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ABSTRACT

RNA duplex regions are often involved in tertiary
interactions and protein binding and thus there is
great potential in developing ligands that sequence-
specifically bind to RNA duplexes. We have devel-
oped a convenient synthesis method for a mod-
ified peptide nucleic acid (PNA) monomer with
a guanidine-modified 5-methyl cytosine base. We
demonstrated by gel electrophoresis, fluorescence
and thermal melting experiments that short PNAs
incorporating the modified residue show high bind-
ing affinity and sequence specificity in the recog-
nition of an RNA duplex containing an internal in-
verted Watson-Crick C-G base pair. Remarkably, the
relatively short PNAs show no appreciable binding
to DNA duplexes or single-stranded RNAs. The at-
tached guanidine group stabilizes the base triple
through hydrogen bonding with the G base in a C-
G pair. Selective binding towards an RNA duplex
over a single-stranded RNA can be rationalized by
the fact that alkylation of the amine of a 5-methyl C
base blocks the Watson—-Crick edge. PNAs incorpo-
rating multiple guanidine-modified cytosine residues
are able to enter HelLa cells without any transfection
agent.

INTRODUCTION

Ribonucleic acids (RNAs) are crucial to all life, playing im-
portant roles in numerous biological functions including
protein coding, catalysis, and gene regulation for example.
Various RNA-based therapeutic approaches have been in-
vestigated to regulate disease-causing interactions and bi-
ological functions involving RNA. To this end, many at-

tempts have been reported on the development of small
molecule ligands for probing and targeting non-Watson—
Crick paired regions in RNA (1,2). Targeting RNA struc-
tures with small molecules, however, might still be chal-
lenging due to the limited surface contact area and the
presence of nonspecific interactions. Short oligonucleotides
have seen a wide range of applications including the tra-
ditional antisense therapeutics and microarray technolo-
gies that act through the formation of Watson—Crick du-
plexes with the RNA targets (3—6). Chemically modified
DNA/RNA oligonucleotides and artificial nucleic acids
have been developed to enhance the binding affinity and se-
quence specificity of duplex formation. The strategy of us-
ing oligonucleotides to target RNA through duplex forma-
tion, however, may be limited to the unstructured or par-
tially structured regions of RNA. The structured regions
in the RNA targets may significantly slow down the bind-
ing kinetics and weaken the binding strength of oligonu-
cleotides (7).

Alternatively, through the formation of a highly sequence
specific triplex structure, an oligonucleotide may bind to
an RNA duplex without disrupting the pre-existing struc-
ture of the RNA target (8§-10). For example, even though
the major groove is relatively deep and narrow, an RNA
double helix can accommodate a third strand in the major
groove to form a modestly stable triplex (11-13). In a major-
groove triplex, the pyrimidine bases in the third strand rec-
ognize the sequence of the purine strand of the double heli-
cal RNA by Hoogsteen hydrogen bonding, forming U-A-U
or T-A-U and C*-G-C base triples (Figure 1A and B) (8-
10). Chemically modified triplex-forming oligonucleotides
(TFOs) and peptide nucleic acids (PNAs) are promising in
enhancing the recognition of the structured RNAs through
TFO-RNA, and PNA-RNA, triplex formation, respec-
tively (9,10). Compared to TFOs, which typically have a
negatively charged phosphate backbone, PNAs have a neu-
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Figure 1. Chemical structures of (A) T-A-U, (B) C*-G-C, (C) L-G-C and (D) Q-C-G major-groove base triples, and (E) unstable Watson—Crick-like L-G
and (F) unstable Watson—Crick-like Q-G pairs. The letter R represents the sugar-phosphate backbone of RNA. The hydrogen bonds are indicated by black
dashed lines. A relatively low pH is needed to protonate C to form the C*-G-C triple (panel B). The enhanced van der Waals interaction between the sulfur
atom in L base and H8 in G base (panel C) is indicated by a green dashed line. The 5-methyl group in Q base (panels D and F) may repel the two-carbon
linker away and favor the Q-C-G base triple formation, but destabilize a Watson—Crick-like Q-G pair (panel F) due to the steric clash caused by the linker.

tral and chemically stable backbone (14), which facilitates
enhanced sequence specific recognition of RNA duplexes.
Through the incorporation of modified bases, it is pos-
sible to develop PNAs that selectively bind to the duplex
over the single-stranded regions of RNA (9,15-20). For ex-
ample, we have shown previously (15) that PNAs incorpo-
rating a modified neutral base thio-pseudoisocytosine (L)
(Figure 1C) can recognize a Watson—Crick G-C pair in
an RNA duplex by forming a Hoogsteen L-G pair with
improved stability and minimized pH dependence com-
pared to a Hoogsteen C*-G pair (Figure 1B). The enhanced
Hoogsteen L-G pair formation is presumably due to im-
proved van der Waals interaction between the thio group
in L and H8 in G, as well as base stacking and hydro-
gen bonding interactions (9,13,15). PNAs incorporating L-
modified residues show selective binding to RNA duplexes
over single-stranded RNAs, because a Watson—Crick-like
G-L pair (Figure 1E) is destabilized compared to a Watson—
Crick G-C pair due to the steric clash between the rela-
tively bulky thio group in L and the amino group in G.
Furthermore, PNAs show enhanced binding to RNA du-
plexes over DNA duplexes (9,15-20). Thus, triplex-forming

PNAs may become useful therapeutic agents that not only
allow the stabilization of desired RNA duplexes, but also
inhibit undesired tertiary interactions and protein binding
(8,9,21,22). Compared to small molecule binders, triplex-
forming PNAs are programmable and can, in principle, rec-
ognize any sequence of RNA duplex structures.

A purine tract in one of the two strands of an RNA du-
plex (see Figure 2A and C for example) is needed for a stan-
dard pyrimidine motif major-groove triplex. In a pyrimidine
motif major-groove PNA-RNA, triplex, the PNA strand is
parallel to the purine strand in the RNA duplex, i.e. the N-
terminus of PNA is aligned with the 5" end of the purine
strand of RNA duplex (Figure 2G). However, in natural
RNA duplexes, the purine tract in one of the two strands
is often interrupted by pyrimidine residues, resulting in the
formation of inverted Watson—-Crick C-G and U-A pairs
(pyrimidine-purine inversions) (see Figure 2B and D for
hairpin structures with the pyrimidine—purine inversions
highlighted). Pyrimidine—purine inversions are present in
many functional structured RNAs such as pre-microRNAs
and the HIV-1 -1 ribosomal frameshift-inducing hairpin
(Figure 2R), which are important therapeutic targets (2,23).
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Figure 2. DNA and RNA hairpins and PNAs studied in this paper. Binding specificities were studied between the RNA/DNA base pairs and PNA
residues highlighted with boxes. (A-D) Model RNA hairpins rHP1, rtHP2, rHP3 and rHP4. (E and F) Model DNA hairpins dHP1 and dHP2. (G) A model
PNA-RNA; triplex formed between PNA P3 and rHP2. (H-L) PNAs tested for binding to hairpins shown in panels A-F. (M-Q) Model RNA hairpins
and PNA P6 used for studying triplex formation. (R-U) HIV-1 frameshift-inducing hairpin and PNAs for testing the triplex formation.

Previously designed PNAs with modified nucleobases, such
as 5-methylisocytosine (iC), 2-pyrimidinone (P), and 3-oxo-
2,3-dihydropyridazine (E) show improvement in the bind-
ing affinity and selectivity toward the RNA duplexes with
pyrimidine—purine inversions (16,17,20). As observed in
protein recognition of nucleic acid duplexes (24), the subop-
timal binding affinity and selectivity of the reported triplex-
forming PNAs are likely due to the fact that the C and U

bases, which have only one functional group in the major
groove of a duplex, are involved in hydrogen bonding inter-
actions for the triplex formation.

Extensive research has been done to design and syn-
thesize TFOs with modified nucleobases to enhance the
recognition of C-G inversions in DNA duplexes (25-28).
A guanidine functionalized C base, N*-(2-guanidoethyl)-
S5-methylcytosine (27) has been previously incorporated
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into relatively long TFOs (17-mer) with 2’-O-methyl (2'-
OMe) and 2'-O-aminoethoxy (2’-AE) RNA backbones
for TFO-DNA,; triplex formation. Here, we developed
a synthetic route based on previously reported meth-
ods (14,27,29,30) for a novel PNA monomer containing
the modified C base, N*-(2-guanidoethyl)-5-methylcytosine
(abbreviated as Q in Figure 1D). We studied the bind-
ing of Q-modified short (7-mer or 8-mer) PNAs to RNA
and DNA duplexes and single-stranded RNAs by gel elec-
trophoresis, fluorescence, and thermal melting methods.

MATERIALS AND METHODS
General methods

Reagents and solvents used were obtained from commer-
cial sources and used without further purification. All
organic reactions were monitored with the use of thin-
layer chromatography (TLC) using aluminum sheets sil-
ica gel 60 F254 (Merck). Compounds were purified by
flash column chromatography using silica gel with ethyl
acetate/petroleum ether mixture as the eluting solvent. All
'H and 3C NMR spectra were obtained at room tem-
perature on 300 MHz, 400 MHz (100 MHz, '3C) and
500 MHz Bruker spectrometers. The chemical shifts (3)
are shown in parts per million (ppm). The residual sol-
vent peaks were used as references for the 'H (chloroform-
d: & 7.24; dimethyl sulfoxide-d¢: & 2.50; methanol-ds:
3.31) and 3C (chloroform-d: §77.0; dimethyl sulfoxide-ds:
8 39.5; methanol-d4: 8 49.1) NMR spectra. Mass spectra of
the compounds were obtained via liquid-chromatography-
mass spectroscopy fitted with electrospray ionization source
(LCMS-ESI) and high-resolution mass spectrometry (elec-
tron ionization) (HRMS-EI). Reverse-phase high perfor-
mance liquid chromatography (RP-HPLC) purified RNA
and DNA oligonucleotides were purchased from Sigma-
Aldrich Singapore.

Synthesis of PNA monomer Q

The detailed synthesis procedures for the PNA monomer Q
are shown in Supplementary Material. The PNA monomer
Q was synthesized from a series of reactions shown in
Scheme 1 based on the previously reported methods
(14,27,29,30). Thymine was first reacted with ethyl bro-
moacetate in the presence of potassium carbonate to yield
compound 2. The C* carbonyl group in 2 was activated
to form the triazole derivative 3 through the reaction with
1,2,4-triazole and phosphorous oxychloride. Reaction of 3
with N-Boc-ethylenediamine subjected to the intermediate
4. Upon deprotection of the boc protecting group using
50% TFA in DCM, the guanidine functional group was at-
tached to the free amine to yield 5. Hydrolysis of the ethyl
group at N' position using aqueous lithium hydroxide and
hydrochloric acid yielded 6, after which it was reacted with
PNA backbone ethyl N-(2-Boc-aminoethyl)glycinate in the
presence of EDC-HCI and DIPEA to give 7. Finally, hy-
drolysis of the ester group on the PNA backbone gave the
desired PNA monomer 8.

Synthesis of PNA oligomers

The PNA (aegPNA) monomers were purchased from
ASM Research Chemicals. PNA monomer L was syn-
thesized following the reported method (15). PNA
oligomers were synthesized manually using Boc chem-
istry via a Solid-Phase Peptide Synthesis protocol.
4-Methylbenzhydrylamine hydrochloride (MBHA-HCI)
polystyrene resins were used. The loading value used for
the synthesis of the oligomers was 0.35 mmol/g and acetic
anhydride was used as the capping reagent. (Benzotriazol-
1-yloxy)tripyrrolidinophosphonium hexafluorophosphate
(PyBOP) and N, N-diisopropylethylamine (DIPEA) were
used as the coupling reagent. The oligomerization of
PNA was monitored by Kaiser Test. Cleavage of the
PNA oligomers was done using trifluoroacetic acid (TFA)
and trifluoromethanesulfonic acid (TFMSA) method,
after which the oligomers were precipitated with diethyl
ether, dissolved in water and purified by reverse phase-
high-performance liquid chromatography (RP-HPLC)
using water—ACN-0.1% TFA as the mobile phase. For
the PNAs containing Cy3 dye, the PNAs were first func-
tionalized with an alkyne group through the addition of
a propargyl glycine unit at the N-terminus. The PNAs
were then subsequently reacted with an azide-containing
Cy3 fluorescent dye via copper-catalyzed click chemistry
(31). Matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF) analysis was used to characterize the
oligomers, with the use of a-cyano-4-hydroxycinnamic acid
(CHCA) as the sample crystallization matrix.

Non-denaturing polyacrylamide gel electrophoresis

Non-denaturing (12%) polyacrylamide gel electrophoresis
(PAGE) experiments were conducted with incubation buffer
containing 200 mM NaCl, 0.5 mM EDTA, 20 mM MES
(pH 6.0), or 200 mM NacCl, 0.5 mM EDTA, 20 mM HEPES
(pH 7.5), with and without 2 mM MgCl,, or 200 mM NaCl,
0.5mM EDTA, 20 mM HEPES (pH 8.0). The loading vol-
ume for each sample was 10 or 20 p.l. The samples were pre-
pared by snap cooling of the hairpin, followed by annealing
with PNA oligomers by slow cooling from 65°C to room
temperature and incubation at 4°C overnight. Prior to load-
ing the samples into the wells, 35% glycerol (20% of the total
volume) was added to the sample mixtures. 1 x Tris—borate—
EDTA (TBE) buffer, pH 8.3 was used as the running buffer
for all gel experiments. The gel was run at 4°C at 250 V for
5 h. The gels were then stained with ethidium bromide and
imaged by the Typhoon Trio Variable Mode Imager.

Fluorescence binding study

Fluorescence emission spectra were recorded on a Varian
Cary Eclipse fluorescence spectrophotometer at room tem-
perature using a 1 cm square cuvette. All samples contain 1
wM 2-aminopurine-labeled single-stranded RNA (ssRNA)
or double-stranded RNA (dsRNA) in 70 wl of incubation
buffer. The PNA concentration ranges from 0.2 to 50 uM.
The incubation buffer is 200 mM NaCl, 0.5 mM EDTA, 20
mM HEPES, pH 7.5 or pH 8.0. The samples containing the
RNA duplex and PNA were prepared by slow cooling of
the RNA duplex from 95°C to room temperature, followed



Nucleic Acids Research, 2016, Vol. 44, No. 19 9075

N A H
o -\ /\/NHBoc N NCbz
o (N N HN N>~ Y
. NH . N . NHCbz
NH i | 1 ii SN iii | N iv N
l A N0 | A | A
N0 Lo N"So NNo
H N L
COOEt COOEt L
COOEt COOEt
1 2 3 4 5
H H
NCbz NCbz
H N N
N _NCbz Tiaadd N>~ Y
HN NHCbz NHCbz
v NHCbz vi SN vii SN
E— SN — | /& — | /g
PN N"So N"o
't (¢ o ﬁ) o ﬁ)
COOH
BocHN~~N < COOE BocHN~~ N« COOH
6 8

Scheme 1. Synthesis of PNA Q monomer: (i) ethyl bromoacetate, K,CO3, dry DMF, rt., overnight. (ii) 1,2,4-triazole, POCls, TEA, dry ACN/DCM, 0°C
to rt., 21 h (30). (iii) -Butyl (2-aminoethyl)carbamate, K,CO3, ACN, rt., 20 h (27). (iv) 50% TFA in DCM, 1| h, TEA, diCbz-protected 1-guanyl pyrazole
(27,29). (v) aq. 1 M LiOH, THF, 2 M HCI, 0°C to rt., 0.5 h. (vi) Ethyl N-(2-Boc-aminoethyl)glycinate, EDC-HC]I, DIPEA, rt., 12 h. vii) aq 1 M LiOH,

THF, 2 M HCI, 0°C to rt., 0.5 h.

by annealing with PNA oligomers at room temperature for
1-2 h and incubation at 4°C overnight. The samples con-
taining the single-stranded RNA and PNA were annealed
by slow cooling from 95°C to room temperature, followed
by incubation at 4°C overnight. The emission spectra of
2-aminopurine were measured over a wavelength range of
330-550 nm with an excitation wavelength of 303 nm.

Thermal melting

UV-absorbance-detected thermal melting experiments were
conducted using the Shimadzu UV-2550 UV-Vis spec-
trophotometer with the use of an 8-microcell cuvette. The
absorbance at 260 nm was recorded with the temperature
increasing from 15 to 95°C followed by the temperature de-
creasing from 95 to 15°C. The temperature ramp rate is
0.5°C/min. The optical path length of the 8-microcell cu-
vette is 1 cm. All samples contain 5 pM RNA with and
without 5 wM PNA in 130 pl buffer. The buffer is 200 mM
NacCl, 0.5 mM EDTA, 20 mM NaH,POy, pH 7.5. The sam-
ples containing the single-stranded RNA and PNA were an-
nealed by slow cooling from 95°C to room temperature, fol-
lowed by incubation at 4°C overnight. Data were normal-
ized at high temperature and the melting temperatures were
determined based on the Gaussian fit of the first derivative
of the curves.

Confocal microscopy studies

HelLa cells were seeded on cover slides in 6-well plates at a
density of 1 x 10> per well and grown in DMEM medium
at 37°C for 24 h. Then, the cells were treated with different
PNA samples, respectively, for 24 h. The medium was re-
moved and the slides were washed with PBS buffer for three
times. Then the cells were fixed with 4.0% formaldehyde at
4°C for 15 min. Finally, the cells on cover slides were fixed
and observed.

RESULTS AND DISCUSSION

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

The PNA monomer Q was synthesized based on previously
reported methods (Scheme 1) (14,27,29,30) with the de-
tailed procedures shown in Supplementary Material (Sup-
plementary Figures S1-S7). All the PNAs were purified
by RP-HPLC and characterized by MALDI-TOF (Supple-
mentary Table S1 and Figure S8). We carried out 12% non-
denaturing PAGE experiments (Figure 3, Supplementary
Figures S9-S15) to determine the binding affinity of a se-
ries of short (7-mer or 8-mer) PNAs towards various RNA
and DNA hairpins (Figure 2, Table 1).

The guanidine group in the Q monomer, incorporated
via a two-carbon linker, is predicted to form two hydrogen
bonds with the G base in a C-G pair (Figure 1D) (27,28).
Thus, the incorporation of Q residues into triplex-forming
PNAs may improve the binding affinity and sequence speci-
ficity to an RNA duplex with an inverted Watson—Crick
C-G pair (Figure 2B and G). To enhance the PNA-RNA,
triplex formation at near-physiological conditions, we in-
corporated a previously developed PNA monomer thio-
pseudoisocytosine (L) (Figure 1C) (15) into a series of short
PNAs (Figure 2J-L).

The non-denaturing PAGE result suggests that PNA P3
(NH;-Lys-TLTQTTTL-CONHp,, see Figure 2J), which has
both Q and L modifications, binds to rHP2 (K4 = 4.7 + 0.6
M) to form a PNA-RNA, triplex (Figure 2B and G) in a
near physiological buffer (200 mM NaCl, pH 7.5) (Figure
3B, Table 1). Remarkably, PNA P3 shows no or weak bind-
ing to other RNA hairpins with one C-G pair replaced by
G-C (rHP1), A-U (rHP3) or U-A (rHP4) (Figures 2 and 3,
Table 1, Supplementary Figures S9 and S13). In addition,
PNA P3 does not show binding to the DNA hairpins with
the sequence homologous to rHP2 (dHP2) or rHP1 (dHP1)
(Figures 2 and 3, Table 1, Supplementary Figure S13), pre-
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A rHP1 + P3 (No binding) B rHP2 + P3 (K, = 4.7 + 0.6 uM)

A

Figure 3. Non-denaturing PAGE (12%) with running buffer of 1x TBE, pH 8.3 for 5 h at 250 V. The incubation buffer is 200 mM NaCl, 0.5 mM EDTA,
20 mM HEPES, pH 7.5. The loaded RNA hairpins (rHP1, rtHP2, rHP3, rHP4, rHP5, rHP6, rHP7 and HIV-HP) and DNA hairpins ({HP1 and dHP2)
are at | wM in 20 pl and 10 pl, respectively. The PNA concentrations in lanes from left to right are 0, 0.2, 0.4, 1, 1.6, 2, 4, 10, 16, 20, 28 and 50 p.M,
respectively. (A-D) PNA P3 shows binding to rHP2 with a K4 value of (4.7 & 0.6) .M but no or weak binding to rHP1, rHP3, and rHP4. (E and F) PNA
P3 shows no binding to dHP1 or dHP2. (G-J) PNA P6 shows binding to rHPS with a Ky value of (1.6 & 0.2) uM but no or weak binding to rHP1, rHP6,
and rHP7. (K and L) P7 (NH;-Lys-LLTTLLQ-CONH;) and P9 (NH,-Lys-LLLTTLLQ-CONH,) bind to HIV-HP with Ky values of 1.7 0.7 and 2.4 £+
1.0 wM, respectively.

Table 1. Ky (M) values for PNA binding to complementary and non-complementary RNA and DNA hairpins obtained by non-denaturing PAGE?

rHP1 (G-C) rHP2 (C-G) rHP3 (A-U) rHP4 (U-A) dHPI (G-C) dHP2 (C-G)
pH7.5 pH6.0 pHS.0 Mgt pH7.5 pH6.0 pHS.0 Mgt pH7.5 pH7.5 pH7.5 pH7.5

Pl 51+1.1 0.9+0.2 =200 55409 NBP - - - NBP NBP NBP NB
534130

P2 NB NB - NB NB NB - NB NB NB NB NB

P3(Q) NB NB - NB 4706 12402 88+ 1.4 71422 >50 NB NB NB

P4 32407 - - - >50 >50 - >50 NB NB NB NB

P5 (L) 0.2%0.1 0.240.1 0.340.1 0.240.1 NB - - - 0.4+0.1 1.9+04 =50 NB
1.7+0.6° 3.8+ 1.9° NBP 122438 >500 >500

2A total of four incubation buffers used: pH7.5 (200 mM NacCl, 0.5 mM EDTA, 20 mM HEPES, pH 7.5), pH 6.0 (200 mM NacCl, 0.5 mM EDTA, 20 mM MES, pH 6.0), pH8.0 (200 mM NaCl, 0.5 mM
EDTA, 20 mM HEPES, pH 8.0), and Mg?* (200 mM NaCl, 0.5 mM EDTA, 20 mM HEPES, 2 mM MgCl, pH 7.5). “ represents that the data were not measured. ‘NB’ indicates that no binding was
observed.

bData from a previous study (15). In this study, for the gels with PS5, the RNA/DNA hairpin concentrations are 0.25 wM (instead of 1 wM as done previously (15)) and the PNA concentrations are 0, 0.02,
0.05,0.1,0.15,0.2,0.4, 1, 2,4, 10, 20 and 50 wM. The conditions for the other gels can be found in Figure 3 caption. We observed tighter binding for P5 in this study compared to the previous study (15).

sumably because the major groove of a DNA duplex is not
structurally compatible for short PNA binding. The selec-
tive binding of PNA P3 to dsRNA over dsDNA observed
here is consistent with previous non-denaturing PAGE and
isothermal titration calorimetry (ITC) studies (15,18,19).
Thus, the Q residue in a PNA is highly sequence specific
in forming an internal Q-C-G base triple in a PNA-RNA,
triplex.

Our non-denaturing PAGE data reveal that substitution
of the single Q residue in P3 with a C residue (P4, NH,-Lys-
TLTCTTTL-CONH;, see Figure 2K) results in weak bind-
ing (Kq > 50 pM) to rHP2 (Table 1, Supplementary Figure
S11), suggesting the guanidine group in the Q residue is crit-
ical for the recognition of the C-G pair in rtHP2. We note
that the guanidine group of arginine is often utilized in pro-
teins for the sequence specific recognition of the Hoogsteen



edge of a G base with two hydrogen bond acceptors (car-
bonyl and N7, Figure 1D) (24,32), and have been utilized
in modified nucleic acids to enhance the recognition of the
Hoogsteen edge of a G base (25,26).

We carried fluorescence titration studies to confirm the
binding affinities for the PNA-RNA, triplex formation. We
incorporated a fluorescent 2-aminopurine residue into dsR-
NAs (Figures 4 and 5) for the fluorescence measurements.
The fluorescence intensity of 2-aminopurine is known to be
sensitive to its local structural environment (33-35). For ex-
ample, base stacking interactions cause 2-aminopurine fluo-
rescence to be quenched. We observed that the fluorescence
of 2-aminopurine of the dsSRNA (dsRNA2-2AP, Figure 4B)
is quenched upon the addition of the complementary PNA
P3 (Figure 5C and D). The quenching is presumably due
to the fact, upon the triplex formation, the 2-aminopurine
base experiences enhanced base stacking interactions with
the adjacent base triple.

The fluorescence signal facilitates the extraction of bind-
ing affinities in solution. Consistent with our PAGE stud-
ies, the fluorescence titration studies reveal that PNA P3
(NH,-Lys-TLTQTTTL-CONH),) binds to the complemen-
tary dsSRNA2-2AP (Figure 4B, H and I) with a binding
affinity (K4 = 0.8 £0.1 wM) in 200 mM NaCl, pH 7.5 buffer
(Figure 5C and D, Table 2). The binding affinity obtained
by the fluorescence method is tighter than that obtained by
the PAGE method (Ky = 4.7 £ 0.6 pM), presumably be-
cause of the running buffer of the PAGE experiment with
a relatively high pH (pH 8.3) and/or the difference in the
constructs used for PAGE and fluorescence studies. Con-
sistently, the fluorescence titration experiments reveal that
PNA P3 binds to non-complementary dsRNAs (dsRNA1-
2AP (Kg =35.1+7.3 uM), dsSRNA3-2AP (Kg=12.4+2.0
M), and dsRNA4-2AP (Kyq = 15.7 £ 5.0 uM)) relatively
weakly (Figure 4A, C and D, Table 2, Supplementary Fig-
ures S16 and S17). The fluorescence titration data suggest
no binding between PNA P3 and dsDNAs (dsDNA1-2AP
and dsDNA2-2AP, Figure 4E and F, Table 2, Supplemen-
tary Figure S18), consistent with our PAGE results (Table
1).

The fluorescence titration study shows that PNA P2
(NH;-Lys-TCTQTTTC-CONH,, Figure 2I) has no bind-
ing to the complementary dsSRNA2-2AP (Figure 4B, Table
2 and Supplementary Figure S19) even in the presence of
complementary T-A-U, C*-G-C, and Q-C-G base triples.
Our results suggest the importance of the L-G-C base triples
in stabilizing the PNA-RNA,; triplex (15), which is in agree-
ment with the non-denaturing PAGE results (Table 1 and
Supplementary Figure S11).

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

As revealed by the non-denaturing PAGE results, varying
pH and magnesium ion concentration causes no signifi-
cant changes for the binding of PS5 (NH,-Lys-TLTLTTTL-
CONHo,, see Figure 2L) to rHP1 (Table 1 and Supplemen-
tary Figures S14 and S15). The results are consistent with
the fact that L base (with an increased pK, compared to C
base) can form stable L-G-C base triple with minimal pH
dependence (15) and that P5 has only two positive charges
due to the presence of an N-terminal lysine residue. Conse-
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quently, upon lowering the pH from 7.5 to 6.0, the binding
affinity of P3 to rHP2 was moderately enhanced (with the
Ky value decreased from 4.7 £ 0.6 to 1.2 £ 0.2 wM, Table 1
and Supplementary Figures S11 and S12). The addition of
2 mM magnesium ion slightly weakens the binding affinity
of P3torHP2 (K4 = 7.1 £2.2 wM, Table 1 and Supplemen-
tary Figures S11 and S12).

In agreement with our PAGE studies, our fluorescence
titration experiments show that with increased pH from
7.5 to 8.0, the binding affinity of P3 to the complementary
dsRNA2-2AP (Figure 41) was slightly weakened (with the
K4 changing from 0.8 £ 0.1 to 2.7 &+ 0.4 wM, Figure 5A,
C-F, Table 2). Thus, the attached guanidine group in P3
stabilizes the PNA-RNA; triplex formation mainly through
sequence specific Q-C-G base triple formation, but not non-
specific ionic interaction as the case when the guanidine
group is attached to the PNA backbone (16,36-38).

Effect of position of Q modification on PNA-RNA, triplex
formation

In PNA P3 (NH,-Lys-TLTQTTTL-CONH;), the Q residue
is flanked by two T residues. To determine the effects of po-
sition and sequence context on the recognition of an RNA
C-G pair by PNA Q base, we synthesized PNA P6 (NH;-
Lys-TLTLQTTL-CONHj,, see Figure 2P), with Q residue
flanked by L and T residues. We studied the binding of P6 to
complementary and non-complementary RNA hairpins by
non-denaturing PAGE (Figures 2A, M—O and 3G-J, Table
3). P6 binds to the complementary RNA hairpin rHPS (Ky
= 1.6 £ 0.2 pM, Figure 3H, Supplementary Figure S15i)
to form a triplex containing a Q-C-G base triple (Figure
2Q). Our PAGE results reveal no binding of P6 to the non-
complementary RNA hairpins with the C-G pair in rHPS
(Figure 2M) replaced by an A-U (rHP1), G-C (rHP6), and
U-A (rHP?7), respectively (Figures 2A, n and o and 3G, I
and J). Thus, Q-modified PNAs are useful in recognizing
dsRNAs containing an internal C-G pair with different se-
quence context and positions.

We also tested the recognition of the HIV-1 frameshift in-
ducing RNA hairpin structure by PNAs with the Q residue
incorporated at the terminal end (Figure 2S and T). As re-
vealed by the non-denaturing PAGE data, at 200 mM NaCl,
pH 7.5, PNA P7 (NH,-Lys-LLTTLLQ-CONHS>) binds to
the HIV-1 frameshift inducing RNA hairpin (K4 =1.7+0.7
M, Figure 3K, Supplementary Figure S12¢). The binding
affinity of PNA P7 is comparable to the PNA without the Q
residue (NH,-Lys-LLTTLL-CONH,, K4 = 1.1 £ 0.3 uM)
(15), and PNA P9 (NH,-Lys-LLLTTLLQ-CONH,;, K4 =
2.4 £+ 1.0 puM) (Figure 3L, Supplementary Figure S12f).
Thus, the stabilization effect of a Q residue at the terminal
end is not as significant when it is in the middle of a PNA,
which is similar to the L residue (15).

In this study, we found that an RNA hairpin concen-
tration of 1 wM is relatively too high for measuring the
relatively tight binding between P5 (NH,-Lys-TLTLTTTL-
CONH,, Figure 2L) and some of the RNA hairpins. Thus,
we used a relatively lower concentration of rHP1 (0.25 uM
instead of 1 wM (15)) to measure by PAGE the relatively
tight binding between P5 and rHP1 and other hairpins more
accurately. The new gel data suggest that P5 can bind to
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Figure 4. 2-Amimopurine-labeled RNAs, DNAs, and PNA P3 used for fluorescence titration study. (A-F) The 2-aminopurine residue (designated as 2°)
is inserted into the duplexes as a bulge. The RNA duplex construct dSSRNA2-2AP (panel B) contains the complementary base pairs for forming eight base

triples with P3 (H and I).

Table 2. Ky (M) values for PNA binding to 2AP-labeled dsRNAs, dsDNAs, and an ssRNA obtained by fluorescence experiments®

dsRNA1-2AP  dsRNA2-2AP  dsRNA3-2AP  dsRNA4-2AP  dsDNAI1-2AP  dsDNA2-2AP
(G-C) (C-G) (A-U) (U-A) (G-C) (C-G) ssRNA2-2AP
P2 - NB - - - - NB
P3 (Q) 351473 0.8+ 0.1 124 +£2.0 157+£5.0 NB NB NB
2.7 +£0.4°

4Incubation buffer of 200 mM NacCl, 0.5 mM EDTA, 20 mM HEPES, pH 7.5 was used, unless otherwise noted.
bIncubation buffer of 200 mM NaCl, 0.5 mM EDTA, 20 mM HEPES, pH 8.0 was used. ‘- represents that the data were not measured. ‘NB’ indicates that

no binding was observed.

Table 3. Ky (nM) values for P5 and P6 binding to complementary and non-complementary RNA hairpins obtained by non-denaturing PAGE?

tHP1 (A-U) rHP5 (C-G) tHP6 (G-C) rHP7 (U-A)
P5(T) 0.2+0.1 NB 1.3+0.1 0.4+0.2
P6 (Q) NB 1.6£0.2 NB ~50

4Incubation buffer of 200 mM NaCl, 0.5 mM EDTA, 20 mM HEPES, pH 7.5 was used. ‘NB’ indicates that no binding was observed. For the gels with P5,
the RNA hairpin concentrations are 0.25 wM and the PNA concentrations are 0, 0.02, 0.05, 0.1, 0.15, 0.2, 0.4, 1, 2, 4, 10, 20 and 50 wM. The conditions

for the gels with P6 can be found in Figure 3 caption.

rHP1, rHP3, and rHP4 more tightly compared to our previ-
ous gel measurement (Table 1, Supplementary Figures S14
and S15) (15). PNA P1 (NH,-Lys-TCTCTTTC-CONH,,
Figure 2H) shows a similar binding affinity (with the Kj4
around 5 wM, Table 1, Supplementary Figures S9 and S10)
to rHP1 in both the current and our previous gel measure-
ments (15). P5 shows no or weak binding to rHP2 and dHP1
(Table 1, Supplementary Figure S14), consistent with our
previous study (15).

We studied the binding of P5 to RNA hairpins rHPS,
rHP6, and rHP7 (Figure 2L-O, Table 3) to test the selec-
tivity of the PNA T residue in the recognition of RNA A-U

pair over C-G, G-C, and U-A pairs. The PAGE data suggest
that the T residue in P5 (Figure 2L) can selectively recognize
an A-U pair over U-A, G-C, and C-G pairs although the se-
lectivity is moderate (Table 3).

Q-modified PNAs show no binding to ssRNA

Previous computational modeling studies have indicated
that the two-carbon linker and the guanidine group are ori-
entated to form a total of three hydrogen bonds with the
major-groove edge of a C-G pair (see Figure 1D) (27). Con-
sistently, previous experimental studies show that, alkyla-
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Figure 5. Fluorescence titration study of PNA P3 binding to 2-aminopurine-labeled RNAs. The 2-aminopurine residue is designated as 2’ in the RNA
sequence. (A) A PNA-RNA,; triplex formed between P3 and a 2-aminopurine-labeled dsRNA. The RNA duplex construct dsSRNA2-2AP contains the
complementary base pairs for forming eight base triples with P3. (B) A hypothetical PNA-RNA duplex formed between P3 and a 2-aminopurine-labeled
single-stranded RNA (ssRNA2-2AP). (C and E) Fluorescence emission spectra for the 2-aminopurine-labeled RNA duplex (1 wM) with varied P3 con-
centration at pH 7.5 (C) and pH 8.0 (E), respectively. The peak at around 475 nm is due to the weak fluorescence emission of L base in the PNA. PNA P2
(with no L base incorporated) shows no fluorescence emission at around 475 nm (see Supplementary Figure S19). (D and F) K4 determination based on
the plots of 2-aminopurine fluorescence intensity at 370 nm versus PNA P3 concentration. Consistent with the PAGE studies (Table 1), the PNA-RNA,
triplex is slightly destabilized upon increasing pH from 7.5 to 8.0. (G) Fluorescence emission spectrum for the 2-aminopurine-labeled single-stranded RNA
(1 wM) with varied P3 concentration at pH 7.5. (H) The fluorescence intensity at 370 nm for the 2-aminopurine-labeled single-stranded RNA remains
relatively constant with varied P3 concentration. The presence of destabilizing Q-C mismatch and Watson—Crick-like G-L pairs results in no binding of
PNA P3 to the 2-aminopurine-labeled single-stranded RNA.
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Figure 6. Thermal melting results for RNA-PNA duplexes. The buffer is 200 mM NaCl, 0.5 mM EDTA, 20 mM NaH,POu, pH 7.5. For the curves
with transitions, hysteresis between heating and cooling was observed (see Supplementary Figure S20). Only the heating curves are shown. (A and B)
Hypothetical PNA-RNA duplexes formed between PNA P3 and ssRNA1 with PNA P3 binding to ssRNA1 (5-AGAGAAAG-3) in a parallel orientation
(A), and between PNA P3 and ssRNA2 with PNA P3 binding to ssRNA2 (5-GAAAGAGA-3') in an anti-parallel orientation (B). The steric clash is
indicated for the Watson—Crick-like Q-G and L-G pairs. (C and D) Melting curves for the samples containing ssRNA1 (C) and samples containing ssRNA2
(D). The melting temperatures are shown for the curves with melting transitions. Due to the steric clash present in a Watson—Crick-like Q-G pair, the PNAs
containing Q residues (P2 and P3) show no melting transitions suggesting no binding to the single-stranded RNAs. Compared to the unmodified PNA P1,
PNAs P4 and P5 contain modified L residues but no Q residues, and show decreased melting temperature for the corresponding RNA-PNA duplexes due

to the steric clash present in a Watson—Crick-like L-G pair.
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Figure 7. Confocal microscope images of Hela cells after being
treated with 0.5 pM of Cy3-labeled Gua-1 (Cy3-Lys-TCTQTTTC-
CONH;), Gua-2 (Cy3-Lys-TQTQTTTQ-CONH>) and Con-1 (Cy3-Lys-
TCTCTTTC-CONH),) for 24 hours. Images were captured under the same
laser intensity (Ex.: 543 nm, Em: 570-630 nm). Scale bar: 20 p.m.

tion of the amine of a C base causes destabilization of a
Watson—Crick C-G pair, due to the blocking of its own
Watson—Crick edge by the alkyl group (39,40). Presum-
ably, the 5-methyl group in Q base may repel the carbon
linker away and favor the orientation with the linker to-
wards its own Watson—Crick edge (27), and thus destabilizes
a Watson-Crick-like Q-G pair due to the steric clash caused
by the linker (Figure 1F), but favors Q-C-G base triple for-
mation (Figure 1D).

Consistently, the UV-absorbance-detected thermal melt-
ing results reveal no appreciable binding between the PNAs
containing a Q residue (PNAs P2 and P3) and single-
stranded RNAs (Figure 6 and Supplementary Figure S20).
For the curves with transitions, hysteresis between heating
and cooling was observed (see Supplementary Figure S20),
presumably due to the slow binding and/or dissociation
rates compared to the temperature ramp rate (0.5°C/min).
Consistent with our previous studies (15), the PNAs incor-
porating L residues (P4 and P5) show significantly weak-
ened binding to single-stranded RNAs (Figure 6 and Sup-
plementary Figure S20).

Consistently, the 2-aminopurine-labeled single-stranded
RNA shows no fluorescence intensity change upon the ad-
dition of PNAs P2 and P3 (Figure 5B, G, H and Supple-
mentary Figure S19), suggesting no appreciable binding



between the single-stranded RNA and PNAs P2 and P3.
Thus, the presence of a destabilizing Q-C mismatch and/or
Watson—Crick-like G-L pairs avoids the formation of a sta-
ble PNA-RNA duplex.

Taken together, our results show that L and Q modifica-
tions in PNAs facilitate enhanced recognition of internal G-
C and C-G pairs, respectively, in RNA duplexes with min-
imal binding to single-stranded RNAs or DNA duplexes,
at near-physiological conditions. We note that the RNA
duplex-binding triplex-forming PNAs (9,10) are comple-
mentary to the pyrrol-imidazole polyamides, which selec-
tively and sequence specifically bind to the minor groove of
DNA duplexes (41).

Cellular uptake of Q-modified PNAs

Without the aid of transfection agents, oligonucleotides and
PNAs usually have low cell permeability (42—47). The cellu-
lar uptake of a DNA duplex-binding TFO with a 2’-OMe or
2’-AE RNA backbone containing a Q base is facilitated by
electroporation (27). We reason that combining the guani-
dine group and the flexibility of PNA backbone may fa-
cilitate the penetration (37,38,46,48-53) of the Q modified
PNAs through the cell membrane. Our preliminary confo-
cal microscopy studies (Figure 7) show that a PNA incor-
porating three Q residues and labeled with Cy3 dye (Sup-
plementary Table S1) is taken by HeLa cells without any
transfection agent.

CONCLUSION

In summary, we have developed a convenient synthesis
method for the PNA monomer Q. Utilizing native poly-
acrylamide gel electrophoresis and fluorescence binding
studies, we have demonstrated that short PNAs containing
Q residue and previously reported thio-pseudoisocytosine
(L) residue (15) show enhanced recognition of internal
C-G and G-C pairs, respectively, in an RNA duplex at
near-physiological conditions. Importantly, the relatively
short PNAs show no appreciable binding to DNA duplexes
or single-stranded RNAs. PNAs incorporating multiple Q
residues pass into the HeLa cells without any transfection
agent. Our work provides a foundation for the development
of next-generation RNA duplex-binding PNAs with high
sequence-specificity and bioavailability for biotechnologi-
cal applications.
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