groove.37 The Hoogsteen face of G is 
available for hydrogen bonding in a similar fashion as in the 
G-C base pair. Consistent with these considerations, PNA1 
formed a triplex with HRP1ug that was only slightly less sta-
ble than the canonical PNA1-HRP1 triplex (Figure 2, c.f. Ka 22 
vs. 38 × 106). In contrast, the stability of the PNA2-HRP4gu 
triplex that involved a putative E•UOG triple was significantly 
lower compared to PNA2-HRP4 having the E•U-A triple (Fig-
ure 2, c.f. Ka 0.7 vs. 11 × 106). In fact, the stability of the PNA2-
HRP4gu triplex was as low as those of the least stable mis-
matched triplexes in our earlier study.24 These results sug-
gested that the conformational changes in GOU wobble pair 
(compared to Watson-Crick pairs) allowed the formation of a 
stable M+•GOU triple; however, the shift of U towards the 
major groove prevented the formation of a stable E•UOG tri-
ple.    

 



 

Figure 2. Structures of RNA hairpins and triplex-forming PNAs to 
study recognition of the UOG wobble base pairs. All binding ex-
periments were done in 50 mM potassium phosphate buffer (pH 
7.4) containing 2 mM MgCl2, 90 mM KCl, 10 mM NaCl. Associa-
tion constants (Ka × 106 M-1) obtained by ITC are averages of 
three experiments ± standard deviation at 25 °C. UV thermal 
melting temperatures, Tm °C are averages of five experiments ± 

standard deviation measured at 300 nm and 18 M of each 
dsRNA and PNA. 

In structures of large folded RNA, the non-canonical AOC 
base pairs are dynamic and may adopt various confor-
mations, such as, a protonated A+OC wobble pair, neutral AOC 
pairs with one hydrogen bond either between exocyclic 
amine of C and N1of A,38 or between exocyclic amine of A and 
the O2 of C,39 water bridged pairs40 with no direct hydrogen 
bonds between A and C, and may even form Watson-Crick-
like base pairs involving minor high energy imino tauto-
mers.41 The protonated A+OC is structurally similar to the GOU 
wobble pair.37 Similar to the recognition of GOU wobble pair, 
PNA 3 formed a stable triplex with HRP2ca comparable with 
the canonical PNA3-HRP2 (Figure 3, Ka 12 × 106 for both tri-
plexes). Next, we studied the recognition of C in COA using 
nucleobases P and CR3,42 and V43 that were developed in our 

earlier studies on the recognition of C in C-G. In contrast to 
the recognition of U in GOU wobble pair, the stability of 
PNA4-HRP3ac triplex involving a P•COA triple was only 
slightly lower compared to PNA4-HRP3 having the P•C-G tri-
ple (Figure 2, c.f. Ka 4.2 vs. 5.4 × 106). Similar results were ob-
tained with PNA5 and PNA6 that formed CR3•COA and V•COA 
triples. These results suggested that the conformation of the 
AOC base pair in our model triplexes was different than the 
conformation of the GOU wobble pair. 

To further test if A may be protonated, as required for the 
formation of the A+OC wobble pair, we compared the stability 
of PNA3-HRP2ca with PNA3-HRP2 and PNA1-HRP1ug at pH 
6.9, 7.4 and 7.9 (Figure S14). As expected, all triplexes were 
significantly more stable at lower pH because of the more fa-
vorable protonation of M to form the M+•G-C triples. The pKa 
of A ~3.5 while the pKa of M ~6.5. If a protonated T•A+OC tri-
ple was involved in PNA3-HRP2ca, we expected that the sta-
bility of the PNA3-HRP2ca triplex would be more enhanced 
at pH 6.9 and more disfavored at pH 7.9 compared to tri-
plexes involving M+•G-C triples only. However, all three tri-
plexes were similarly affected by changes in pH (Figure S14). 
These results suggested that the PNA3-HRP2ca triplex most 
likely involved a neutral T•AOC triple. 

 

Figure 3. RNA hairpins and PNAs to study recognition of the COA and AOC base pairs. Experimental conditions as in Figure 2. 



 

      

Figure 4. Major groove (upper images) and top (lower images) views of hydrogen-bonding interactions in base triples from molecular 
dynamics simulations of (A) PNA1-HRP1ug; (B) PNA3-HRP2ca; and (C) PNA4-HRP2ac triplex models. The hydrogen-bonding interactions 
and average distances observed during molecular dynamics simulations are highlighted in red. 

To obtain additional insights into structures of non-canon-
ical base triples, we used molecular modeling and dynamics 
of model PNA-dsRNA hairpins built in our previous studies.42, 

43 We modeled the conformation of all triples by running 150 
ns unrestricted Desmond molecular dynamics (MD) and ana-
lyzing the last 50 ns of simulation, when the system had sta-
bilized. To evaluate triple geometries, we performed Des-
mond trajectory clustering and analyzed clusters with the 
highest RMSD probability. The simulation of the PNA1-
HRP1ug triplex (Figure 4A) showed the expected M+•GOU tri-
ple with M forming two hydrogen bonds to the Hoogsteen 
face of G. Consistent with the low stability of PNA2-HRP4gu 
triplex, molecular dynamics simulations did not result in a 
stable E•UOG triple. The E nucleobase lost hydrogen bonding 
contacts with U within the first 30 ns of all simulations and 
moved in the major groove outside the helical stack.  

The simulation of the PNA3-HRP2ca triplex (Figure 4B) sug-
gested that in the neutral T•AOC triple, C6-NH2 of A formed a 
single hydrogen bond to C2=O of C, as observed in crystal 
structure of lead-dependent ribozyme.39 The T•AOC triple 
was formed by the standard Hoogsteen hydrogen bonding 
between T and A (Figure 4B). In contrast, the simulation of 
the PNA4-HRP2ac triplexes (Figure 4C) suggested that in the 
neutral P•COA triple, the COA base pair adopted a different 
geometry than in the T•AOC triple. In the P•COA triple, C4-
NH2 of C formed a single hydrogen bond to N1 of A (Figure 
4C), as observed in the crystal structures of large RNAs.38 The 
P•COA triple was formed by the expected single hydrogen 
bond between endocyclic N of P and C4-NH2 of C. Interest-
ingly, molecular dynamics showed that in the most stable 
PNA6-HRP2ac triplex, the V•COA triple formed unusual hy-
drogen bonding interactions (Figure S38). Because the guan-
idine group of V base could not engage the Hoogsteen face 
of A in the same manner as G (see, Figure 3) the V base tilted 
and hydrogen bonded to U of a neighboring A-U base pair.  

The different geometries of the wobble UOG and the neu-
tral COA base pairs explain the higher stability of the P•COA 

triple compared to the E•UOG triple. In the former, C is not 
pushed out in the major groove, which allows favorable po-
sitioning of the P nucleobase. The P nucleobase is stabilized 
by an additional hydrogen bond between the N-H of the 
linker connecting P to PNA backbone and the C=O of the 
linker of adjacent M (2.2 Å in Figure 4C). These results illus-
trate the dynamic nature of the COA base pair in our model 
system. It is conceivable that binding of the PNA ligand shifts 
the conformation of COA base pair to optimize the overall sta-
bility of PNA-RNA triplexes, as was observed for RNAs having 
purine bulges in our previous study.27  

Tandem GOA/AOG base pairs are common motifs of the 
non-canonical structure of functional RNAs that adopt either 
a Watson-Crick-like imino or an A Hoogsteen to G sugar edge 
hydrogen bonded sheared conformations (Figures 5 and 6).44 
Because the imino conformation widens the major groove of 
RNA leaving both A and G Hoogsteen faces available for triple 
formation, we expected that the triplex-forming PNAs would 
be able to bind tandem GOA/AOG base pairs in the imino con-
formation. In contrast, in the sheared conformation, the 
Hoogsteen face of A is already engaged in hydrogen bonding 
with the sugar edge of G. The sheared conformation con-
tracts the major groove and pushes A and G outwards in the 
minor and major grooves, respectively. While the Hoogsteen 
face of G is formally available for hydrogen bonding, we ex-
pected that the overall distortion of the major groove and 
lack of hydrogen bonding sites on A would be detrimental to 
triplex formation at the sheared GOA/AOG conformation. 

Expecting that two adjacent non-canonical base pairs may 
lower the overall stability of triplexes, we extended our test 
sequence of PNA1 by two nucleobases in PNA7 (Figure 6). 
Compared to PNA1, PNA7 was binding to the canonical HRP1 
notably stronger (Figure 6, c.f. Ka 38 vs. 150 × 106). Interest-
ingly, both PNA1 and PNA7 were binding to HRP5 featuring 
the tandem GOA/AOG sandwiched between purine neighbors 
(5´-GGAG-3´ recognition sequence) with similar albeit slightly 
decreased affinity compared to the canonical triplexes. This 



 

result was consistent with tandem GOA/AOG base pairs being 
in the imino conformation in the 5´-GGAG-3´ sequence of 
HRP5. We do not have a compelling explanation for the lack 
of increased stability of the PNA7-HRP5 triplex, formed by 
two nucleobases longer PNA7, compared to the PNA1-HRP5. 
Molecular dynamics simulations showed that PNA1-HRP5 
and PNA7-HRP5 triplexes were able to form the expected 
M+•GOA and T•AOG triples when GOA/AOG base pairs were in 
the imino conformation (Figure 5). As expected, molecular 
dynamics simulations did not reveal reasonable PNA-RNA hy-
drogen bonding arrangements when the GOA/AOG base pairs 
were arranged in the sheared conformation.   

 

Figure 5. Major groove (upper image) and top (lower image) 
views of hydrogen-bonding interactions in base triples from mo-
lecular dynamics simulations of the PNA7-HRP5 triplex model 
having the GOA/AOG base pairs in imino conformation. The hy-
drogen-bonding interactions and average distances observed 
during molecular dynamics simulations are highlighted in red. 

 

 

Figure 6. Structures of RNA hairpins and triplex-forming PNAs to study recognition of the tandem GOA/AOG base pairs. Experimental con-
ditions as in Figure 2. 

Pioneering work by Turner and co-workers demonstrated 
that in short RNA duplexes GOA/AOG base pairs preferred 
sheared conformation in 5´-CGAG-3´ sequences45 and imino 
conformation in 5´-GGAC-3´ sequences.46 To test if this pref-
erence would affect triple-helix formation in our model hair-
pins, we studied the binding of PNAs to HRP6 featuring the 
5´-CGAG-3´ sequence and HRP7 featuring the 5´-GGAC-3´ se-
quence. Each hairpin presented two challenges for triplex-
forming PNAs, the tandem GOA/AOG base pairs and an adja-
cent C-G base pair forming a pyrimidine interruption of the 
purine strand. Based on previous studies by Turner and co-
workers, we expected that the tandem GOA/AOG base pairs 
would adopt the sheared conformation in HRP7 (Figure 6),45 
which would prevent triplex formation, and imino confor-
mation in HRP9,46 which would allow triplex formation. Sur-
prisingly, the results showed the opposite trend. PNA8 and 
PNA9 formed weak but detectable triplexes with HRP7. The 
stabilities of PNA8-HRP7 and PNA9-HRP7 were similar to the 

stabilities of control triplexes PNA8-HRP6 and PNA9-HRP6 
having all Watson-Crick base pairs. The stabilities of PNA8-
HRP7 and PNA9-HRP7 were also significantly lower than that 
of PNA7-HRP5 (Figure 6) and less but notably lower than that 
observed for the recognition of a single C-G base pair in 
PNA4-HRP3 and PNA6-HRP3 (Figure 3). This result was con-
sistent with the less-than-ideal P•C-G and V•C-G triples being 
the main driving force for lowering the stability of PNA8-
HRP7 and PNA9-HRP7 triplexes. Contrary to the expected 
preference for sheared conformation in HRP7, our results 
suggested that the tandem GOA/AOG base pairs in HRP7 tri-
plexes might have adopted the imino conformation. How-
ever, the relatively low stability of these triplexes does not 
exclude a possibility of weak interactions between PNAs and 
sheared GOA/AOG base pairs.  

In contrast, using ITC, we were not able to detect the for-
mation of PNA10-HRP9 and PNA11-HRP9 triplexes under our 
experimental conditions. UV melting of these complexes 



 

showed transitions at very low temperatures confirming the 
notion that PNA10-HRP9 and PNA11-HRP9 triplexes were se-
verely destabilized. The overall low stability of these triplexes 
prevented any conclusions about the preferred confor-
mation of tandem GOA/AOG base pairs in HRP9.  

Control experiments on triplexes PNA10-HRP8 and PNA11-
HRP8 (Figure 6) having all Watson-Crick base pairs and PNA7-
HRP7 and PNA7-HRP9 triplexes having a single M•C-G mis-

match (~39 and ~32 C, respectively, Table S10) showed sim-
ilarly low affinity. Taken together, these results suggested 
that unstable P•C-G and V•C-G triples were the main driving 
forces for the low stability. Interestingly, control experiments 
binding PNA8-PNA11 to HRP5 (Table S12) showed that the 
mismatched triplexes formed by PNA8 and PNA9 were nota-

bly more stable (Tm ~44 and 48C, respectively) than the mis-
matched triplexes formed by PNA10 and PNA11 (Tm ~33 and 

35C, respectively). These results suggested that a mis-
matched or less than optimal base triple was less tolerated 
at the C-G pyrimidine interruption in the sequence of HRP8 
and HRP9, than at a similar C-G interruption in HRP6 and 
HRP7.   

Our attempts at using molecular dynamics simulations to 
obtain more insights into conformational preferences of tri-
ple helices formed with HRP7 featuring the 5´-CGAG-3´ se-
quence and HRP9 featuring the 5´-GGAC-3´ sequence were 
not successful. The simulations showed various alternative 
structures and did not converge on conformations that could 
provide explanations of the observed differences. Taken to-
gether with the low stability of triplexes formed with HRP7 
and HPP9, the molecular dynamics suggested that the com-
bination of non-canonical GOA/AOG base pairs adjacent to the 
P•C-G and V•C-G triples strongly destabilized the complexes. 
Thus, GOA/AOG base pairs embedded in a polypurine se-
quence could be recognized with adequate affinity but py-
rimidine interruptions directly adjacent to these motifs were 
not tolerated.  

Conclusions 

Our study demonstrates the potential of triple-helical 
recognition of RNA helices having non-canonical GOU, AOC, 
and tandem GOA/AOG base pairs. The triplex-forming PNAs 
engaged purines of the non-canonical base pairs and formed 
M+•GOU, T•A+OC, M+•GOA and T•AOG Hoogsteen triples of 
similar or slightly reduced stability compared to the canonical 
M+•G-C and T•A-U triples (Figures 2, 3, and 6). Recognition 
of pyrimidines was more sensitive to conformational prefer-
ences of the non-canonical base pairs. The flexible COA base 
pair appeared to adopt a conformation that was favorable for 
the formation of a relatively stable P•COA triple (Figure 3). On 
the other hand, the conformation of the rigid UOG wobble 
pair that places U further out in the major grove was not al-
lowing E nucleobase to form a stable E•UOG triple (Figure 2). 
For all stable triples, molecular dynamics simulations showed 
the formation of expected Hoogsteen hydrogen bonds (Fig-
ures 4 and 5). Collectively, these results expand the scope of 
triple helical recognition to non-canonical structures and se-
quence motifs common in biologically relevant RNAs.  
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