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Triplex-forming peptide nucleic acids as emerging ligands to
modulate structure and function of complex RNAs
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Over the last three decades, our view of RNA has changed from a simple intermediate supporting protein synthesis to a
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major regulator of biological processes. In the expanding area of RNA research, peptide nucleic acid (PNA) is emerging as a

promising ligand for triple-helical recognition of complex RNAs. As discussed in this feature article, the key advantages of

PNAs are high sequence specificity and affinity for RNA (>10 fold higher than for DNA) that are difficult to achieve with small

molecule ligands. Emerging studies demonstrate that triple-helical binding of PNAs can modulate biological function and

control dynamic conformational equilibria of complex folded RNAs. These results suggest that PNA has a unique potential

as a research tool and therapeutic compound targeting RNA. The remaining problems hampering advances in these

directions are limitations of sequences that can be recognized by Hoogsteen triplexes (typically purine rich tracts), poor

cellular uptake and bioavailability of PNA, and potential off-target effects in biological systems. Recent exciting studies are

discussed that illustrate how synthetic nucleic acid chemistry provides innovative solutions for these problems.

Introduction

RNA has a host of diverse functions despite being most
renowned as a mediator between DNA and proteins in the
central dogma of molecular biology and new functions of RNA
continue to be discovered.* Unlike proteins that are made of
twenty-one standard monomeric units with great structural
diversity, RNA’s primary structure lacks diversity with only four
similar nucleoside monomers and a homogeneous polyanionic
phosphate backbone that historically discouraged interest in
RNA as a target for molecular recognition. Still, a wide array of
tertiary motifs that lead to RNA structural diversity are known?>
and there is a growing body of recent research toward the
recognition of RNA using both small molecules® 7 and modified
oligonucleotides.® ° Given that double helical regions are quite
common in non-coding RNA,2 10 duplex RNA is primed for
recognition by a third oligonucleotide strand. In fact, nature has
revealed the triple helix motif as a unique feature capable of
regulating function by controlling folding patterns in RNA
through winding and unwinding from duplex RNA.11-13 |nspired
by nature’s design, triplex forming oligonucleotides (TFOs) have
emerged as a well explored class of molecular probes for
recognition of double-stranded DNA (dsDNA).14

Peptide nucleic acid (PNA, Fig. 1) was originally reported in 1991
as a nucleic acid analogue for triple-helical binding to dsDNA.>
The guiding principles for the design of PNA’s neutral
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pseudopeptide backbone were structural simplicity (no chiral
centers), easy synthesis (amide bond formation), and lack of
electrostatic repulsion with the negatively charged dsDNA. The
latter was expected to be especially advantageous for
formation of strong PNA-dsDNA triplexes.

o) NH2
i & 2 o
lN/J*o | U U NH,

N o DNA

5'-terminus
HO (o)} oo o’ \OH
o

NH2
¢ L{ L{)\N”z
O

/g N O
N-terminus K‘f k’// kf

e N/\/N\)J\ /\/N\)J\N/\/N\)J\N/\/N\)I\

HaC

PNA

C-terminus

B Yol
)\N o TeA-U o)\(ﬁ)/ NH C++G-C
| \ |
H i H H H Native Hoogsteen
: : ‘ f
i N—H----- (R o - triplets
N Ny
N - N
Eﬁ” """ H-N gﬁN—H ----- N
= TR R N Ne
S N—H------ (¢}
RN R
I x=0s6C o
X r}l NH X =S, L*G-C |Iq N\H M+G-C
Triplets formed by C+ H H H H H H
analogues : : i : s !
NPT N (N O---=-H- 7/\
- Z ;
Nﬁ N-H---N N INJ/—J( N-H-----N__
R N= R R N':‘< ?]/ R
HN-H------ o] HN-H------ o

Fig. 1. Structures of DNA, PNA, and native and modified Hoogsteen triplets.

However, the first study on triple helical binding of PNA gave a
surprising discovery of strand invasion in dsDNA.15 In this
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unexpected binding mode, the pyrimidine rich DNA strand was
displaced by a second PNA molecule forming a PNA-DNA-PNA
strand-invasion triplex instead of the expected PNA-dsDNA
triplex. The exciting discovery that PNA could unwind and
invade dsDNA was unprecedented in 1991 and captured the
majority of the resulting PNA research for the next several
decades.® Interestingly, relatively few studies continued
exploring the original intent, the formation of PNA-dsDNA
triplex.1?

RNA triple helices have been studied even less than DNA
triplexes.1l Most surprisingly, triple helical binding of PNA to
dsRNA was not studied (for an early report mentioning a PNA-
dsRNA complex see ref.18) until 2010 when Rozners and co-
workers reported that even short PNA 6-mers formed unusually
strong and sequence specific triple helices with dsRNA at pH
5.5.1° Fast forward to 2023, nucleobase-modified PNAs (Figs. 1
and 2) are emerging as promising high affinity ligands for
sequence specific recognition and functional control of complex
folded biologically relevant RNA molecules.® 20 In the present
feature article, we review recent exciting studies in our and
other laboratories to develop triplex-forming PNAs for
recognition of functional biologically important RNAs. A distinct
feature of our approach has been the use attractive
electrostatic interactions engineered in modified nucleobases
to improve binding affinity without compromising sequence
selectivity. We are relying extensively on structural modeling
and synthetic organic chemistry to design novel nucleobases
that use Hoogsteen hydrogen bonding to achieve the ultimate
but so far elusive goal of recognizing any sequence of double-
stranded RNA.
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Fig. 2. Cartoon structure of double-stranded RNA complexed with triplex-forming
PNA.

Thermodynamic stability of PNA-dsRNA triplexes

Native triple helices form when the third DNA strand binds in
the major groove of a double helix using Hoogsteen hydrogen
bonding to purine nucleobases (Fig. 1).24 Native RNA triple
helices are also well known to regulate a variety of biological
functions.12 13 |n the most common native triple helices, the
third DNA (or RNA) strand binds parallel to the so-called
polypurine tract where one strand of the double helix consists
of mainly purines. Despite being a promising approach to
targeting genomic DNA, triplex-forming oligonucleotides (TFOs)
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have not found practical applications either as probes or as
antigene therapeutics. The main roadblock has been low
thermodynamic stability of the Hoogsteen triple helices
compared to the Watson-Crick double helices, especially at
physiologically relevant pH. The origin of the low stability is
electrostatic repulsion between the negatively charged
phosphate backbones of the TFO and target DNA or RNA double
helix. Using a neutral amide backbone, removes the
electrostatic repulsion and improves the overall stability of
triple helices formed by PNA.'7 However, the requirement for
slightly acidic conditions (e.g., pH ~5) originates from the low
pK, of cytosine (~4.5) that needs to be protonated to form the
C+eG-C triplet (Fig. 1). The problem of cytosine protonation is
generally approached either by designing neutral analogues
that have the required hydrogen bond donors and acceptors or
by modifying cytosine to increase the pK;,.14

Several studies of kinetics and thermodynamics of binding of a
triplex-forming PNA to dsRNA have been reported. Sugimoto
disclosed that the entropic contribution toward the protonation
of basic residues plays a key role in destabilizing triplexes.??
Nishizawa and co-workers used a stopped-flow technique along
with isothermal titration calorimetry (ITC) to determine that the
association rate constant was dominated by the charge of the
PNA molecule. They concluded that the triplex formation
proceeds through a nucleation-zipping mechanism.??
Collectively, previous studies using modified nucleobases have
solved the problem of cytosine protonation and removed the
requirement for acidic pH; however, optimization of PNA
binding affinity and improvements of sequence scope that can
be recognized using triplex-forming PNAs remain active areas of
research.16 23

Neutral cytosine analogues for recognition of G-C base pair

As early as 1995, Nielsen and co-workers?* introduced
pseudoisocytosine (J, Fig. 1) a neutral PNA nucleobase originally
developed for TFOs by Kan and co-workers.25> J mimics the
hydrogen bonding ability of protonated C and using J instead of
C is currently the most common approach to enable triple
helical binding of PNAs at physiological pH.25 27 |n PNA-dsRNA
triplexes, the stability of the JeG-C triplet is similar to or slightly
weaker than the stability of the TeA-U triplet.28 Consequently,
several research groups have explored other modified
nucleobases to improve on J for recognition of biologically
relevant RNAs.’6. 22 Most notably, Chen and co-workers?®
showed that 4-thio-pseudoisocytosine (L, Fig. 1) having a C=0
substituted with C=S improved the affinity of triplex-forming
PNAs for complementary dsRNA. L was originally developed for
DNA triplexes by Sekine and co-workers,3° but like J did not find
wide applications in TFOs. Chen and co-workers used L-
modified PNAs to stimulate ribosomal frameshifting3! and
inhibit replication of influenza A virus32 demonstrating that L
enabled functional control of biologically important RNAs.

Modulation of cytosine pK, for recognition of G-C base pair

The benefits of increasing cytosine pK; to enhance protonation
and stabilize C+¢G-C triplets at physiological pH was recognized
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early in DNA triplexes. Povsic and Dervan reported that the
slightly higher pK, of 5-methylcytosine resulted in enhanced
stability of MeC+eG-C triplets in TFOs.33 Later, several groups
explored 2-aminopyridine (M, Fig. 1) as a more basic (pK;~6.7)
cytosine analogue but the success of M in DNA triplexes was
modest.34 35 Early studies by Rozners and co-workers suggested
that M as a PNA nucleobase formed significantly stronger
triplets than J at physiological salt and pH.3® In a related
approach, Chen and co-workers used a guanidinium group to
mimic the hydrogen bonding scheme of protonated cytosine.3”
To evaluate the binding affinity and sequence specificity of
nucleobase-modified PNAs we have been using a model system
of four dsRNA hairpins (HRP1-HRP4, Fig. 3) having a variable
base pair in the middle of a polypurine tract.28 3¢ 38 HRP1-HRP4
were designed following the original publication by Roberts and
Crothers on mixed DNA and RNA triplexes.3® All new
nucleobases (such as, Py, E, and V shown in Figure 2 and
discussed below) were incorporated in PNAs at the position
facing the variable base pair and the binding affinity was
measured using ITC and UV thermal melting.

The UV thermal melting uses hyperchromicity, the decrease in
absorbance of nucleobases upon formation of stacked helical
structures, to monitor formation and dissolution of nucleic acid
complexes. Usually, hyperchromicity is measured at 260 nm
where the native nucleobases have unique absorbance maxima.
An important observation made in our group was that the M-
modified PNAs had unique absorbance at 300 nm where native
DNA and RNA do not appreciably absorb the UV light.40
Therefore, UV melting at 300 nm allowed observation of only

the triplex dissociation without interference of the
hyperchromicity signal from melting of dsRNA.
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Fig. 3. Structures of model RNA hairpins and PNAs to study the affinity, specificity,
and sequence scope of triplex formation (top) and Hoogsteen triplets recognizing
pyrimidines. The matched triplets are color coded in HRP and PNA sequences.

Additionally, it is common to place a lysine residue at the C-
terminus to aid in binding affinity, improve solubility, and deter
aggregation of PNA. However, in a systematic study Ryan and
Rozners reported that neither the location (N- or C-terminus)
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nor chirality of the Lys residue imparts significant differences in
PNA affinity for RNA.41

Recent detailed studies using the model RNA hairpins showed
that M+eG-C triplets were about three times stronger than JeG-
C triplets.226  While PNA1 (Fig. 3) had high affinity for the
matched HRP1 (K = 33 x 10® M1 and T, = 67 °C), PNA2
containing the J base, had notably weaker binding (K, =11 x 10%
M-1and T, = 61 °C). Replacement of all Ms with Js lowered the
affinity by ~100-fold.2®2 PNA1 showed high sequence selectivity
for HRP1 because the mismatched complex with HRP2-HRP4
had ~25-fold lower K, and ~30 °C lower T, than the matched
PNA1-HRP1 triplex. The sequence specificity of PNA1 was
slightly better than that of PNA2 having J at the variable
position.28 Collectively, these results showed that M was a
superb modified nucleobase enabling strong and sequence
specific formation of PNA-dsRNA triplexes at physiological
conditions.

Triple-helical recognition of A-U base pair

Natural RNAs make use of the UeA-U, while thymidine (T) is
used most commonly in PNA to form a TeA-U triplet, as
described above (Fig. 1). Given the stability of this natural triple,
less attention has been given toward recognition of A-U
compared to G-C (vide supra). Most successful modifications
involved changing the functionality at the uracil 5-position.
Chen and co-workers systematically replaced T’s in triplex-
forming PNA with 5-halouracils (FU, “U, ®U, and 'U) and
demonstrated significant improvements in RNA binding
affinity.*2 They attributed this to a lower pK, of the N-H of the
5-halouracils compared to T. In most cases, the best binding was
observed for BrU suggesting that pK, may not be the only factor
and that stacking interactions may be in play. Noteworthy,
these modified PNA’s showed no appreciable binding to dsDNA,
however 5-halouracils enhanced binding to single-stranded
RNAs through Watson-Crick base paring.*2 Similarly, our
research groups found that a 5-triazolyl uridine derivative
showed enhanced binding to A-U base pairs suggesting that
substitutions at the 5-position are both sterically well tolerated
and have potential to enhance stability of TeA-U triplets.
Inspired by their success with the L base for G-recognition, Chen
and co-workers also demonstrated that 2-thiouracil (s2U)
modification enhanced binding affinity for A-U base pairs.*3
They proposed a lower dehydration energy imposed by the
thiocarbonyl; however, the interplay between stacking,
hydrogen-bonding and dehydration in any of these modified
PNAs has yet to be explored fully.

Sequence scope of triple helical recognition

Native parallel RNA and DNA triple helices are inherently limited
to polypurine tracts because stable triplets, C+¢G-C and UsA-U
(or TeA-T in DNA) are formed only by hydrogen bonding to the
Hoogsteen faces of purines (Fig. 1).1* Development of modified
nucleobases to recognize the Hoogsteen faces of pyrimidines
through formation of stable XeC-G and YeU-A triplets is an
active area of research that so far has given relatively modest
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advances.16 23,44 The main challenge is that pyrimidines present
only one hydrogen bond donor (-NH of C) or acceptor (C=0 of
U) on their Hoogsteen face (see Fig. 3). The problem is further
compounded by steric crowding because pyrimidines protrude
further out in the major groove than purines leading to clashing
with incoming PNA nucleobases. Taken together, these
problems have greatly complicated design of nucleobases that
could form highly stable and sequence specific XeC-G and YeU-
A triplets, which remains a key bottleneck for triple helical
recognition of nucleic acids.16 23,44

Recognition of pyrimidines in XeC-G and YeU-A triplets

Despite the inherent challenges, several research groups,
including ours, have continued searching for nucleobase
analogues that could recognize pyrimidines using a single
hydrogen bond.16 23. 44 For triplex-forming PNAs, we started
with pyrimidin-2-one (Po, Fig. 4) that was first reported in DNA
triplexes by Prevot-Halter and Leumann.*5> Consistent with their
results in DNA triplexes,?> in our PNA-dsRNA model triplexes, Po
selectively recognized C-G over other RNA base pairs; however,
with significantly decreased binding affinity.¢ In our model
system (Fig. 3) PNA modified with Pg at the variable position had
Ka=4 x 105 M and Tm = 40 °C (Fig. 4).47

Since simple nitrogen heterocycles have been reported to
recognize C-G in DNA triplexes,*® 4° we screened all nine
isomers of pyridine, pyrimidine, pyrazine, and pyridazine as PNA
nucleobases.?” Of these, 3-pyridazinyl nucleobase P (Fig. 4) at
the variable position formed the most stable triplet in PNAPy-
HRP3 (Fig. 4, K = 7 x 106 M! and T, = 49 °C), which was an
improvement over Py but still inferior to the high stability of
M+eG-C and TeA-U triplets.
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Fig. 4. Designer PNA nucleobases for recognition of C-G and U-A base pairs using
a single Hoogsteen hydrogen bond.

For recognition of T-A base pairsin DNA, Nielsen and co-workers
developed 3-oxo-2,3-dihydropyridazine (E, Fig. 4). The
extended linker that connected E to PNA backbone was
expected to circumvent steric hindrance from the 5-Me of T and
allow E to form a single hydrogen bond with the C4 carbonyl of
T.50 We found that E also recognized U-A base pairs in RNA with

4| J. Name., 2012, 00, 1-3

good affinity (Fig. 4, Ky = 11 x 10 M- and T, = 54 °C) albeit the
sequence specificity was lower than for M and T.4¢ 51 Molecular
modeling suggested that in PNA-dsRNA triplexes E formed one
hydrogen bond with U (Fig. 3) as originally proposed for the EeT-
A triplet in DNA.>C Interestingly, using the longer linker in P14 did
not significantly change the binding properties of Pg.51
Molecular dynamics simulations suggested that the longer
linker pushed P14 out of optimal stacking alignment, which likely
off-set any gains from optimized hydrogen bond alignment.>?
Most importantly, placing Ps and E in PNA6-PNA9 designed to
recognize several pyrimidine interruptions in HRP5-HRP8 (Fig.
4) resulted in notable losses of binding affinity. While the K, for
PNA6-HRP5 and PNA7-HRP6 was 1 and 3 x 106 M-1, respectively,
stability of PNA8-HRP7 and PNA9S-HRP8 was too low to be
measured by ITC or UV melting under our usual conditions.5!
Taken together, these results show that recognition of
pyrimidines using simple heterocycles forming one hydrogen
bond is a challenge and remains an unsolved problem for
triplex-forming PNAs.

Extended nucleobases recognizing the entire Hoogsteen face

An alternative approach to triple helical recognition of
pyrimidine interruptions in polypurine tracts is to design
extended nucleobases that hydrogen bond to the entire
Hoogsteen face of Watson-Crick base pairs. The advantages are
that in theory one could form three hydrogen bonds and that
extending the pi systems may enhance beneficial stacking
interactions. While this approach was already explored in the
1990s, pioneered by Dervan and co-workers,52 the initial
designs suffered from low affinity and sequence selectivity.>3-5>
Later it was discovered that, at least in some cases, the
extended nucleobases intercalated between the base pairs
instead of forming the desired hydrogen bonds to the entire
Hoogsteen face of dsDNA.36 57 More recent studies have
achieved some success with extended nucleobases in modified
TFOs forming DNA triplexes and this approach has also been
adopted in triplex-forming PNA for recognition of dsRNA.16
N4-(2-Guanidoethyl)-5-methylcytosine®® (Q, Fig. 5) and N-(4-(3-
acetamidophenyl)-thiazol-2-yl)acetamide>® (S, Fig. 5) have
emerged as two especially successful extended nucleobases in
DNA triplexes.?0 61 Chen and co-workers introduced Q%2 and S63
in triplex-forming PNAs to recognize C-G and U-A interruptions,
respectively. Similar to Py series nucleobases, Q formed triplets
with C-G with good selectivity but decreased affinity. In
contrast, S lacked sequence specificity and was binding to C-G
and U-A base pairs with similar affinity. Though both Q and S
have been explored only as single PNA modifications, it is
conceivable that multiple substitutions may decrease the
affinity and selectivity of PNA-dsRNA triplexes. However, as will
be discussed later, single modifications Q and S have been used
successfully in triplex forming PNAs to recognize isolated
pyrimidine interruptions
dsRNAs.

in complex biologically relevant
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Fig. 5. Extended PNA nucleobases for recognition of the entire Hoogsteen face of
Watson-Crick base pairs. The yellow sphere highlights intermolecular hydrogen
bonding interactions.

Early attempts by our collaborative team illustrated the
challenges in designing of improved extended nucleobases.®*
Our approach initially involved designing an extended
nucleobase scaffold aimed at the more straightforward purine
recognition, with the aspiration toward using the same scaffold
design to attach PNA to the opposite side of the extended
nucleobase for pyrimidine recognition. While molecular
modeling suggested several viable hydrogen bonding schemes,
synthetic difficulties limited the designs that could be tested.
The early designs had low binding affinities most likely due to
less-than-ideal hydrogen-bonding and m-stacking of the
extended nucleobases that was compounded with high entropic
cost of rearranging the scaffolds with multiple conformations.®4
More recent studies confirmed the need for conformational
preorganization of extended nucleobases. MacKay and co-
workers® reported that extended isoorotamide containing
nucleobases (e.g., los in Fig. 5) had improved affinity for U-A
base pairs that was maintained in PNAs with multiple log
modifications. The success of los was at least in part due to a
favorable planar preorganization of the scaffold by
intermolecular hydrogen bonds involving the isoorotamide N-H
(yellow highlight in Fig. 5).

While 2D structures like those in Figure 4 are instructive toward
understanding proposed Hoogsteen-base triples, the hydrogen-
bonding schemes of modified nucleobases have rarely been
rigorously established by structural studies. In many studies,
molecular modeling and molecular dynamics simulations of
triple-helical structures including the modified nucleobases
have been used to support the suggested Hoogsteen hydrogen-
bonding (e.g., los*A-U in Fig. 5 and VeC-G in Fig. 6); however,
the models need to be continuously refined based on new
experimental data. For example, a most recent study®®
suggested that the third hydrogen bond (amide to C=0 of U) in
the los®A-U triplet may play a less important role than initially
assumed given that analogues lacking the primary amide
afforded equal or better binding affinities.

Inspired by naphthyridine based extended nucleobases
designed by Ohkubo, Sekine and co-workers,®! Ryan et al.
designed a cationic 2-guanidyl pyridine PNA nucleobase (V in
Figs. 2 and 5).%7 As a single modification, V formed a slightly less
stable VeC-G triplet (Fig. 3, K, = 14 x 10® M1 and T, = 60 °C)
compared to M+eG-C triplets. This affinity was similar to slightly
better than that of TeA-U; however, the K, was approximately
double that of Py, which had been the best performing base for
the C-G base pair. Similar to los, the heterocyclic system of V
was preorganized into a planar scaffold by intermolecular
hydrogen bonding (Fig. 6A). In addition, the long linker
connecting V to the PNA backbone engaged in hydrogen
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bonding not only to the -NH; of C, but also to the C=0 of the
linker connecting an adjacent M base to PNA backbone (Fig. 6B).
Despite the favorable hydrogen bonding network in Fig. 6, PNAs
with two V modifications formed triplexes with dsRNA with
reduced affinity (Tm < 50 °C) while PNA with three V
modifications showed a non-sequence specific binding to
RNA.67

These results revealed that cationic base modifications (such as,
Q and V) will help maintaining binding affinity, but sequence
specificity might be compromised when several modifications
are used. While V remains our best extended nucleobase for
recognition of isolated C-G interruptions, it is not suitable for
sequences having multiple VeC-G triplets. A similar
phenomenon was observed when a cationic lo derivative was
prepared and tested.%®
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g. 6. Geomet‘ry optimization and molecular modeling of VeC-G triplet using (A)
B3LYP 6-31G*( % and (B) molecular dynamics simulations. Reproduced with
permission from ref. 67. Copyright (2022) RSC.

Altogether, these studies have continued to advance our
understanding of PNA/RNA triplex formation and continued
improvements towards the goal of recognition of any sequence
of dsRNA, but limitations still remain. These studies have
revealed the difficulties of designing large heterocyclic systems
that have precise hydrogen bonding arrangements required to
recognize the entire Hoogsteen face of Watson-Crick base pairs.
Another important conclusion was the need for conformational
rigidity, provided by additional intra- and inter-molecular
hydrogen bonds, to diminish the entropic cost of free rotation
in multiple bonds of extended heterocyclic systems and long
linkers connecting nucleobases to PNA’s backbone. These
insights should help future designs of better modified
nucleobases. Currently, we do not have a general solution to the
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problem of pyrimidine recognition, especially in sequences with
multiple pyrimidine interruptions. The search for modified
nucleobases to recognize any sequence of dsRNA remains an
ongoing and formidable challenge.

Structure and RNA preference of PNA triplexes

A surprising discovery from our biophysical studies was a unique
preference of M-modified PNAs for binding to dsRNA over
dsDNA.28 36,38 PNA1 and PNA3 (Fig. 3) formed at least 10-fold
stronger triplexes with HRP1 and HRP2, respectively, than with
dsDNA hairpins having the same sequence.?® The reason for
such unusual difference in binding affinity was not immediately
obvious, but had to be related to the different structures of RNA
and DNA helices, A- and B-type, respectively. Interestingly, in a
previously published crystal structure of PNA-DNA-PNA triplex,
the DNA strand adopted a conformation of P-type helix (~16
base pairs per turn), more similar to the A-type structure of RNA
than to the B-type structure of DNA, suggesting that the PNA
binding forced DNA to adopt an RNA-like conformation.®8
These intriguing results prompted us to perform an NMR
structural study of PNA-dsRNA triplex similar to those in Figure
3.89 Scott Kennedy built a model of a PNA-dsRNA triplex, based
on the published crystal structure,®® and optimized the
geometry using distance restraints obtained from experimental
NOESY data on a PNA-dsRNA complex. In the resulting triplex,
the RNA assumed the expected conformation, similar to the
crystal structure of the PNA-DNA-PNA triplex, and the PNA
aligned along the purine strand of RNA forming the expected
Hoogsteen hydrogen bonded M+¢G-C and TeA-U triplets (Fig.
7).

Fig. 7. Hydrogen-bonding interactions stabilizing PNA-dsRNA triplex: (A) PNA
amide to RNA phosphate backbone interactions and (B) M to G hydrogen bonding.
Reproduced with permission from ref. 69. Copyright (2019) Wiley-VCH.

Most remarkably, in both the crystal structure and our PNA-
dsRNA triplex model, the PNA formed additional hydrogen
bonds from the N-H of PNA backbone amides to the OP2 of RNA
backbone phosphates (Fig. 7A).%° Our results suggested that this
hydrogen bonding “zipper” was in large part responsible for the
higher stability of PNA-dsRNA triplexes compared to PNA-
dsDNA triplexes of the same sequence. The hydrogen bonding
was possible because of the matching distance (~5.5 A)
between the backbone N-H and OP2 in RNA-like P-type and A-
type helices, while this distance was significantly longer (~7 A)
in DNA-like B-type helices, which prevents a continuous
hydrogen bonding “zipper”. It is conceivable that compared to
RNA, DNA needs to undergo significantly larger reorganization
to adopt the P-type conformation for PNA binding, as is
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observed in the crystal structure of the PNA-DNA-PNA triplex.58
The energetic cost of this preorganization may explain the lower
stability of PNA-dsDNA triplexes. This analysis is consistent with
biophysical studies by Nishizawa and co-workers showing that
triplex formation requires conformational changes that are
larger for dsDNA than for dsRNA targets.’® Collectively, these
studies showed that PNA is naturally a better ligand for triple-
helical recognition of dsRNA than for recognition of dsDNA.
Interestingly, the NMR data also suggested that M formed only
one strong hydrogen bond with G of G-C base pair: N1-H of M+
to N7 of G (Fig. 7B). The exocyclic amino group of M appeared
to freely rotate and engage in only weak interactions with C=0
of G.%° These intriguing observations underscore the need for
rigorous structural studies to fully understand the molecular
interactions that drive formation of Hoogsteen triplets and,
ultimately, the RNA recognition. Without such studies, the
hydrogen bonding schemes proposed in Fig. 5 and elsewhere
should be considered only reasonable possibilities, providing
that molecular modeling studies support them.

Towards applications of triplex-forming PNAs

Triple-helical binding of PNA controls biological activity of RNA

Historically, poor cellular uptake and bioavailability have
hampered biological and medicinal applications of PNAs.”! The
triplex-forming PNAs discussed above are no exception and
improving the cellular delivery of PNAs remains an active area
of research.1® Despite these issues, several recent studies have
demonstrated intriguing biological activity of triplex-forming
PNAs targeting dsRNA.

Chen and co-workers reported that L- and Q-modified PNAs
mRNA  hairpins stimulated
frameshifting in a cell-free in vitro assay.3! In another study,
similar PNAs inhibited replication of influenza A virus in MDCK
cells by forming a triplex with the conserved panhandle duplex
region of viral genomic RNA.32 In the latter study, PNA was
conjugated with neamine’? to stimulate the cellular uptake.
Recent studies by Rozners and co-workers showed that M-
modification improved the cellular uptake of PNAs, most likely
by mimicking the structure of arginine.3% 73 M-modified PNAs
conjugated to short cell-penetrating peptides were taken up
efficiently in cells and apparently escaped endosomes but
remained trapped in unknown cellular ompartments.’3 On the
other hand, delivering PNAs using electroporation enabled their
biological activity. Studies in collaboration with Profs. Sugimoto
and Endo at FIBER (Konan University, Japan) demonstrated that
M-modified PNAs suppressed mRNA translation’ and
microRNA maturation’> by forming sequence specific triple
helices with target RNAs in cells. However, the latter study also
revealed that a scrambled control PNA slightly increased the
levels of microRNAs suggesting that PNAs may have off-target
effects in complex biological systems. While biological RNAs
contain many purine rich regions, the two letter recognition
code of M+eG-C and TeA-U triplets becomes redundant for
longer sequences leading to many partially matched potential

targeting model ribosomal
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off-targets. Going forward, the development of novel
nucleobases that recognize any sequence of dsRNA should help
with improving the biological specificity of triplex-forming PNAs
by decreasing the cationic character (fewer M modifications)
and increasing the diversity of recognition sequences (four
letter recognition code). However, the biological specificity and
off-target effects remain concerns that need to be studied and
controlled for any application of PNAs ether as tools or
therapeutics.

Triple-helical binding of PNA controls dynamic alternative
conformations of RNA

Native nucleic acid triple helices are usually less stable than the
corresponding double helices.3® However, the first study on
triple helical binding of PNA to dsRNA by Rozners and co-
workers revealed that the PNA-dsRNA triplex was notably more
stable than the dsRNA duplex.!® This observation promoted a
hypothesis that that binding of triplex-forming PNAs to dynamic
RNA structures may be used to drive the equilibria of alternative
conformations towards one specific structure. PNAs that lock
the RNA structure in one of the alternative conformations could
serve as enabling tools for studying the biological role of
dynamic RNA switches and evaluating their potential as novel
drug targets.

In contrast to the uniform double helix of DNA, RNA folds in
complex structures where single-stranded loops, junctions, and
bulges interrupt double-helical portions of RNA. Bulges formed
when one or several nucleotides on one RNA strand do not have
base pairing partners on the other strand are most common
structural motifs in RNA.7® The hypothesis that PNAs could
control the conformation of RNA bulges was tested using
modified model hairpins HRPON (Fig. 8, N was A, U, G, or C)
where a single nucleotide bulge was added to our original
HRP1.77
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Fig. 8. Structures of model RNA hairpins featuringbsingle nucleotide and double A
bulges and PNAs to study the recognition of RNA bulges.

The unpaired nucleotides in HRP9N may adopt either looped-
out or stacked-in conformations and serve as an excellent
model system to test the ability of triplex forming PNAs to
control these alternative conformations. Consistent with the
hypothesis, PNA10 (Fig. 8) was binding to HRPIN with affinity
similar to that for HRP1 (K, = 30-55 x 10° M* and T, = 67-77
°C).”’ This result suggested that in PNA10-HRPIN complexes the
unpaired nucleotides were fixed in looped-out conformations.
When an additional nucleotide N was inserted in PNA11N (Fig.
8,NwasA, T, G, C, or M), PNA11T showed unusually high affinity
for HRP9A (K, = 220 x 106 M and T, = 80 °C) while other PNA-
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dsRNA combinations were notably less stable.”” Similar,
unusually high stability was observed for PNA11C and PNA11M
complexes with HRP9G. These results suggested that PNA11T
engaged the bulged A in HRP9A in an extraordinarily stable
stacked-in conformation (Fig. 8 right), possibly through a
Hoogsteen-like hydrogen bonding, which was consistent with
similar high stability of PNA11C-HRP9G and PNA11M-HRP9G
complexes (though currently we cannot exclude alternative
structures). Interestingly, PNA12 also formed highly stable
triplex with HRP10 featuring a two adenosine bulge.”” While the
exact structures and reasons behind the unusually high stability
of triplexes involving RNA bulges are awaiting detailed
structural studies, chemical probing of all triplexes was
consistent with the proposed looped-out and stacked-in
conformations.

Collectively, these results suggested that, depending on the
sequence, triplex-forming PNAs had a unique ability to shift
dynamic structures of single (and possibly also double)
nucleotide  bulges from looped-out to  stacked-in
conformations. Bulges of unpaired nucleotides are dynamic
RNA structures that play important roles in driving RNA
interactions with proteins, small molecules and other RNAs.7®
The ability of triplex-forming PNAs to control the conformation
of RNA bulges will be useful for fundamental studies in RNA
biology and may find practical biomedical applications.

Triplex-forming PNAs as fluorescent probes for RNA recognition

In contrast to their slow clinical development, duplex-forming
PNAs have become powerful research tools, probes, and
diagnostics.® 78 Fluorogenic PNAs offer an attractive strategy
for nucleic acid detection,”® so it is natural that several
fluorescent PNA nucleobases have been explored for detecting
triplex formation with dsRNA. Nishizawa, Sato, and co-workers
were the first to develop a fluorescent probe for dsRNA
detection using thiazole orange (TO, Fig. 9) as a universal base
surrogate that exhibited a fluorescence light-up response upon
triplex formation through intercalation.® The triplex-forming
forced intercalation (tFIT) PNA probes were developed based on
earlier work of Seitz and co-workers on TO-modified duplex-
forming PNAs as forced intercalation (FIT) probes.8% 82 The
fluorescence light-up signal resulted from a rigidification of the
TO fluorophore upon binding to single or double stranded
nucleic acid target. Nishizawa, Sato, and co-workers later
determined that a longer linker between the nucleobase and
the PNA backbone enhanced binding ~10-fold while
maintaining the function of TO as a fluorescent universal base.83
Second generation red-emitting bases (QB, TR, and BIQ, Fig. 9)
retained binding affinity and showed unique photophysical
properties.8% & In a related approach, Chen and co-workerss®
showed that L-modified PNAs containing 5-benzothiophene
uracil (btU, Fig. 9), a fluorogenic nucleobase originally reported
by Sabale and Srivatsan®’ for duplex-forming PNAs, exhibited a
light up response upon binding dsRNA.

J. Name., 2013, 00, 1-3 | 7



\ e
N N OZ\N

o o oﬁ) Oﬁ/
PNA TO PNA QB PNA TR PNA BIQ PNA PtU

Fig. 9. Fluorescent PNA nucleobases used for triple-helical recognition and
detection of dsRNA.

More recently Sato, Nishizawa and co-workers have used the
TO tFIT probes conjugated with small molecules to target
biologically relevant dsRNAs. A TO-modified PNA conjugate with
fluorescent trimethylated naphthyridine derivative showed
high affinity and selectivity for bacterial A-site RNA, and
exhibited strong enhancement of fluorescence upon A-site
binding.88 Another PNA conjugate with 6,7-dimethoxy-2-(1-
piperazinyl)-4-quinazolinamine (DPQ) was targeted to the
panhandle region of influenza A virus (IAV) promoter containing
a unique (AeA)-U internal loop.8% 20 Impressively, the PNA
conjugate containing DPQ and TO modifications gave a dramatic
light up response alongside improved and selective binding to
the IAV RNA promoter region. A related application used tFIT
probes to simultaneously bind the 3’-overhang and double-
stranded region of siRNAs.°% 92 Winssinger and co-workers
described a dsRNA-templated reaction using triplex-forming
PNA-reagent conjugates that generated signal by unmasking a
coumarin fluorophore.93 Collectively, these studies
demonstrate rich potential applications of fluorogenic triplex-
forming PNAs as probes and diagnostics to detect biologically
relevant dsRNA species. Further development of fluorescently
labeled PNAs should enable structural studies using
fluorescence resonance energy transfer (FRET) and other
related advanced spectroscopic techniques. To this end, we
have developed an efficient protocol for solid phase terminal
fluorescent labeling of PNAs that is complementary to using
fluorogenic nucleobases discussed above.%*

Synthesis of nucleobase-modified PNAs

The original design of PNA was in part motivated by a
straightforward synthesis at both monomer and oligomer level.
PNA is typically synthesized following the well-established
peptide synthesis methods using either Fmoc or Boc as the
temporary protecting groups for the growing PNA chain and
other orthogonal protecting groups for the heterocyclic bases
(Fig. 10).%> Assembling of PNA oligomers consists of standard
solid phase synthesis steps: attaching of monomer to the
growing chain of PNA using carboxyl acid activating reagents
such as HATU, optional capping of unreacted amino groups by
acetylation, and removal of the Fmoc protection. PNA
monomers with the canonical nucleobases and unmodified
aminoethylglycine (AEG) backbone are commercially available,
but monomers carrying modified nucleobases for triplex-
forming PNAs (as shown throughout the article) need to be
custom synthesized from AEG backbone and the corresponding
carboxylic acid derivatives (as exemplified for M in Fig. 10).
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Preferably, the carboxyl function of the AEG backbone should
be protected as benzyl or allyl esters; however, a free AEG acid
(R = H) can also be used if the required nucleobase is not
compatible with benzyl or allyl cleavage conditions.64-66, 96, 97
Synthesis procedures for AEG backbone are well developed;®8
therefore, the main challenge for the generation of new PNA
monomers is the synthesis of carboxylic acids derivatives. We
recently developed a straightforward and efficient synthesis of
M monomer starting from 5-bromo-2-nitropyridine (Fig. 10)
that makes M-modified PNAs readily available to a broader
community of laboratories requiring only basic organic
synthesis capabilities.?® We and others have also published
detailed protocols for preparation of other modified PNA
monomers (for specific monomers, see references cited
throughout the article) and nucleobase-modified PNA
oligomers.100-103

H (o}
+ FmocHN/\/N\)J\OR R = benzyl, allyl, or H
AEG

1. Coupling reagent
2. Removal of R

N\)J\ \inker—‘
Base = modified nucleobase Base Fmocfu u
Kfo o - “n+1
FmocHN/\/ N \)J\OH . )
i Monomer Solid phase peptide
HyoN— linker— n synthesis Fmoc
i coupling removal
. . Coupling reagent
Solid phase resin a _
Base
o o
1. Cleavage from solid support .
2. Deprotection HN NJLN linker—
PNA oligomer 2! M
3. HPLC purification L “n

I;i'\g‘Alo. General workflow for Fmoc solid phase synthesis of nucleobase-modified
s.

Conclusions

Molecular recognition of folded complex dsRNA has attracted
less attention than recognition of dsDNA. However, since the
discoveries of the various and intriguing regulatory functions
that non-coding RNAs play in cell biology, the interest in RNA
recognition is rapidly growing. In this area, triplex-forming PNAs
offer unique advantages because of the unusually high affinity,
sequence specificity, and programmable nature (e.g., the
sequence of dsRNA determines the sequence of the PNA). As
discussed above, several academic laboratories are exploring
PNA-dsRNA triplexes and developing new modified PNAs to
address remaining problems. Preliminary results suggest that
PNAs are promising ligands to modulate biological function and
control dynamic conformational equilibria of complex folded
RNAs. The most significant bottleneck in this field remains the
requirement for long polypurine tracts as effective solutions for
stable XeC-G and YeU-A triplets are still lacking. Additional
concerns that generally apply for the use of PNAs are poor
cellular uptake and bioavailability, and potential off-target
effects in biological systems. Despite the challenges, the rapid
progress and growing interest in PNA-dsRNA triplexes, since
they were first reported in 2010, inspire confidence that these
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problems can be addressed with focused collaborative efforts
of nucleic acid chemists and biologists.
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