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ABSTRACT

Recognition of RNAs at physiological conditions is important for developing chemical probes and
therapeutic ligands. Nucleobase modified dsSRNA-binding PNAs (dbPNAs) are promising for the
recognition of dsRNAs in a sequence and structure specific manner at near-physiological
conditions. Guanidinium is often present in proteins and small molecules for the recognition of G
bases in nucleic acids, in cell-penetrating carriers, as well as in bioactive drug molecules, which
might be due to the fact that guanidinium is amphiphilic with unique hydrogen bonding and
stacking properties. We hypothesized that a simple guanidinium moiety can be directly
incorporated into PNAs for facilitating enhanced molecular recognition of G-C pairs in dsSRNAs
and for improved bioactivity. We grafted guanidinium moiety directly into a PNA monomer
(designated as R) using a two-carbon linker as guided by computational modeling studies. The
synthetic scheme of PNA R monomer is relatively simple compared to that of previously reported
L monomer. We incorporated the R residue into various dbPNAs for binding studies. dobPNAs
incorporated with R residues are excellent in sequence specifically recognizing G-C pairs in
dsRNAs over dsDNA and ssRNAs. We demonstrated that R residue is compatible with unmodified
T and C and previously developed modified L and Q residues in doPNAs for targeting model
dsRNAs, influenza A viral panhandle duplex structure, and HIV-1 frameshift site RNA hairpin.

Furthermore, R residues enhance the cellular uptake of PNAs.



INTRODUCTION

RNAs form diverse structures for interacting with metabolites and proteins, for catalysing RNA
splicing and protein synthesis, and for regulating gene expression. Thus, developing chemical
compounds for targeting desired RNA structures has great potential in biomedical applications.!
The strategy of directly targeting double-stranded RNA (dsRNA) by triplex-formation is relatively
underexplored mainly due to the weak binding at physiological conditions for the traditional

triplex-forming oligonucleotides (TFOs).>®

Nucleobase-modified dsSRNA-binding peptide nucleic acids (dbPNAS) are promising in targeting
dsRNAs in a sequence and structure specific manner (Figures 1 and S1).%*® Substituting C with
a modified nucleobase may alleviate the pH dependence of G-C pair recognition through the
formation of C*-G-C triples (Figures 1b-d and Sla,b).!® ?° For example, 2-aminopyridine (M,
Figure S1b) has a monomer pK, of 6.7 for the protonation of M to form M* and M-modified PNAs
show enhanced recognition of G-C pairs in dsSRNAs.*> 2! M* residues also enhance cellular uptake

of PNAs.16: 17

Pseudoisocytosine (J, Figure Sl1a) is a modified neutral nucleobase for the recognition of G-C
pairs include.?? J-modified PNAs have reduced pH dependence but relatively weakened
recognition of G-C pair through Hoogsteen pairing.!* > We reported the incorporation of thio-
pseudoisocytosine (L, Figure 1c,d) into dbPNAs for the recognition of G-C pairs in dsRNAs.!
The unique and selective base pairing (Hoogsteen over Watson-Crick, Figures 1c,d and S1c) and

stacking properties of the L base result in L-modified doPNAs to be selective in binding to dsSRNAs



over ssSRNAs and dsDNAs at near-physiological conditions. However, the synthesis of PNA L

monomer is nontrivial and incorporation of L into PNAs does not improve cell permeability.
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Figure 1. Base triples and a potential Watson—Crick-like base pair. The guanidinium moiety
serving as hydrogen bond donors is highlighted in red. The hydrogen atoms shown in gray may be
involved in van der Waals interactions in enhancing base triple formation (see panels ¢ and d). (a-
g) Hydrogen bonding patterns for base triples formed between PNA bases (T, C, L, Q, and R) and
RNA Watson-Crick base pairs. (h) Unstable Watson—Crick-like R-G pair. (i-I) Modeled base
triple structures of L-G-C and R*G-C. Two populations of structures with the formation of at least
one hydrogen bond are shown.

Guanidinium (protonated form of guanidine) has unique hydrogen bonding and interesting
stacking properties.?® 2 Guanidinium (arginine residue) is present in proteins often involved in
hydrogen bonding and stacking interactions with nucleic acids.?% Various compounds

incorporating guanidinium moiety show important biological activities.?>=" Incorporation of the



guanidinium moiety facilitates enhanced cellular uptake of various cargos.'® 2> 3849 Free

guanidinium has recently been found to be tightly bound in riboswitches.>% 5!

Guanidine modified aromatic moieties have been incorporated into artificial nucleic acids for the
recognition of single-stranded G residues as G-clamps®* *3 or C-G pairs through Q'C-G triple
(Figure 1e) or other triple formation.* 145456 Qur modeling studies (Figure 1f,g,k,I) suggest that
guanidinium may be directly incorporated into PNAs (without an extra aromatic group) for
enhanced recognition of G-C pairs in dsRNAs. We grafted guanidinium moiety into a PNA
monomer (designated as R) through a simple two-carbon linker (Figure 1f,g) followed by
incorporating the R residue into various dbPNAs for binding studies. We further tested the
compatibility of R in combination with C, T, L, and Q residues for targeting model dsRNAs and

dsRNA structures found in influenza and HIV-1 viral RNAs.

MATERIALS AND METHODS
Computational modeling

The PNA-dsRNA triplex containing the PNA sequence HzN-Lys-TLTRTTTL-CONH: was
generated based on the model for a PNA-dsRNA triplex containing the PNA sequence H2N-Lys-
TLTLTTTL-CONH..5"%8 We also replaced the two-carbon base-backbone linker in R with a three-
carbon linker (R') to obtain a PNA-dsRNA triplex containing the PNA sequence H2N-Lys-
TLTR'TTTL-CONH.. We modelled the RNA molecules with Amber force field yOL3.5% ¢ and
the PNA residues with Amber GAFF force field®! and AM1-BCC atomic charges.5? TIP3P explicit
solvent®® and counter ions (Na*) were added to the simulation boxes. Next, we performed a 1000-

5



step energy minimization using steepest descent algorithm.®* For each model, three independent
20-ns NPT simulations were carried out with random initial velocities. The cutoff for van der
Waals and electrostatics was 1.2 nm. All the simulations were performed with OpenMM
simulation package.®® The three trajectories for each system were merged by removing the first
10% of the trajectories, and then the hydrogen bonds were calculated with Mdtraj,®® considering
the distance between hydrogen and hydrogen bond acceptor within 0.25 nm and angle between

hydrogen bond acceptor, hydrogen and hydrogen bond donor larger than 120 °.

General experimental methods

The required reagents, starting materials, and all the solvents were obtained from the available
commercial vendors and used without further purification. All the reactions were performed using
the high performance liquid chromatography (HPLC) grade solvents at room temperature unless
otherwise mentioned. The reaction progress was monitored by thin layer chromatography (TLC)
on aluminum sheets silica gel 60 F254 (Merck) and liquid chromatography-mass spectrometry
with electrospray ionization source (LCMS-ESI). Column chromatographic purification was done
for Fmoc-, t-butyl ester compound 5, using ethyl acetate/hexane solvent systems on flash silica gel
230-400 mesh size. The intermediate compounds and the final monomer were characterized by
high-resolution mass spectrometry (electron ionization) (HRMS-EI), and *H and **C NMR spectra
on a 400 MHz (100 MHz, **C) or 500 MHz Bruker spectrometer. The NMR chemical shifts (6)
are expressed in parts per million (ppm). The residual solvent peaks were used as references for
the *H (chloroform-d: 7.26; dimethyl sulfoxide-d6: 2.50) and *3C (chloroform-d: 77.0; dimethyl

sulfoxide-d6: 39.5) NMR spectra.



Synthesis of PNA monomer R

The synthetic protocol for the PNA R monomer is outlined in Scheme 1 with the details shown in
Schemes S1-S3 and Figures S2-S6. The starting materials 1 and 2 were synthesized using the
previously reported procedures.®” % Compound 4 was obtained by a 4-hour reaction of the di-Cbz
protected pyrazole guanidine 1 with crushed 3-aminopropionic acid 3 using DIPEA in DCM at
room temperature. The obtained white solid 4 was reacted with 2 in the presence of HBTU and
NMM in anhydrous DMF. The reaction was carried out under nitrogen atmosphere at room
temperature followed by a column purification using EtOAc/Hexane (v/v; 3/10) solvent system to
give precursor t-butyl ester compound 5. Compound 5 was treated with 50% TFA-DCM for 1
hour, followed by the removal of the solvent with a subsequent precipitation using cold di-ethyl
ether. The product was filtered, washed, and dried in vacuum to yield the required PNA R

monomer 6.

Solid phase synthesis of PNA oligomers

The unmodified N-(2-aminoethyl)glycine PNA (aegPNA) monomers were acquired from ASM
Research Chemicals and used as such for the synthesis of PNA oligomers. The L and Q monomers
were synthesized as per the previously reported procedures.t’ 2 The synthesis of PNA oligomers
was done on Methylbenzhydrylamine hydrochloride (MBHA-HCI) polystyrene-based resin as
solid support. The initial loading value of 1.5-1.7 mmol/g was brought down to 0.35 mmol/g using
acetic anhydride as capping agent. Except for the R monomer, the oligomer synthesis was
performed using Boc-strategy in the presence of (Benzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBop) and N,N-Diisopropylethylamine

(DIPEA) as the coupling agents. The Fmoc deprotection was done using 20% piperidine in DMF.



The final cleavage of the oligomer from the resin was done using the high-low trifluoroacetic acid
(TFA)-trifluoromethanesulfonic acid (TFMSA) method once the coupling has been done for all
the unmodified and modified PNA monomers. The crude PNA oligomers were precipitated with
ice-cold diethyl ether and dissolved in de-ionized water. The purification of PNA oligomers was
done by reverse-phase HPLC (RP-HPLC) using water-CH3CN-0.1% TFA as the mobile phase.
The oligomers were characterized by matrix assisted laser desorption/ionization-time of flight
(MALDI-TOF) spectrometry with a-cyano-4-hydroxycinnamic acid (CHCA) as sample
crystallization matrix. The extinction co-efficient of PNA T, C, Q, L, and R residues are 8.8, 7.3,

7.3,7.3,and 0 mMtcm™, respectively, at 260 nm.1% 13

Nondenaturing polyacrylamide gel electrophoresis

The HPLC-purified RNA and DNA oligonucleotides were acquired from Sigma-Aldrich,
Singapore. The nondenaturing polyacrylamide gel electrophoresis (PAGE) (12%) experiments
were performed using an incubation buffer containing 200 mM NaCl, 0.5 mM EDTA, 20 mM
MES, pH 6.0, or 200 mM NaCl, 0.5 mM EDTA, 20 mM HEPES, pH 7.5, or 200 mM NaCl, 0.5
mM EDTA, 2 mM MgCl,, 20 mM HEPES, pH 7.5, or 200 mM NacCl, 0.5 mM EDTA, 20 mM
HEPES, pH 8.0. For the Cy3-labelled rHP1-Cy3 and rHP3-Cy3, the samples were prepared using
50 nM RNA with varied PNA concentrations of 0, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2,0.4,0.7,1, 1.5,
2,5, and 10 uM in 20 L of buffer. For the unlabeled RNA/DNAs, the concentration was 0.25 uM
with varied PNA concentrations of 0, 0.01, 0.02, 0.05, 0.1, 0.2,0.4, 1, 1.6, 2, 4, 10, 16, and 20 uM
in 25 pL of buffer. Snap cooling was done for RNA/DNA hairpins by directly dipping the sample
tubes from 95 °C into ice bath followed by annealing with PNAs by slow cooling from 65 °C to

room temperature. The sample tubes were incubated overnight at 4 °C before the loading. To all



the samples, 35% glycerol (20% of the total loaded volume) was added followed by vortexing for
a few seconds before the loading into sample wells of the gels. Using a running buffer 1x TBE
(Tris—Borate—EDTA), pH 8.3, the gels were run at 4 °C for 6 h with a voltage set at 250 V for all
the experiments. The gels were imaged using a Typhoon imager directly for the Cy3-labelled
(rHP1-Cy3 and rHP3-Cy3) or after ethidium bromide staining for 30 min for the unlabeled

RNA/DNA hairpins.

Fluorescence binding study

The fluorescence emission spectra were recorded using a 1 cm square quartz cuvette on a Varian
Cary Eclipse fluorescence spectrophotometer. The required 2-aminopurine-labelled RNA and
DNA oligonucleotides purified by RP-HPLC were acquired from Sigma-Aldrich, Singapore. All
the fluorescence experiments were carried out using 1 pM RNAs or DNAs and varied
concentrations of PNAs at 0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 uM in 70 pL buffer
having 200 mM NacCl, 0.5 mM EDTA, 20 mM HEPES, pH 7.5. PNA alone samples at 10 uM
were used as controls. The samples were prepared by slow cooling of RNAs/DNASs hairpins from
95 °C to room temperature, followed by the addition of PNA oligomers. The solutions were then
vortexed for 10 min and left at room temperature for 1 hour and incubated at 4 °C overnight. All
the emission spectra were recorded at room temperature over a wavelength range of 330-550 nm,

at a fixed excitation wavelength of 303 nm with a slit width of 10 nm.

Thermal melting
The UV-absorbance-detected thermal melting experiments were conducted with the use of an 8-

microcell cuvette using the Shimadzu UV-2550 UV-Vis spectrophotometer. The absorbance



values at 260 nm with the temperature increasing from 15 to 95 °C followed by the temperature
decreasing from 95 to 15 °C were recorded. The optical path length of the 8-microcell cuvette is 1
cm. The temperature ramp rate is 0.5 °C/min. The samples were prepared using 5 UM RNA with
and without 5 uM PNA in 130 pL buffer having 200 mM NaCl, 0.5 mM EDTA, 20 mM NaH2POa,
pH 7.5. The samples containing the single-stranded RNA and PNA were annealed by slow cooling
from 95 °C to room temperature, followed by overnight incubation at 4 °C. Data were normalized
at high temperature and the melting temperatures were determined based on the Gaussian fit of the

first derivative of the curves.

Cellular uptake and confocal microscopy study

Sf9 (Spodoptera frugiperda) insect cells were cultured onto a 4-well chamber slide system (Nunc
Lab-Tek) at a cell density of 2x10° cells per compartment for 12 h. The cells were washed with
PBS and replaced with serum free Sf-900 Il medium (Life Technologies Inc., NY, USA)
containing 2 uM of R-modified PNA P5-3R-CF or control PNA P1-CF for 12 h at 27 °C. Then,
cells were fixed with 4% paraformaldehyde for 15 min at room temperature, rinsed with PBS. The
fixed cells were counterstained with DAPI (Invitrogen, Gaithersburg, USA) for 5 min.
Fluorescence signals were observed using an inverted confocal microscope (Leica SP8, Leica

Microsystems, Mannheim, Germany).

10
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Figure 2. RNA, DNA, and PNA molecules studied in this paper. (a-h) Model RNA and DNA
hairpins. The underlined U residues in rHP1 and rHP3 are replaced with Cy3 dye to have rHP1-
Cy3 and rHP3-Cy3, respectively. (i-j) Model ssRNA strands that potentially form parallel and
antiparallel duplexes with PNAs. (k-p) PNAs studied in this paper. The letter “R” shown in red
represents the PNA R residue. (qg,r) Stable PNA-RNA: triplexes formed by PNA P1-1R4 and P5-
3R targeting rHP1. (s,t) Unstable duplexes formed by rHP1-ss-p with P5-1R4 and P5-3R,
respectively.

RESULTS AND DISCUSSION

Recognition of an internal G-C pair in an RNA duplex (but not DNA duplex) by R-modified

PNAs

Our modeling data suggest that an R-modified PNA can recognize an RNA duplex through major-
groove PNA-dsRNA triplex formation similar to an L-modified PNA (Figures 1, 2, and S1).
Among the structures with one or more hydrogen bonds formed between R and G or between L
and G, we observed two main populations. It seems that L is more optimal for the simultaneous
recognition of the N1 and carbonyl group of G on the Hoogsteen edge, probably because L has a

relatively large stacking area and more optimized base-backbone linker. However, the R’ residue,
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with an additional carbon in the base-backbone linker, shows increased flexibility and may result
in the loss of hydrogen bonding and stacking interactions (Figure S1g-i). Thus, we focused on the

R monomer (Scheme 1) in our experimental studies.
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Scheme 1. Chemical synthesis of PNA R monomer.
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Figure 3. Nondenaturing PAGE characterization of triplex formation for model RNA hairpins.
The incubation buffer is 200 mM NaCl, 0.5 mM EDTA, 20 mM HEPES, pH 7.5. (a-c and g)
PAGE characterization and determination of Kq for the binding of dbPNAs to rHP1 having a
Watson-Crick G-C pair opposite to R. (d-f) PAGE characterization for the binding of dbPNA P1-
1R4 to RNA hairpins with a C-G (rHP2), an A-U (rHP3-Cy3), or a U-A (rHP4) base pair opposite
to R. rHP1 shows the strongest binding to P1-R4, suggesting a specific recognition of a G-C pair
by an R residue. All the Cy3-labelled samples were prepared at 50 nM with 0, 0.005, 0.01, 0.02,
0.05,0.1,0.2,0.4,0.7,1, 1.5, 2,5, and 10 uM of PNA in 20 pL of buffer. rHP2 and rHP4 were at
0.25 UM against 0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.4, 1, 1.6, 2, 4, 10, 16, and 20 uM PNA in 25 pL of
buffer.
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The PNA oligomers were obtained by solid phase peptide synthesis (Table S1 and Figure S7).
Nondenaturing PAGE experiments (Figures 3 and S8-S11) were performed to characterize the
binding properties of PNAs incorporated with R residue. Replacement of a single C residue at
position 4 in PNA P1 with R (P1-1R4, Figure 2Kk,) results in a significant enhancement in binding
with the Kq value decreased from 4.9 uM®8 to 0.2 uM at 200 mM NaCl, pH 7.5 (Figure 3, Table
1). Interestingly, P1-R4 has the same binding affinity as that of PNA P5 (Figure 2n) with three L
residues (Figure 3, Table 1). Notably, PNA P1-1R4 shows significantly weakened binding to
rHP3 and no observable binding to rHP2 and rHP4 (Figure 3, Table 1), suggesting that the PNA
residue R is highly specific for the recognition of a G-C pair in rHP1 but not C-G, A-U, and U-A
pairs in rHP2, rHP3, and rHP4, respectively. Furthermore, the fluorescence titration experiments
of P1-1R4 into 2-aminopurine-labelled RNAs (Figures 4 and S12) reveal a Kq value (0.4 + 0.2
UM) in binding to dsRNA1-2AP, which has a similar binding site as rHP1. Importantly, no
appreciable binding is observed for the duplexes with the base pair opposite to the R residue
replaced with a C-G (dsRNA2-2AP), an A-U (dsRNA3-2AP), or a U-A (dsRNA4-2AP) (Figures
4 and S12). Clearly, incorporating guanidinium into a doPNA facilitates specific recognition of a

G-C pair in a dsRNA.
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Table 1. Kq values (in pM) for PNAs binding to model RNA and DNA hairpins obtained by

nondenaturing PAGE.?

rHP1-Cy3 (G-C) rHP2 (C-G) rHP3-Cy3 (A-U) rHP4 (U-A) dHP1 (G-C)
pH 6.0 75 8.0 60 75 80 6.0 75 8.0 6.0 75 80 6.0 75
No Mg  With
Mg2+
PP (0.9+0.2) (2.1+0.4) (5.5+0.9) (27.0453) - (NB) - - (NB) - - (NB) - - (NB)
4.9+1.7
NB
P5® (0.2#0.1) (0.2+0.1) (0.2¢0.1) (0.3¥0.1) - (NB) - - (0.4#0.1) - - (1.9+0.4) - - (>50)
0.2+0.1 0.4+0.1
P1-1IR4 01#01 02401 06+0.1 0.8:0.1 (NB) (NB) (NB) >3 >10 >10  (NB) (NB)  (NB) (NB) (NB)
P5-1R4  0.2+0.1 0301  13:0.2 07201 - - - - - - - - - (NB) (NB)
P5-3R  0.2:01 0301  04#01 05:01 - (NB) - . >2 - - (NB) - (NB) (NB)
rHP1-Cy3 (A-U) rHP5 (C-G) rHP6 (G-C) rHP7 (A-U)
P1-1R5 - NB - - - (NB) - (0.3#0.1) (1L1x0.2) (>3) - (NB)

aIncubation buffer used: 200 mM NacCl, 0.5 MM EDTA, 20 mM MES at pH 6.0 or 200 mM NacCl, 0.5 mM
EDTA, 20 mM HEPES at pH 7.5 with or without 2 mM MgCl,, or 200 mM NaCl, 0.5 mM EDTA, 20 mM
HEPES at pH 8.0. The PAGE experiments were carried out at 4 °C. “-” indicates that the data were not
obtained in this study. “NB” indicates no binding was observed at this condition. "The PNA oligomer
sequences were previously studied.™ ** *® The data shown in parentheses were for the gels done with

unlabelled hairpins at 0.25 uM and with the gels post stained by EtBr. The errors shown are standard errors.

Both PAGE and 2-aminopurine fluorescence titration data reveal that PNAs P1-1R4 and P5-1R4
show no binding to dHP1 (Table 1, Figures 4, S10, and S12e). The dsRNA over dsDNA

selectivity of the dbPNAs are consistent with previously reported results. '3 15 1838 |t js [ikely
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that a dsDNA has a wider and shallower major groove and a larger twist compared to a dSRNA,

resulting in a preferential binding of a PNA to dsRNA over dsDNA.
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Figure 4. Fluorescence titration of R-modified P1-1R4 into 2-aminopurine (2AP) labelled
dsRNAs, a dsDNA, and an ssRNA. (a) Triplex structure of (dSRNA1-2AP)-(P1-1R4). 2AP is
shown as “2” in the triplex. (b-c) Fluorescence titration data. P1-1R4 binding to RNA duplex
dsRNAZ1-2AP results in fluorescence quenching. The G-C pair highlighted in the box of dSRNA1-
2AP (panel a) is replaced with a C-G, an A-U, and a U-A pair, respectively, in dSRNA2-2AP,
dsRNA3-2AP, dsRNA4-2AP. dsDNA1-2AP is a DNA homolog of dsSRNA1-2AP. Titration of P1-
1R4 into the dsSRNAs with (ds-RNA2-2AP, ds-RNA3-2AP, and ds-RNA4-2AP) and the dsDNA1-
2AP results in no significant change in fluorescence intensity. sSRNAL1-2AP fluorescence intensity
is quenched upon duplex formation with P1-1R4 and indicates a 14-fold weaker binding than
dsRNA1-2AP. All the samples were prepared with 1 uM RNA/DNA in the presence of 0, 0.01,
0.02,0.05,0.1,0.2,0.5, 1, 2, 5, 10, and 20 uM of PNA P1-1R4. For binding to ssSRNA1-2AP, two
more high-concentration points (35 and 50 uM) were added. The buffer contains 70 pL of 200
mM NaCl, 0.5 mM EDTA, 20 mM HEPES, pH 7.5. The excitation wavelength is 303 nm. The
measurements were done at room temperature.

Next, we incorporated the R residue at position 5 (P1-1R5) to further characterize the binding
affinity and specificity (Figure 2m). PNA P1-1R5 contains three cytosine residues and may be
expected to have a weakened binding with a relatively strong pH dependence due to the

requirement of the formation of three C*-G-C base triples (Figures 1b and 2m). Indeed, the PAGE
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data show that PNA P1-R5 binds to the target rHP6 (Figure 2f) with a Kq of 1.1 + 0.2 uM at 200
mM NaCl, pH 7.5 (Figures S9c and S110). Again, P1-1R5 shows no observable binding to the
hairpins with the corresponding G-C pair in rHP6 replaced with a C-G (rHP5), an A-U (rHP1-
Cy3), or a U-A (rHP7) (Figure S9). Taken together, our data show that dbPNAs having a single

R residue bind to dsRNAs highly sequence specifically.

Effects of sequence context, pH, and salt on PNA-RNA: triplex formation

PNA P1 contains three C residues and shows a significantly weakened binding (> 20 uM, Table
1, Figure S8) at 200 mM NaCl, pH 8.0. Surprisingly, both P1-1R4 (containing two C residues)
and P1-1R5 (containing three C residues) show a reduced pH dependence compared to P1 in
binding to target dsSRNAs (Table 1, Figures S8 and S9). Thus, incorporating R immediately next
to C as present in P1-1R5 may be compatible for triplex formation. It is likely that C* and R*
(guanidinium) have coupled stacking and hydrogen bonding interactions within a triplex structure,
compensating for the expected charge-charge repulsion. The delocalized positive charges in R*

and C* may also reduce charge-charge repulsion.

Interestingly, P5-1R4 and P5-3R show similar binding strength compared to P1-1R4 and P5 at
various pH’s (Table 1, Figures 3, S8 and S11). It is possible that L and R residues at or near the
terminal ends of a PNA show a relatively reduced stabilization in binding to a dsSRNA.** Addition
of 2 mM MgCl> moderately weakens the binding of P5-1R4 and P5-3R, suggesting that R residues
stabilize the binding mainly through hydrogen bonding and stacking interactions (Figures 1f,g,k,I

and S1f), but not nonspecific electrostatic interactions.
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Incorporation of PNA R residues stabilizes and destabilizes PNA-RNA: triplex and PNA-

RNA duplex, respectively

We further tested the binding of an R-modified PNA to a sSRNA. Our 2-aminopurine fluorescence
titration data indicate that P1-1R4 shows binding to SSRNA1-2AP with a Kq of 5.6 £ 1.5 uM, which
is significantly weaker than that for binding to dsRNA1-2AP (0.4 £ 0.2 uM) (Figures 4 and
S12a,f). The dsRNA over ssSRNA binding selectivity revealed by fluorescence titration is further
corroborated with thermal melting experiments. The UV-absorbance detected thermal melting data
show that P1-1R4 can form parallel and antiparallel duplexes with complementary sSRNAs (rHP1-
ss-p and rHP1-ss-ap) with melting temperatures of 39.9 and 34.8 °C, respectively, which are
comparatively lower than the duplexes formed by PNA P1 (44.2 and 48.5 °C) (Figures 2 and 7).13
Importantly, P5-1R4 shows no melting transitions for both rHP1-ss-p and rHP1-ss-ap as compared
to the melting temperature for P5 with rHP1-ss-p (31.5 °C) and rHP1-ss-ap (34.4 °C) (Figures 2
and Figure 7).12 The data suggest that, compared to an L-modified PNA, an R-modified PNA is
more unfavorable in binding to ssRNAs. Presumably, destabilization of PNA-RNA duplex
formation results from an unfavorable Watson-Crick-like R-G pair (Figure 1h), similar to an
unstable Watson-Crick-like L-G pair (Figure S1c).*! % Taken together, our data clear show that

incorporating R residues into PNAs facilitates structure specific binding to dsSRNAs over ssSRNAs.
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Figure 5. Nondenaturing PAGE characterization of PNAs binding to HIV-1 frameshift-inducing
RNA (HIV-HP). The incubation buffer is 0.5 mM EDTA, 20 mM HEPES, pH 7.5, with 200 mM
NaCl or 10 mM NacCl. (a-f) Sequences and structures of HIV-HP, PNAs, and HIV-HP-L4-RTTR
triplex. (g-J) PAGE characterization for the binding of PNAs L4-RR, L4-RTTR, and L4-CTTC to
HIV-HP. All the samples were prepared with 0.25 uM RNA (25 pL) with varied concentration of
PNA (0, 0.01, 0.02, 0.05, 0.1, 0.2,0.4, 1, 1.6, 2, 4, 10, 16, and 20 pM, in lanes from left to right).
Reducing the NaCl concentration from 200 mM to 10 mM results in a slight enhancement in
binding for L4-RTTR (panels h and i), suggesting that the two R residues recognize G-C pairs
with specific hydrogen bonding and stacking but not nonspecific ionic interactions.

Binding to HIV-1 minus-one ribosomal frameshift inducing RNA hairpin and influenza viral

panhandle structure by dbPNAs containing multiple R residues

We tested the application of R- and L-modified doPNAs for targeting HIV-1 frameshift site RNA
hairpin’® " and influenza viral panhandle structure (PH-v).>> 7% We made a series of R-
containing PNAs targeting HIV-1 frameshift stimulatory RNA hairpin (HIV-HP, Figure 5). Our
previous work shows that a 6-mer PNA L4 binds to HIV-HP with a Kq of 0.3 £ 0.1 uM (at 200
mM NaCl, pH 7.5).%8 Incorporating two non-consecutive R residues (L4-RTTR) into L4 does not

affect the binding significantly (Kq = 0.6 £ 0.1 pM). Reducing the NaCl concentration from 200
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mM to 10 mM results in a Kg of 0.4 uM for L4-RTTR (Figure 5), further suggesting that an R-
modified PNA binds to a dsSRNA through hydrogen bonding and stacking but not nonspecific ionic
interactions. However, replacing the two R residues with C residues (L4-CTTC) results in no
binding at both 200 mM and 10 mM NaCl (Figures 5 and S11), suggesting the stabilizing effect
of R residues. Interestingly, incorporating two consecutive R residues into L4 (L4-RR) causes no
binding to HIV-HP at both 200 mM and 10 mM NaCl (Figures 5 and S11), which suggests that
consecutive R residues are not favorable for PNA-dsRNA triplex formation, presumably due to
the unfavorable stacking of consecutive R residues. We speculate that the stacking pattern
restricted by the helical structure of a PNA-dsRNA triplex does not allow the favorable self-
stacking geometry of two guanidinium as observed in other systems.?® Thus, R residues may be
incorporated into PNAs immediately adjacent to T, C, and L but not another R for enhanced

recognition of G-C pairs in dsSRNAs.

Influenza A viruses contain eight viral RNA (VRNA) segments with highly conserved panhandle
duplex structure formed between the first 13 nucleotides at the 5’ end and the last 12 nucleotides
at the 3’ end.> "*"® A 10-mer dbPNA IR-1 binds to PH-v with a Kq of 0.3 uM at 200 mM NacCl,
pH 7.5.5° % We replaced one and three L residues in IR-1 with R to obtain IR-1R and IR-3R,
respectively (Figure 6). The PAGE data show that IR-1R and IR-3R bind to a Cy3-labelled PH-v
(PH-v-Cy3) with Kq values of 0.2 + 0.1 and 0.3 + 0.1 uM, respectively (Figure 6j,k). Notably, the
Kq values of the dbPNAs are similar to that of an 11-mer antisense PNA (asPNA) (IR-ASP, Kq =
0.5+ 0.1 uM, Figure 6l). However, asPNA IR-ASP binds to the single-stranded segment PH-v-ss
with a thermal melting temperature of 59.0 °C (Figure 7). Importantly, the thermal melting data

show that IR-1R and IR-3R do not form a duplex with PH-v-ss (Figure 7). Thus, compared to
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asPNAs, dbPNAs are more advantageous in sequence- and structure-specific recognition of
dsRNAs over ssRNAs. Clearly, the newly developed PNA R residue can be compatible with T, C,

L, and Q residues in dbPNAs for selectively targeting dsSRNAs over sSRNAs.
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Figure 6. Nondenaturing PAGE characterization of the binding of dbPNAs and an asPNA to
influenza viral panhandle structure. The incubation buffer is 200 mM NaCl, 0.5 mM EDTA, 20
mM HEPES, pH 7.5. (a,b) Influenza panhandle viral RNA duplex (PH-v) and ssRNA segment of
PH-v (PH-v-ss). The underlined U residue in PH-v is replaced with Cy3 dye to have PH-v-Cya3.
(c-f) dbPNAs IR-1, IR-1R, IR-3R and asPNA IR-ASP designed for targeting PH-v. (g and i) A
stable PH-v-IR-3R triplex and an unstable (PH-v-ss)-(IR-3R) duplex. PH-v but not the sSRNA
segment of PH-v (PH-v-ss) is targeted by dbPNAs IR-1R and IR-3R. (h) A duplex invasion
complex formed between PH-v and IR-ASP. (j-1) nondenaturing PAGE characterization. The
dbPNAs IR-1R and IR-3R with L residues replaced with R at one or more positions show a similar
binding affinity to PH-v-Cy3. % The 10-mer dbPNAs IR-1R and IR-3R show a stronger binding
affinity than the unmodified 11-mer asPNA IR-ASP. The Cy3-labelled RNA is at 50 nM (20 pL)
with varied concentration of PNA (0, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2,0.4,0.7, 1, 1.5, 2, 5, and 10
UM of PNA in lanes from left to right).
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Figure 7. Thermal melting results for potential PNA-RNA duplexes. The heating curves are
shown. The melting temperatures are shown for the curves with melting transitions. The sSRNAs
and PNAs were at 5 uM (130 pL). The buffer is 200 mM NaCl, 0.5 mM EDTA, 20 mM NaH2PO4,
pH 7.5. (a) Thermal melting results for control PNAs P1 and P5 with rHP1-ss-p and rHP1-ss-ap.
Compared to unmodified P1, P5 contains L residues and shows reduced binding to ssRNAs,
consistent with our previous work.!! (b) Thermal melting results for R-modified PNAs and an
asPNA IR-ASP. Incorporation of PNA R residues causes destabilization of PNA-RNA duplexes,
due to unfavorable Watson-Crick-like base pairing, which is similar to PNA L and Q residues (see
Figures 1h and Slc,d).

Cellular uptake of an R-modified PNA

It is known that incorporation of the guanidinium moiety facilitates enhanced cellular uptake of
various cargos including PNAs.13 23 3849 We attached carboxyfluorescein to PNAs P1 (Hz2N-Lys-
TCTCTTTC-CONHy,) and P5-3R (H2N-Lys-TRTRTTTR-CONH_) to obtain P1-CF and P5-3R-
CF, respectively (Table S1), to assess how incorporation of R residues may affect cellular
permeability. We incubated Sf9 cells with carboxyfluorescein-labelled P5-3R-CF and P1-CF for
12 hours. Interestingly, we observed fluorescence signal for P5-3R-CF mainly in cytoplasm
(Figure 8a,b,e,f), although it is known that the fixation of the cells may perturb the cellular

localization of the PNA. However, no significant fluorescence signal was observed for the cells
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treated with P1-CF (Figure 8c,d,g,h), consistent with the fact that unmodified PNAs are not taken
up by cells. P5-3R-CF is a derivative of P1-CF with the C residues replaced with R. Thus,

incorporating R residues improves cell permeability.

Figure 8. Cell uptake study of an R-modified PNA. Confocal microscopy images shown are for
Sf9 cells treated with 2 uM (a, b, e, f) R-modified PNA P5-3R-CF (CF-H:N-Lys-TCTCTTTC-
CONHz) and (c, d, g, h) control PNA P1-CF (CF-H2N-Lys-TRTRTTTR-CONH,). CF:
caryboxyfluorescein. (a, ¢) Carboxyfluorescein imaging. Ex, 492nm; Em, 517nm. (b, d) Bright
field imaging. (e, g) DAPI imaging. Ex, 358nm; Em, 461nm. (f, h) Merged images. Scale bar: 20
pm.

Our previous work shows that incorporating multiple Q but not L residues may not improve
cellular permeability,* > although both Q and L have a guanidine moiety (Figure 1). It is possible
that, compared to PNA residue L, which has the guanidine moiety within an aromatic base, Q and
R have a positive charge and more optimal flexibility.'® 3% 4% 47. 49 Both positive charges and

optimal flexibility are critical for facilitating tight binding with the cell surface counter anions
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(such as phosphate and sulfate groups present on cell membrane) for initiating cellular uptake.**
44,49 Taken together, our results suggest that one may incorporate multiple R and/or Q residues

into dbPNAs for an improved cellular permeability.

CONCLUSIONS

In summary, we have developed a simple guanidinium-based PNA residue R for the specific
recognition of Watson-Crick G-C base pairs in RNA duplexes at physiological pH conditions. The
synthetic scheme for the PNA R monomer involves a few facile and simple steps, which is
advantageous compared to our previously developed PNA L monomer.!! Our study exemplifies
the potential broad scope of the newly developed R-modified doPNAs in the sequence and
structure specific targeting of dSRNAs over ssRNAs and dsSDNAs. To the best of our knowledge,
it is the first report on incorporating a simple guanidinium into a PNA scaffold as a pairing and
stacking partner for the recognition of RNA G-C pairs. In addition, our doPNAs are uniquely
positioned on the major groove for molecular recognition. Our work shows that incorporating
nonconsecutive R residues into our doPNA platform containing other modified L and Q residues
facilitates the pairing of R with G on the Hoogsteen edge (Figure 1f,g,k,l) and avoids other
potential pairing geometries with any other natural bases including C on the Watson-Crick face
with two hydrogen bond acceptors.?” 28 & The presence of guanidinium group in single-stranded
PNAs also serves to improve the cellular uptake (Figure 8), with potentially improved solubility
and bioactivity. It is possible that one may combine multiple R and/or Q2 residues together with
other cell penetrating moiety such as neamine® for further improved cellular uptake and activities

of dbPNAs.
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