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ABSTRACT

Sequence specific recognition of regulatory non-coding RNAs would open new possibilities for
fundamental science and medicine. However, molecular recognition of such complex double-stranded
RNA (dsRNA) structures remains a formidable problem. Recently, we discovered that peptide nucleic
acids (PNAs) form an unusually stable and sequence specific triple helix with dsRNA. Triplex-forming
PNAs could become universal tools for recognition of non-coding dsRNAs but are limited by the
requirement of polypurine tracts in target RNAs as only purines form stable Hoogsteen hydrogen
bonded base triplets. Herein, we systematically surveyed simple nitrogen heterocycles Pn as modified
nucleobases for recognition of cytosine in Pn*C-G triplets. We found that 3-pyridazinyl nucleobase
formed significantly more stable Pn*C-G triplets than other heterocycles including pyrimidin-2-one
previously used by us and others for recognition of cytosine interruptions in polypurine tracts of PNA-
dsRNA triplexes. Our results improve triple helical recognition of dsRNA and provide insights for
future development of new nucleobases to expand the sequence scope of non-coding dsRNAs that

can be targeted by triplex-forming PNAs.

INTRODUCTION

Non-coding RNA (ncRNA) plays important but not well-understood roles in biological
processes and disease development.’3 Research tools for sequence specific recognition, detection
and functional inhibition of such RNAs would be highly useful for fundamental biology and practical
applications in biotechnology and medicine. Many ncRNAs adopt complex tertiary structures having
double helical regions that can be targeted using triple-helical recognition.# > However, molecular
recognition of such helical RNA structures has been little studied.

Double-helical DNA and RNA can be recognized sequence-specifically by triplex-forming
oligonucleotides (TFOs) or their chemically modified derivatives.® However, a major limitation for triple
helix formation is that only the purine nucleobases can be recognized through two Hoogsteen
hydrogen bonds in the natural T*A-T (or U*A-U) and C+*G-C triplets (Figure 1).6 Recognition of
pyrimidine nucleobases in inverted U-A and C-G base pairs is a formidable problem because they
present only one hydrogen bond donor or acceptor in the major groove of duplex. Additional problems
are low binding affinity and slow kinetics of TFOs, due to the electrostatic repulsion between the
negatively charged phosphates of a TFO and the target nucleic acid duplex, and the need for cytosine

(pKa~4.5) protonation to form the C+*G-C triplet, which is unfavorable under physiological conditions.



The latter two problems have been solved in the recent developments of cationic triplex-forming

peptide nucleic acid (PNA, Figure 1).7-12
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Figure 1. Structures of Hoogsteen hydrogen-bonded base triplets, DNA and triplex-forming PNA. R!
denotes DNA, RNA, or modified nucleic acid backbones (such as, PNA); R2 = H or -CHas.

PNA is a neutral DNA analogue where the nucleobases are connected through a
pseudopeptide backbone (Figure 1).7* PNA was originally developed as a triplex-forming ligand to
recognize double-stranded DNA (dsDNA),# but the discovery that PNA can invade dsDNA by
displacing a pyrimidine rich DNA strand and forming a PNA-DNA-PNA triplex, shifted the PNA
development to this new and exciting mode of DNA recognition.”® While triple-helical binding of PNA
to dsDNA has also been explored,” & binding of PNA to dsRNA was first reported only in 2010 by
Rozners and co-workers.? Follow up studies by us’%-2 and others’®>79 showed that nucleobase-
modified PNA formed triple helices with dsSRNA with high affinity and sequence specificity.
Replacement of cytosine with the more basic 2-aminopyridine (M) nucleobase (pKa~6.7, hence,
partially protonated at physiological conditions) enabled PNA-dsRNA triplex formation at physiological
pH and salt concentration.’® Following the precedents by Corey?? 27 and Gait?? 23, conjugation with
cationic lysine residues further increased the binding affinity and facilitated cellular uptake of the
cationic triplex-forming PNA (Figure 1) without compromising the binding specificity.””- 72 Most
remarkably, PNA had about ten-fold higher affinity for complementary dsRNA than for the same
sequence of dsDNA.%2 However, formation of highly stable PNA-dsRNA triplexes was still restricted
to sequences where one strand of dsRNA consisted of mostly purine nucleobases (polypurine

tracts).?4

The need for polypurine tracts is arguably the most significant limitation of triple-helical

recognition of nucleic acids.?® Several research groups have designed heterocyclic nucleobases to



form a single hydrogen bond with the exocyclic -NH: of cytosine (Figure 2). Leumann showed that 5-
methylpyrimidin-2-one (*"'T, R? = CH3) modified TFOs selectively recognized the C-G inversion over
other base pairs, but the binding affinity was lower than that of standard Hoogsteen triplets.26 We
made similar observations when pyrimidin-2-one (P, R? = H) was incorporated in triplex-forming PNA
targeting dsRNA.2# However, despite the lowered affinity, P-modified PNA formed a triplex with a
hairpin structure in mRNA and suppressed its translation in vitro and in cells.?” The latter study was

the first demonstration of biological effect of PNA-dsRNA triplex formation in live cells.
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Figure 2. Structures of modified heterocycles for recognition of C-G inversions in polypurine tracts
and the proposed hydrogen-bonding schemes. R' denotes DNA, RNA, or modified nucleic acid
backbones (such as, PNA); R? = H or -CHa.

Fox, Brown and co-workers?2é 29 showed that TFOs modified with APP, having the pyrimidin-2-
one moiety extended with a cationic amino group, recognized C-G inversion with good affinity and
sequence selectivity, comparable to other modified triplets. Seidman and co-workers?3? showed that
Q*C-G triplet (Q = guanidinylethyl-5-methylcytosine, Figure 2) had similar stability as T*A-T triplet in
DNA, though the sequence selectivity of Q-modified TFOs was somewhat lower. Chen and co-
workers studied Q in short triplex-forming PNAs targeting dsRNA and found that Q had good
sequence selectivity, but the stability of Q*C-G triplet was reduced compared to T*A-U (~8-fold) or
L*G-C (~24-fold, L = thiopseudoisocytosine).3’ Recent studies have demonstrated the potential of L-
and Q-modified triplex-forming PNA in modulation of biological activity of a pathogenic RNAs. Chen
and co-workers demonstrated that triplex formation by PNA targeting a hairpin structure present in
HIV-1 virus stimulated ribosomal frameshifting of viral mMRNA.32 Most recently, Kierzek, Chen,
Prabhakaran and co-workers reported that a triplex-forming PNA-neamine conjugate targeting the

dsRNA panhandle structure of influenza virus significantly reduced viral replication.33

Simple pyridine and pyrimidine derivatives have also shown promise as modified nucleobases

for recognition of C-G inversions. Chen and McLaughlin34 tested 2-aminopyrimidine (d2APm) and



Obika and co-workers? tested pyridine (Py) as novel nucleobases in TFOs. Both recognized C-G
inversions better than other base pairs, but the overall affinity of the modified TFOs was reduced. The
hydrogen-bonding schemes shown in Figure 2 are proposed as conceivable interactions but are not
experimentally proven. For example, Imanishi and co-workers?® 37 showed that 2-pyridone (P8, Figure
2) had similar binding properties as “HT and P, despite lacking the endocyclic N, and proposed a
different hydrogen-bonding interaction. Therefore, the exact nature of stabilizing interactions,
hydrogen-bonding, stacking, charge-charge attraction, etc., is not well understood, leaving space for

empirical improvement and optimization.

Despite the significant effort reviewed above, a general and effective solution for recognition
of C-G interruptions of polypurine tracts is still lacking. Herein, we report a systematic study of simple
nitrogen heterocycles (Pn) as nucleobases in triplex-forming PNA for formation of Pn*C-G triplets. We
found that pyridazine-modified PNAs had useful binding affinity and sequence specificity for
recognition of C-G inversions in polypurine tracts of dsSRNA. Our results show that 3-pyridazinyl
nucleobase outperforms other heterocycles, including pyrimidin-2-one previously used by us2# 27 and
others,’ and forms the most stable Pn*C-G triplets in PNA-dsRNA triplex.

RESULTS
Synthesis and initial screening of modified PNA nucleobases for recognition of cytosine

We started our study by screening all possible variants of six-membered heterocyclic
nucleobases containing one (P1-Ps, pyridine) and two (P4-Ps, pyrimidine, pyrazine, and pyridazine)
nitrogen atoms using the model system of 9-mer PNA~ and RNA hairpin HRPc (Figure 3), as in our

previous studies.’0-72 38
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Figure 3. Structures of the heterocyclic nucleobases screened for recognition of the C-G inversion
(blue) in the polypurine tract of HRPc. The numbers following the nucleobase codes (P1-P13) are
association constants (Ka x 108 M-, average of three experiments * stand. dev., except P2, which is
average of two experiments) for binding of the respective Pn-modified PNAN to HRPc and UV thermal
melting temperatures (Tm °C, average of five experiments + stand. dev.) of the corresponding

triplexes. Structure of M is shown in Figure 1.

Synthesis of the PNA monomers 1-13 bearing the various heterocyclic nucleobases (P1-P13)
was done following our previously reported procedures3® by coupling of nucleobase acetic acid
derivatives with Fmoc-protected PNA backbone 14, or its benzyl or allyl esters 15 and 18,
respectively, followed by deprotection of the carboxy group (Scheme 1). Nucleobase acetic acid
derivatives were either commercially available (P1, P2, P7, Ps, P10, P11), or synthesized (P3-Ps, P9, P12,
P13) as described in Experimental Section and in Supporting Information. As an example, synthesis of
monomer 9 (Scheme 1, Py) started with nucleophilic aromatic substitution of 3,6-dichloropyridazine
with tert-butyl ethyl malonate.#° Cleavage of the tert-butyl group and decarboxylation was followed by
removal of aromatic chlorine by hydrogenation over Pd/C in the presence of 2 equivalents of
triethylamine, which prevented reduction of the pyridazine ring and gave ethyl ester 23 in excellent
yield. The ester was cleaved with LiOH and the resulting salt was coupled directly with allyl protected
PNA backbone 18 without further purification. The final monomer 9 was obtained after deprotection of
the allyl group. Using of allyl protected backbone 18 gave better yields of 9 than direct coupling to

unprotected carboxylic acid 14 or benzyl protected backbone 15.
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Binding affinity of Pn-modified PNAs was measured using isothermal titration calorimetry
(ITC, as in our previous studies’?-72 38) and UV thermal melting at 300 nm. The latter reported
specifically on the triple helix formation by measuring changes in absorbance at a wavelength (300
nm) unique to the M nucleobases (for structure of M, see Figure 1). While the correlation between Ka
(ITC) and Tm (UV melting) data was not always consistent, overall, both methods showed that most of
the modified nucleobases formed triplets with stability similar to that of the original P. The Ka range for
most nucleobases with one and two nitrogen atoms was 2.1 to 4.4 x 10% M- (3.5 for the original P)
and Tm range was 37.9 to 43.2 °C (39.5 °C for the original P). Notable exceptions were P4 that had
higher Ka, but not Tm, and Pg (highlighted in maroon in Figure 3) that stood out as forming the most
stable triplet as judged by both ITC and UV melting. Two nucleobase surrogates, P10 and P11 were
used as controls to provide insights in the impact of hydrogen bonding, stacking, and steric hindrance
on the stability of PN*C-G triplets. Surprisingly, omission of the aromatic ring in P10 did not lead to
significant loss of binding affinity. On contrary, the Tm of this modification was similar to that of Po.
Two additional pyrimidine derivatives, P12 and P13 were tested, but did not show promising binding

properties.
Comparison of Py*C-G triplets in different sequence contexts

The initial screening did not reveal a clear correlation between nitrogen position and the
stability of Pn*C-G triplets, which led us to hypothesize that the stability might be driven by stacking of
the nucleobase analogues in the triple helical structures. To explore this hypothesis, we selected the
original P, and P4, Ps, P7 and Ps (representing various arrangements of nitrogens ortho and meta to
the linker connecting to PNA backbone) to further study the stability of Pn*C-G triplets in various
sequence contexts (Figure 4). The RNA hairpins in Figure 4 were designed by replacing the
A(UUUU)U hairpin loop of HRPc with the unusually stable C(UUCG)G tetraloop,*’ which improved the
quality of ITC data, most likely, by rigidifying the RNA hairpins. Furthermore, we varied the location
and neighboring base pairs of the C-G interruption to create all four possible sequence contexts
(MPNT, TPNM, MPNM, and TPNT) while maintaining the same number of T and M nucleobases in the
triplex-forming PNAs. If the stacking would play a major role, we expected to observe significant
differences in stability of PN*C-G triplets depending on the immediate neighbors of Pn, T or M in the
modified PNAs.
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Figure 4. Structures of the RNA hairpins and Pn-modified PNAs used to study the effect of sequence

context (neighboring nucleobases) on the stability of Pn*C-G triplets.

screening, we observed some variance in correlation of Ka and Tm values for the selected

The results of ITC and UV thermal melting experiments are shown in Table 1. As in the initial

nucleobases in different sequence contexts. Nevertheless, the data reveled some common trends.

Both ITC and UV melting showed that overall the stabilities of triplexes formed with the MPNT and

TPNT hairpins were lower than the stability of triplexes formed with the TPnM and MPnM hairpins. This

suggested that Pn nucleobases were stacking better with M on the carboxy side. ITC showed that the

MPNT sequence context gave the least stable triplexes, while UV melting suggested that the TPnT

triplexes were the least stable.

Table 1. Stability of Pn*C-G triplets in different sequence contexts.

Modified Nucleobase Py HRPupt? HRP1pm 2 HRPupm ? HRPtp7 ?
U-A*T C-G*M C-G*M U-A*T
Abbrev. Structure G-C*Pn G-C*Pn G-C*Pn G-C*Pn
C-G*M U-A*T C-G*M U-A*T
fN 1.3+ 0.1 10 + 1 97403 3.5+0.2
P N/&O
| 42.6+0.2 46.1+0.5 48.6+0.6 38.0 £+ 0.3
b NTSN 3.9+ 0.4 18 £ 1 14 +1 14 £0.5
=
¢ H) 44.5+0.4 49.1+0.3 50.5 + 0.6 42.8+0.5
b m 28+0.3 12+0.5 16 +0.5 3.3+0.4
° Y 414+ 0.4 43.0+0.5 47.6 + 0.6 35.0 + 0.4
b NﬁN 1.7+0.1 13 +£1 12 1 3.8+05
4 j/ 42.8+0.6 44.1+0.7 49.0 0.1 37.1+05
. |\E 6.7£0.4° 18+ 2 17+0.5 18 £1
° 7 48.5+0.2 51.0 £ 0.4 49.8+0.5 48.4+0.3
12405 25 + 1 2142 28 +2
Te T*A-U control
contro 69.6 +0.8 755+0.7 767405 705405

a Association constants, Ka x 10% M-!, average of three experiments * stand. dev. for binding of

complementary PNA to the respective RNA hairpin and UV thermal melting temperatures, Tm °C,

average of five experiments + stand. dev. of the corresponding triplexes; » Average of two

experiments; ¢ Control experiments were Pn*C-G triplet in each respective triplex is replaced by the

canonical T*A-U triplet.

In the MPNT and TPNT sequence contexts, pyridazine Ps formed the most stable Pn*C-G
triplet by both ITC and UV melting (highlighted bold maroon in Table 1). In the TPxnM and MPyM

sequence contexts, all nucleobases tested showed similar stability, with P9 being only slightly better

than P4, Ps, or P7. Compared to control triplexes that had the canonical T*A-U triplet in place of the

Pn*C-G, ITC results suggested that triplexes formed by Ps-modified PNAs were approaching the

stability of the canonical controls. In contrast, UV melting results suggested that the canonical




triplexes were always significantly more stable. We used Van’t Hoff analysis to extrapolate AG from
UV melting curves of Pn*C-G and canonical T*A-U controls to 25 °C (Table S23). Consistent with Tm
analysis in Table 1, comparison of AGzs obtained by ITC and UV melting results (Table S23) showed
that the canonical triplexes were more stable. Despite these discrepancies, both ITC and UV melting
results clearly showed that pyridazine Ps was the modified nucleobase of choice that performed

consistently well across all sequence contexts.

In all cases, the melting transitions of triplexes where well separated from the melting
transitions of hairpins; the latter were difficult to measure precisely because of Tm > 95 °C (Figure
S44). To test if the UV thermal meltings measured at 0.5 °C per minute gave true equilibrium Tms, we
recorded the melting curves of PNA TP9T and PNA TP9M complexed with their matched hairpins
under both heating and cooling conditions. The resulting melting curves (Figure S46) were almost
identical and showed minimal hysteresis of ~ 1 °C. These results were consistent with fast binding of
M-modified PNAs to dsRNAs observed in our previous studies’%'2 and confirmed that the recorded

Tms represented true equilibrium transitions of the PNA-dsRNA triplexes.
Stability of PNA-dsRNA triplexes having several Py*C-G triplets

Next, we tested P4, Ps, and Ps in model triplexes featuring two consecutive (PNA2p-HRP2)
and three dispersed (PNA3p-HPR3) Pn*C-G triplets (Figure 5). Adding of the second modified
nucleobase significantly decreased the stability of PNA2p-HRP2 triplex. The stability of PNA3p-HRP3
triplex was too low to be measured by ITC at pH 7.4; however, decreasing the pH to 6.5 increased the
overall binding affinity of M-modified PNAs and enabled comparison of the three nucleobases. In both

cases, Po-modified PNAs were forming significantly stronger triplexes than P4- or Ps-modified PNAs.
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Figure 5. Structures of the RNA hairpins and PNAs having several Pn*C-G triplets. The numbers in
the right panel are association constants (Ka x 108 M-', average of three experiments + stand. dev.)
and UV thermal melting temperatures (Tm °C, average of five experiments + stand. dev.) of the

corresponding triplexes.
Sequence specificity of P-modified PNAs

Finally, we tested the sequence specificity of P4, Ps, and Pg in model triplexes featuring all

four Watson-Crick base pairs at the position of the modified nucleobase (Figure 6). All three



nucleobases had higher affinity for the C-G over other base pairs. The specificity of P4 and Ps was
somewhat lower as they also formed Pn*A-U triplets with comparable stability. While the selectivity of
P9s was good with affinity consistently about five-fold higher for the matched C-G than for any other
base pair, it was somewhat lower than the at least eight-fold higher selectivity of M for its matched G-

C base pair observed in our previous study.’?

NN cCU cCU cCU cCU
P G U G U G U G U
G-C G-C G-C G-C
P U-A U-A U-A U-A GONH,
A C-G C-G C-G C-G M
Cc-G c-G C-G C-G M
) U-A U-A U-A U-A T
N' N G—C c—G A—U U—A P
\f Cc-G Cc-G Cc-G C-G M
p U-A U-A U-A U-A T
~ B Cc-G c-G C-G C-G M
U-A U-A U-A U-A T
“ Cc-G Cc-G C-G C-G M
B C-G C-G C-G C-G 1ys
_N 3' 5 3" 5' 3' 5! 3' §5°' ﬁHz
~ Pg HRP, HRP, HRP, HRP, PNA,
P,
K, x 108 3.9+x04 0.3+0.0 0.8 £0.1 2.0+0.1
T 445 0.4 34.7 £0.3 37.9+04 47.7 £ 0.3
Ps
K, x 108 2804 0.4 +0.0 0.8+0.2 1.1 +£0.1
Tm 414 =04 31.6+0.4 35.6 +0.1 38.5+0.6
Pg
K, x 108 6.7 0.4 1.5+0.1 1.3+0.2 1.4 +0.1
m 48.5 0.2 36.2+0.3 36.4 £0.2 36.5+0.3

Figure 6. Structures of the RNA hairpins used to study sequence specificity of modified nucleobases
(P4, Ps, and Pg). The numbers in the lower panel are association constants (Ka x 108 M-!, average of
three experiments * stand. dev.) and UV thermal melting temperatures (Tm °C, average of five

experiments + stand. dev.) of the corresponding triplexes.



DISCUSSION

While only ~2% of DNA encodes for proteins, >75% is transcribed into RNA.42 43 Recent
discoveries of a variety of non-coding RNAs and the important roles that some of them (e.g.,
microRNAs) play in cell biology have changed the traditional view of RNA as a passive messenger in
the transfer of genetic information from DNA to proteins.’-® The functional importance of most RNA
transcripts is still unknown. Therefore, the ability to selectively recognize, detect and inhibit the
function of complex regulatory RNAs will be highly useful for fundamental biology and practical
applications in biotechnology and medicine. However, currently we do not have a general method for
sequence selective recognition of dsRNA.

Recently, we discovered that PNA forms an unusually stable and sequence specific triple
helix with dsRNA.%-72 Triplex-forming PNAs could become general tools for molecular recognition of
complex regulatory RNA molecules. However, practical applications of triplex-forming PNAs are
limited by the requirement of a polypurine tract at the recognition site in dsRNA because only purine
nucleobases can be effectively recognized using two Hoogsteen hydrogen bonds (Figure 1). Despite
considerable effort in development of modified nucleobases,% 25 recognition of pyrimidine interruptions
in purine tracts remains a formidable problem. In the present study, we systematically surveyed all
nine isomeric pyridine, pyrimidine, pyrazine, and pyridazine heterocycles (Figure 3) as modified
nucleobases for recognition of cytosine interruptions in polypurine tracts of dsRNA. We found that 3-
pyridazinyl nucleobase P9 formed more stable Pn*C-G triplets than other isomeric heterocycles. Most
importantly, pyridazine P9 performed significantly better than pyrimidin-2-one P that has been
previously used by us2# 27 and others’ as the PNA nucleobase of choice for recognition of C-G base

pairs in dsRNA triplexes.

In the present study, we measured the triplex stabilities using ITC and UV thermal melting.
The UV melting studies were done at 300 nm, a wavelength where we could observe triplex
dissociation with little interference from signal due to the hairpin melting (Figures S44-S46). This was
possible because the natural nucleobases do not absorb at 300 nm where the M nucleobase still has
relatively strong absorbency. Overall, the Ka obtained by ITC and Tm obtained by UV melting
confirmed the same trends, but the specific correlation was not always entirely consistent. As
discussed in literature,## the binding affinities measured at different temperatures by UV thermal
melting and isothermal methods (e.g., ITC) may not correlate strongly because of variable
dependency of thermodynamic parameters (AG, AH, etc.) on temperature. Nevertheless, both ITC
and UV melting confirmed that Py was the best nucleobase for recognition of cytosine in Pn*C-G

triplets.

To obtain insights into hydrogen bonding and stacking interactions that govern the stability of
Pn*C-G triplets, we also studied two nucleobase surrogates, acetate P10 and phenylacetate P11
(highlighted in green in Figure 3). Absence of hydrogen bond acceptors in phenylacetate P11
decreased the Ka (but not Tm) indicating that the heterocyclic nitrogens may have been involved in

stabilizing electrostatic or stacking interactions. Surprisingly, acetate P10 formed more stable triplets



(higher Ka and Tm) than phenylacetate P11 indicating that a six membered ring may experience some
negative steric interactions when forming the Pn*C-G ftriplets. This notion is supported by our recent
structural analysis of PNA-dsRNA triplex# showing that pyrimidine rings of Watson-Crick base pairs
protrude further in the major groove than purine rings, which may cause some steric clash with the
third nucleobase of the triplex. Others have previously shown that abasic sites are tolerated in the
third strand of triplexes. Early studies on TFO showed that abasic site formed modestly stable triplets
with C-G and T-A interruptions in purine tracts, but was binding poorly to G-C and A-T base pairs in
DNA.“6 Nielsen and co-workers reported+’ that P10 formed more stable P10*T-A triplets than
guanosine, which forms fairly stable G*T-A triplets in DNA.#8 Taken together, these results suggest
that future development of novel nucleobases for recognition of pyrimidine interruptions in polypurine
tracts should focus on smaller heterocycles, such as five membered rings that may reduce the

negative steric interactions.

Our survey of all isomeric one and two nitrogen heterocycles does not reveal a clear
correlation between the position of nitrogen and stability of Pn*C-G triplets (Figure 3 and Table 1).
Most likely, this is because the binding affinity is driven by subtle interplay of hydrogen bonding and
stacking interactions. The variation of binding affinity across different sequence contexts in Table 1
suggests that stacking plays a significant role, with Pn nucleobases stacking better with M on the
carboxy side. On the other hand, the sequence specificity of P4, Ps, and P9 in model triplexes in
Figure 6 suggests that the nitrogen atoms are involved in some hydrogen bonding like electrostatic
interactions that discriminate among various Hoogsteen partners. We hypothesize that these
interactions are not ideal in either P4 or Ps, and that Py delivers the best compromise by conceivably
involving both nitrogen atoms in a bifurcated electrostatic interaction with the exocyclic -NH2 of
cytosine. Bifurcated hydrogen bonds are well-established in non-canonical base pairs of RNA.#9. 0

Testing of this hypothesis may be one of the goals of future structural studies.
CONCLUSIONS

In the present study, we discovered that 3-pyridazinyl nucleobase Ps formed the most stable
Pn*C-G triplet among all possible isomeric pyridine, pyrimidine, pyrazine, and pyridazine heterocycles.
Our results suggest that Ps can be used effectively to recognize single C-G inversion in polypurine
tracts of RNA and may have useful affinity for targets having two C-G inversions. However, the latter
case and potential targets with three C-G inversions will most likely require longer PNAs than the 9-
mers used in this study. Comparison with T*A-T triplets shows that there is still plenty of room for
improvement of Pn*C-G triplets. In this context, our survey of 14 different modified nucleobases, and
studies of five of them in different sequence contexts provide useful insights for future development of
new nucleobases to expand the sequence scope of non-coding RNAs that can be targeted by triplex-
forming PNAs. Until then, we propose that 3-pyridazinyl P9 is currently the PNA nucleobase of choice

for triple helical recognition of cytosine interruptions in polypurine tracts of dsRNA.



METHODS

For general procedures and synthesis of PNA monomers, see Supporting Information, pages S1-S17;

analytical data (copies of 'H and '*C NMR) are given in Supporting Information, pages S78-S107.

1-(tert-Butyl)-3-ethyl-2-(6-chloropyridazin-3-yl)malonate (21). tert-Butyl ethyl malonate (2.8 mL, 15
mmol) was added to a solution of 3,6-dichloropyridazine (20, 1.5 g, 10 mmol) in DMSO (3 mL). Then
Cs2C03 (6.5 g, 20 mmol) was added and the reaction mixture was kept at 110 °C for 1 h. The mixture
was diluted with EtOAc (100 mL) and water (50 mL) and the aqueous phase was washed with EtOAc
(2 x 100 mL). The organic phases were combined, dried over NazSOs, and concentrated under
reduced pressure. The crude product was purified by silica gel chromatography using a linear
gradient (0-30%) of EtOAc in hexanes to afford the title compound as a yellow oil (1.7 g, 58% yield).
Rs=0.43 (25% EtOAc in hexanes). HRMS (ESI/TOF) m/z: [M + H]* calcd. for C13H17N204CINa,
323.0775; found 323.0771."H NMR (400 MHz, CDCls, ppm) &: 7.76 (1H, d, J = 8.9 Hz), 7.51 (1H, d, J
=8.9 Hz), 5.10 (1H, s), 4.31 — 4.05 (2H, m), 1.40 (9H, s), 1.23 (3H, t, J = 7.1 Hz). 8C NMR (101 MHz,
CDCls, ppm) 8: 166.76, 165.41, 156.74, 155.94, 130.06, 128.28, 83.72, 62.38, 59.00, 27.76, 13.98.

Ethyl 2-(6-chloropyridazin-3-yl)acetate (22). TFA (6 mL) was added to a solution of 1-(tert-butyl) 3-
ethyl 2-(6-chloropyridazin-3-yl)malonate (21, 1.6 g, 5.4 mmol) in CH2Cl2 (6 mL). The reaction was
completed in 30 min at room temperature. The reaction mixture was concentrated under reduced
pressure and purified by silica gel chromatography using a linear gradient (0-50%) of EtOAc in
hexanes to afford the title compound as a pale-yellow oil (1.0 g, 94% yield). Rs= 0.68 (5% MeOH in
CH2Cl2). HRMS (ESI/TOF) m/z: [M + H]* calcd. for CsH1oN202Cl, 201.0431; found 201.0433. 'H NMR
(400 MHz, CDCls, ppm) 6: 7.55 (1H, d, J = 8.8 Hz), 7.48 (1H, d, J = 8.8 Hz), 4.14 (2H, q, J = 7.1 Hz),
4.00 (2H, s), 1.22 (3H, t, J = 7.2 Hz)."3C NMR (101 MHz, CDCl3, ppm) &: 169.39, 156.40, 155.97,
130.03, 128.31, 61.52, 40.84, 14.07.

Ethyl 2-(pyridazin-3-yl)acetate (23). NEts (1.26 mL, 9.01 mmol) was added to a solution of ethyl 2-
(6-chloropyridazin-3-yl)acetate (22, 909 mg, 4.53 mmol) in EtOH (12 mL). The mixture was purged
with nitrogen followed by addition 10% Pd/C (182 mg). Hydrogen gas (1 atm) was bubbled through
the mixture for 4 h at room temperature. Then reaction mixture was filtered through a pad of celite, the
filtrate was concentrated, and the residue was purified by silica gel chromatography using a linear
gradient (0-4%) of MeOH in CH2Cl:2 to afford the title compound as a pale-yellow oil (708 mg, 94%
yield). Rf = 0.38 (5% MeOH in CH2Cl2). HRMS (ESI/TOF) m/z: [M + H]* calcd. for CsH11N202,
167.0821; found 167.0826. '"H NMR (400 MHz, CDCls, ppm) &: 9.07 (1H, dd, J = 4.9, 1.8 Hz), 7.53
(1H, dd, J= 8.5, 1.7 Hz), 7.43 (1H, dd, J = 8.5, 4.9 Hz), 4.15 (2H, q, J = 7.2 Hz), 4.02 (2H, s), 1.22
(3H, t, J=7.2 Hz)."3C NMR (101 MHz, CDCls, ppm) &: 169.78, 157.16, 150.35, 127.45, 126.49,
61.35,41.73, 14.08.

Allyl N-(2-((((9H-fluoren-9-yl)methoxy)carbonyl) amino)ethyl)-N-(2-(pyridazin-3-
yl)acetyl)glycinate (24). A solution of LiOH (50 mg, 2.1 mmol) water (2.2 mL) was added to a
solution of ethyl 2-(pyridazin-3-yl)acetate (23, 315 mg, 1.90 mmol) in EtOH (5.4 mL). After 1 h at room



temperature, the mixture was concentrated under reduced pressure. The crude product was dried on
high vacuum for 6 h and used directly in the next step without further purification. i-PraNEt (430 pL,
2.47 mmol, 1.3 equiv.) was added under nitrogen to a solution of the crude lithium 2-(pyridazin-3-
yhacetate (1.90 mmol), HBTU (722 mg, 1.90 mmol), N-Fmoc-Aeg-O-Allyl HCI salt (18, 632 mg, 1.52
mmol) in anhydrous DMF (13 mL). The reaction mixture was stirred for 12 h at room temperature, and
then concentrated under reduced pressure. The residue was dissolved in CH2Cl2 (50 mL) and washed
with aqueous 5% NaHCOs (30 mL). The aqueous layer was back-extracted with CH2Clz (50 mL), the
organic layers were combined, dried over Na2SO4 and concentrated under reduced pressure. The
crude product was purified by silica gel chromatography using a linear gradient (0-5%) of MeOH in
CH2Cl2 to afford the title compound as a yellow oil (757 mg, 80% yield). Rs= 0.27 (5% MeOH in
CH2Cl2). HRMS (ESI/TOF) m/z: [M + H]* calcd. for C2sH29N4Os, 501.2138; found 501.2133. '"H NMR
(400 MHz, CDCls, ppm) (mixture of rotamers) 6: 9.30 — 8.80 (1H, m), 7.74 (2H, dd, J = 7.6, 3.8 Hz),
7.64 —7.49 (3H, m), 7.37 (3H, tt, J= 6.3, 3.2 Hz), 7.29 (2H, dt, J= 7.4, 1.7 Hz), 5.88 (1H, tq, J = 11.7,
5.8 Hz), 5.39 - 5.19 (2H, m), 4.62 (2H, dt, J = 6.0, 1.3 Hz), 4.47 — 4.29 (2H, m), 4.26 — 3.96 (4H, m),
3.76 — 3.50 (2H, m), 3.38 (2H, tt, J = 12.1, 5.8 Hz). 3C NMR (101 MHz, CDCl3, ppm) (mixture of
rotamers) ©: 170.02, 169.63, 158.14, 156.61, 150.43, 150.35, 143.97, 143.86, 141.31, 131.43,
131.16, 127.88, 127.73, 127.71, 127.11, 127.07, 126.65, 126.55, 125.09, 119.99, 119.97, 119.63,
119.00, 66.82, 66.71, 66.58, 66.10, 51.15, 49.79, 49.02, 47.23, 41.41, 40.46, 39.44, 39.21.

N-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl) amino)ethyl)-N-(2-(pyridazin-3-yl)acetyl)glycine (9).
Pd(PPhs)s (37 mg, 0.03 mmol) and N-ethylaniline (173 pL, 1.38 mmol) were added sequentially to a
solution of allyl ester of pyridazin-3-yl monomer (24, 407 mg, 0.81 mmol) in anhydrous THF (30 mL).
The solution was stirred under nitrogen for 3 h at room temperature. After the reaction was complete,
the mixture was acidified to pH 5-6 with 1 M aqueous HCI and solvent was removed under reduced
pressure. The crude product was purified by C18 reverse phase flash chromatography using a linear
gradient (0-80%) of MeCN in water to afford the title compound as a pale-yellow foam (202 mg, 54%
yield). Rr=0.06 (20% MeOH in CH2zClz). HRMS (ESI/TOF) m/z: [M + H]* calcd. for C25H25N40s,
461.1825; found 461.1827. '"H NMR (400 MHz, DMSO-ds, ppm) (mixture of rotamers) &: 9.07 (1H, dd,
J=4.4,22Hz),7.88 (3H,d, J=7.5Hz), 7.68 (2H, d, J = 7.5 Hz), 7.62 — 7.49 (2H, m), 7.40 (2H, t, J =
7.4 Hz), 7.31 (2H,t, J=7.4 Hz), 4.34 — 4.16 (3H, m), 4.04 (1H, d, J = 4.6 Hz), 3.97 (2H, d, J= 3.4
Hz), 3.81 (2H, d, J = 8.1 Hz), 3.56 — 3.47 (1H, m), 3.39 (2H, d, J = 6.2 Hz), 3.26 (1H, d, J = 6.3 Hz),
3.18 (2H, q, J = 6.2 Hz). '3C NMR (101 MHz, DMSO-ds, ppm) (mixture of rotamers) &: 170.59, 159.70,
156.57, 150.59, 144.42, 141.14, 128.72, 128.07, 127.63, 126.80, 125.83, 125.66, 120.59, 120.54,
66.04, 47.87,47.18, 40.75, 39.07, 38.66.

The PNAs were synthesized on an Expedite 8909 synthesizer at 2 umol scale on NovaSyn TG
Sieber resin (Novabiochem) using methods previously developed in our group.?%-72 38 Commercial
PNA-T-monomer was purchased from Link Technologies. M monomer was synthesized using the
synthetic route reported by our group.”® Crude PNAs were analyzed by LC-MS and purified using a
semi-preparative Supelco Discovery Wide Pore C18 column (4.6 x 150 mm) and a linear gradient of

acetonitrile in water containing 0.1% formic acid. The purity and identity of the PNA sequences were



confirmed by LC-MS (ESI) analysis (Figures S1-S39). PNA was quantified as previously reported .
RNA hairpins were purchased crude from Dharmacon and purified prior to use on reverse phase
HPLC using a gradient of acetonitrile in 50 mM aqueous triethylammonium acetate buffer as

previously reported.38

Isothermal titration calorimetry experiments were done on a MicroCal iTC200 instrument at 25 °C
in 50 mM potassium phosphate buffer (pH 7.4) containing 2 mM MgClz, 90 mM KCI, 10 mM NacCl, as
previously reported.8 In a typical ITC experiment, 2.45 uL aliquots of 90 uM PNA solution were
sequentially injected from a 40 pL rotating syringe (750 rmp) into 200 uL of 10 uM RNA hairpin
solution. All ITC experiments were run in triplicate (Tables S2-S11). Representative ITC titration

traces are given in Supporting Information, Figures S40-S43.

UV thermal melting experiments were done on a Shimadzu UV-2600 spectrophotometer equipped
with a TMSPC-8 temperature controller. Experiments were done with 18 uM PNA and dsRNA in
phosphate buffer (2 mM MgClz, 90 mM KCI, 10 mM NaCl, 50 mM potassium phosphate at pH 7.4).
Absorbance vs. temperature profiles were measured at 300 nm (Figures S44-S46). The temperature
was increased at a rate of 0.5 °C per minute. The melting temperatures (Tm, °C) were obtained using

Shimadzu LabSolutions Tm Analysis software version 1.31 (Tables S12-S23).
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Aeg, aminoethyl glycine; dsDNA, double-stranded DNA; dsRNA, double-stranded RNA; Fmoc,
fluorenylmethyloxycarbonyl; HBTU, 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate; HRP, hairpin; ITC, isothermal titration calorimetry; Ka, association constant; M,
2-aminopyridine; ncRNA, non-coding RNA; PNA, peptide nucleic acid; TFA, trifluoroacetic acid, TFOs,
triplex-forming oligonucleotides; Tm, melting temperature; TSTU, N,N,N’,N'-Tetramethyl-O-(N-

succinimidyl)uronium tetrafluoroborate; UV, ultraviolet.
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