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ABSTRACT

Sequence-selective recognition of complex RNAs in live cells could find broad applications in biology, biomedical research, and
biotechnology. However, specific recognition of structured RNA is challenging, and generally applicable and effective methods
are lacking. Recently, we found that peptide nucleic acids (PNAs) were unusually well-suited ligands for recognition of double-
stranded RNAs. Herein, we report that 2-aminopyridine (M) modified PNAs and their conjugates with lysine and arginine
tripeptides form strong (Ka = 9.4 to 17 × 107 M−1) and sequence-selective triple helices with RNA hairpins at physiological pH
and salt concentration. The affinity of PNA–peptide conjugates for the matched RNA hairpins was unusually high compared to
the much lower affinity for DNA hairpins of the same sequence (Ka = 0.05 to 1.1 × 107 M−1). The binding of double-stranded
RNA by M-modified PNA–peptide conjugates was a relatively fast process (kon = 2.9 × 104 M−1 sec−1) compared to the
notoriously slow triple helix formation by oligodeoxynucleotides (kon∼ 103 M−1 sec−1). M-modified PNA–peptide conjugates
were not cytotoxic and were efficiently delivered in the cytosol of HEK293 cells at 10 µM. Surprisingly, M-modified PNAs
without peptide conjugation were also taken up by HEK293 cells, which, to the best of our knowledge, is the first example of
heterocyclic base modification that enhances the cellular uptake of PNA. Our results suggest that M-modified PNA–peptide
conjugates are promising probes for sequence-selective recognition of double-stranded RNA in live cells and other biological
systems.
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INTRODUCTION

A growing list of novel biological functions of RNA including
gene regulation, catalysis, immunomodulation, and DNA
cleavage and editing makes RNA an attractive target for mo-
lecular recognition (Bartel 2004, 2009; Ling et al. 2013). The
majority of functional RNAs fold in well-organized double-
stranded structures. Most naturally occurring noncoding
RNAs are either completely double-helical with A-form con-
formations or globular with short double-helical domains
connected by single-stranded regions; prominent examples
are microRNA precursors (Lee et al. 2002; Bonnet et al.
2004; Quarles et al. 2013), transfer RNAs, ribosomal RNAs
(Chow and Bogdan 1997; Lescoute and Westhof 2006;
Cruz andWesthof 2009), and long noncoding RNAs (Mercer
and Mattick 2013). Sequence-specific recognition of such
double-stranded RNAs (dsRNAs) would be an attractive

tool with broad applications in biology, biotechnology, and
medicinal chemistry.
One of the most straightforward ways of sequence-selec-

tive recognition of dsRNAwould be a major groove triple he-
lix formation (Devi et al. 2015). However, due to electrostatic
repulsion of negatively charged oligonucleotides, traditional
triple helices are significantly less stable and slow to form
compared with duplexes. Recently, we discovered that pep-
tide nucleic acids (PNAs) form an exceptionally stable and
sequence-selective triple helix with dsRNA (Li et al. 2010;
Zengeya et al. 2012; Annoni et al. 2016; Endoh et al. 2016).
RNA triplexes were scarcely addressed in the literature prior
to our studies (Roberts and Crothers 1992; Escude et al. 1993;
Han and Dervan 1993; Zhou et al. 2013) and triple helical
binding of PNA to double-stranded RNA was virtually un-
known. The key modification of triplex-forming PNA was
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replacement of cytosine with a more basic (pKa∼ 6.7) 2-ami-
nopyridine nucleobase (M modification, for structure, see
Fig. 1) that enabled strong (low nanomolar range) and selec-
tive RNA recognition at physiologically relevant conditions
(Zengeya et al. 2012). Before our work, 2-aminopyridine
C-nucleoside had been used as a protonated cytidine equiv-
alent to improve DNA triple-helix formation at high pH
(Bates et al. 1996; Hildbrand and Leumann 1996; Hildbrand
et al. 1997), but was never explored as a PNA nucleobase.
Conjugation of M-modified PNA with four lysine residues
showed promising increase in uptake by HEK293 cells
(Muse et al. 2013). In these preliminary studies we also dis-
covered that M-modified PNAs had unique selectivity for
binding RNA, as a PNA-dsRNA triplex was significantly
more stable than a PNA–dsDNA triplex of the same sequence
(Zengeya et al. 2012; Muse et al. 2013). Herein, we report
the surprising result that M-modification also significantly
enhances PNA uptake in HEK293 cells. Thus, M is a unique
nucleobase modification that serves two functions: (i) en-
ables sequence-selective recognition of dsRNA at physiolog-
ically relevant pH of 7.4, and (ii) enhances cellular delivery of
PNA. Furthermore, low cytotoxicity of M-modified PNA
makes it a good candidate for practical applications in biolog-
ical systems.
Applications of unmodified PNAs are limited by their

poor cellular uptake and endosomal entrapment. Several
approaches have been undertaken to address this issue,
including microinjection, electroporation, DNA-mediated
transduction, conjugation to cell penetrating peptides
(CPPs), endosomolytic treatment, and cationic backbone
modifications (Koppelhus and Nielsen 2003; Zhou et al.
2003; Shiraishi and Nielsen 2006; Sahu et al. 2009; Rozners
2013). These various strategies have yielded some success,
but often at the expense of increased synthetic complexity,

lower binding affinity or sequence-selectivity, acute immune
responses, and toxicity to cells. Recently, the groups of Corey
(Hu and Corey 2007; Hu et al. 2009) and Gait (Turner et al.
2005; Fabani and Gait 2008) showed that conjugation of PNA
with short oligolysine peptides enabled efficient delivery in
various cancer cell lines. Using short oligolysine instead of
longer CPP significantly reduced the synthetic complexity re-
quired for PNA use in biological systems (Fabani et al. 2010;
Wancewicz et al. 2011).
In recent short communications (Zengeya et al. 2012;

Muse et al. 2013) we reported preliminary observations
that 2-aminopyridine-modified PNAs and their conjugates
with lysine peptides formed stable and sequence-selective tri-
ple helices with dsRNA and demonstrated promising cellular
uptake. Herein, we report detailed studies on RNA binding
affinity, sequence selectivity and kinetics, and cellular uptake,
localization, and cytotoxicity of an extended series of M- and
peptide-modified PNAs (Fig. 1B,D). All PNA sequences
showed high affinity (Ka up to 108 M−1), good sequence
selectivity, and relatively fast kinetics of triple helical binding
to dsRNA at physiologically relevant conditions. Addition of
cationic peptides increased binding affinity without com-
promising sequence selectivity. Cellular uptake of PNA was
significantly enhanced by replacing all cytosines with M
nucleobases. An M-modified PNA 9mer was able to enter
HEK293 cells at low micromolar concentrations even with-
out CPP attachment. The uptake increased as the number
of M nucleobases increased in a PNA 12mer, which, to the
best of our knowledge, is the first example of a heterocyclic
base modification that enhances the cellular uptake. Conju-
gation of M-modified PNAs with additional three lysine or
arginine residues further improved their cellular uptake.
The XTT proliferation assay showed that the PNAs were
not cytotoxic up to the 10 µM concentration. These results

FIGURE 1. Sequences of RNA hairpins (A) and triplex-forming PNAs (B,D), structures of native and M-modified Hoogsteen base triplets (C), and
comparison of hydrogen binding schemes of protonated M and arginine (E).
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are very encouraging and suggest that M-modified PNAsmay
become a novel tool in applications requiring molecular rec-
ognition of dsRNA in live cells.

RESULTS

RNA binding affinity and selectivity of M- and
peptide-modified PNAs

We started the biophysical characterization of M- and pep-
tide-modified PNAs with evaluation of their RNA binding
affinity and sequence selectivity. We synthesized a series of
sequences, PNA 1 through PNA 6 (Fig. 1B, for MS data see
Supplemental Table S2) and studied their binding to four
model hairpins HRP 1–HRP 4 (Fig. 1A) using isothermal ti-
tration calorimetry (ITC). As we have previously observed
with similar but shorter PNA sequences (Muse et al. 2013),
PNA 1 having only additional Lys modifications had very
weak affinity for the cognate RNA hairpin at physiological
pH and salt concentration (Table 1; for complete ITC data,
see Supplemental Table S1). In contrast, PNA 2 with five
M bases replacing cytosines showed strong binding affinity
and good sequence selectivity. Addition of three lysines al-
most doubled the binding affinity of PNA 3 without compro-
mising sequence selectivity. Conjugation with four arginines
showed similar effect in PNA 4. Overall, the data in Table 1
show that M-modified PNAs with and without short cationic
peptides displayed strong and sequence-selective triple helix
formation with dsRNA.

Comparison of 9mers PNA 2 (fiveMs) and PNA 6 (sixMs)
suggested that the binding affinity increased with increasing
number of M modifications. To further explore the role of
M modification and pH in triple-helical recognition of
dsRNA, we prepared a series of PNAs with a variable number
of M replacing cytosines (PNA 7–PNA 9, Fig. 1B) and studied
their binding to the matched HRP 2 at different pH values.
The results in Table 2 showed that binding affinity increased

with increasing the number of Mmodifications and lowering
the pH. PNA 7 with no M modifications had low, if any,
affinity for HRP 2 at all pH values tested. Introducing one
M modification in PNA 8 resulted in a detectable binding
at pH 6.5 and 7.4, which was strongly enhanced in PNA 9
having threeMs. Consistent with the estimated pKa of 2-ami-
nopyridine being around 6.7, decrease of pH from 7.4 to 6.5
resulted in a fourfold increase of binding affinity for PNA 2
that had all cytosines replaced by M nucleobases. Overall,
the data in Tables 1 and 2 clearly demonstrated that M was
the key modification enabling strong and selective recogni-
tion of dsRNA at physiologically relevant pH and salt concen-
tration. As will be illustrated later, we also discovered that M
has another important and unexpected ability to enhance the
cellular uptake of PNA.
To compare the relatively little studied PNA–dsRNA tri-

plex with the better known PNA-dsDNA triplex (Hansen
et al. 2009), we studied binding of PNA 2–PNA 6 to their
matched DNA hairpins, dsDNA 1 and dsDNA 2 (Table 1).
Consistent with our previous preliminary observations
(Zengeya et al. 2012; Muse et al. 2013) PNA–dsRNA triplexes
were significantly more stable than the corresponding PNA–
dsDNA triplexes. The difference was most noticeable for
the shorter 9mers, where PNA 2 had more than two orders
of magnitude higher affinity for HRP 2 than for dsDNA
2. The difference somewhat decreased with addition of pep-
tide residues and lengthening of PNA; nevertheless, the affin-
ity of 12mer PNA 5 was ∼11 times higher for HRP 1 than
for dsDNA 1. To compare the PNA-dsRNA triplex to the
well-established PNA-DNA duplex, we studied binding of
PNA 1 to the complementary single-stranded DNA 3, 5′-d
(AGGGAAGAGAGG) under physiological pH and salt con-
ditions. Interestingly, the stability of duplex formed by
PNA 1 and ssDNA 3 (Supplemental Table S1, Ka = 1.5 ×
107 M−1) was about an order of magnitude lower than the
stability of triplex formed by PNA 3 and HRP 2 (Table 1,
Ka = 1.7 × 108 M−1). The ITC results were further confirmed
by UV thermal melting (Fig. 2). The duplex formed by PNA 1
and ssDNA 3 melted in one single transition at ∼47°C. The
melting curves of triplexes showed two transitions. The lower

TABLE 1. Binding affinity and sequence selectivity of M-modified
PNAs to RNA (HRP 1–HRP 4) and DNA (dsDNA 1–dsDNA 2)
hairpins (see also Supplemental Table S1)a

PNA (design)
HRP
1

HRP
2

HRP
3

HRP
4

dsDNA
1

dsDNA
2

PNA 1 (K-5Cs-K3) NBb 0.4 NBb NBb
– –

PNA 2 (K-5Ms) 11 94 3 3 – 0.5
PNA 3 (K-5Ms-K3) 12 170 8 12 – 5
PNA 4 (R-5Ms-R3) 20 160 9 28 – 5
PNA 5 (K-8Ms) 120 16 7 5 11 –

PNA 6 (K-6Ms) 110 9 6 3 3 –

aAssociation constant Ka × 106 M−1, average of two independent
experiments measured using a MicroCal iTC200 instrument in 2
mM MgCl2, 90 mM KCl, 10 mM NaCl, 50 mM potassium phos-
phate buffer (pH 7.4) at 25°C. The bold entries represent the affini-
ties of the matched triple helices.
b(NB) No binding; Ka < 103 M−1.

TABLE 2. Binding affinity of 9mer PNAs to the matched HRP 2
depends on the number of M and pH (see also Supplemental
Table S1)a

PNA 7
(no M)

PNA 8
(one M)

PNA 9
(three Ms)

PNA 2
(five Ms)

pH 6.5 0.7 3 72 390
pH 7.4 NBb 2 5 94
pH 8.0 NBb NBb NBb 7

aAssociation constant Ka × 106 M−1, average of two independent
experiments measured using a MicroCal iTC200 instrument in 2
mM MgCl2, 90 mM KCl, 10 mM NaCl, 50 mM potassium phos-
phate buffer at 25°C.
b(NB) No binding; Ka < 103 M−1.
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temperature transitions were assigned to the dissociation
of PNA third strand from hairpins, while the higher temper-
ature transitions were due to hairpin melting. Consistent
with the ITC results, the dissociation of PNA 3 from
dsDNA 2 occurred at ∼39°C, while the dissociation of PNA
3 fromHRP 2 took place at a significantly higher temperature
of ∼70°C. Taken together, our results il-
lustrate that PNA has a unique affinity
for dsRNA that makes PNA–RNA tri-
plexes significantly more stable than
PNA–DNA triplexes or duplexes.

Kinetics of triplex formation of M-
and peptide-modified PNAs

The kinetics of triplex formation was
studied using PNA 3 labeled at the amino
terminus with HiLyte Fluor 488 dye
(PNA 3-HF488, Fig. 1D) that was pre-
pared following our recently developed
methodology (Hnedzko et al. 2016).
The binding kinetics were studied using
the stopped-flow method under pseu-
do-first order conditions where PNA 3-
HF488 was mixed with 10 equivalents
of HRP 2 labeled at the 5′-end with
Black Hole Quencher 1 (HRP 2-BHQ1)
in phosphate buffer (pH 7.4) at 25°C.
The binding of PNA 3-HF488 to HRP
2-BHQ1 resulted in a time-dependent

decrease in HiLyte Fluor 488 fluorescence (Fig. 3, black
trace). Consistent with our previous results (Hnedzko et al.
2016), photobleaching of PNA 3-HF488 under these condi-
tions was relatively slow (Fig. 3, red trace). Fitting of the fluo-
rescence decay curve with a single exponential decay equation
(for details, see Materials and Methods) gave the observed
pseudo-first order rate constant kobs = 0.015 ± 0.001 sec−1.
Using the approach described by Xodo (1995) for calculation
of the second order association rate constant gave kon = 2.9 ×
104 ± 0.2 M−1 sec−1. This result confirmed that binding
of the cationic PNA-peptide conjugate to dsRNA was faster
than kon∼ 103 M−1 sec−1, which has been reported for tri-
plex-forming oligonucleotides (Xodo 1995; Alberti et al.
2002) and consistent with our hypothesis that electrostatic
repulsion is the major problem for formation of the tradi-
tional triple helices.

Cellular uptake and localization of M- and
peptide-modified PNAs

To investigate the role of M modification in cellular internal-
ization of PNA, we used our recently developed methodology
(Hnedzko et al. 2016) to prepare a set of fluorescently labeled
PNA sequences shown in Figure 1D. PNA 1 was conjugated
to four L-lysine residues, one lysine at the N terminus and
three lysine residues at the C terminus, to evaluate PNA up-
take due to lysine residues in the absence of Mmodifications.
Fabani and Gait (2008) showed that (K)3 conjugation at
the carboxylic terminus was responsible for uptake of the
K–PNA–K3 construct as substitution of lysine with neutral
3′-glutamic acid residues canceled the biological activity.

FIGURE 2. UV-melting curves of the duplex formed by PNA 1 and
ssDNA 3 (blue), triplex formed by PNA 3 and dsDNA 2 (green), and
triplex formed by PNA 3 and HRP 2 (red). Conditions: 2 mM MgCl2,
90 mM KCl, 10 mM NaCl, 50 mM potassium phosphate buffer (pH
7.4). The final concentration of each complex was 2 µM. Data were col-
lected every 0.5°C during a heating ramp of 0.5°C/min.

FIGURE 3. Stopped-flow kinetics of PNA 3-HF488 binding to HRP 2-BHQ1 in physiological
phosphate buffer: 2 mM MgCl2, 90 mM KCl, 10 mM NaCl, 50 mM potassium phosphate (pH
7.4) at 25°C. The black kinetic trace shows the time-dependent decrease of HiLyte Fluor 488
fluorescence (excitation at 501 nm and emission at 528 nm) after mixing 0.1 µM HF488-
PNA 3 and 1.0 µM BHQ1-HRP 2 (starting concentrations). The kinetic trace shown is an
average of five measurements. The red trace is a blank experiment where PNA 3-HF488 was
mixed with buffer to show the photobleaching of HF-488 under the conditions used for kinetic
experiments.
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PNA 2 had all cytosines replaced with M (total of five M
modifications) to examine the effect of M on cellular uptake
of PNA. PNA 3 combined the features of both PNA 1 and
PNA 2 to determine the effect of (K)3 addition to the M-
modified sequence. PNA 4 wasmodified with four L-arginine
residues to test another commonly used CPP. Finally, PNA 5
had eight M modifications to examine the effect of three ad-
ditional Ms on cellular uptake of PNA.

The cellular uptake of M-modified PNA sequences was
first studied using flow cytometry (Fig. 4). HEK293 cells
were treated with 1 µM of HF488-labeled PNA constructs
in OptiMEM (without FBS) in the absence of any transfec-
tion agent at 37°C, 10% CO2. Cells were incubated for differ-
ent time periods (30 min, 1, 4, 12, and 24 h), trypsin-treated
to detach the cells and remove peptides adsorbed to the outer
plasma membrane, and analyzed using a FACSCalibur flow
cytometer. All PNA sequences studied showed time-depen-
dent internalization (Fig. 4). Doubly modified PNA 3 and
PNA 4, and PNA 5 having eight Mmodifications showed sig-
nificant cellular uptake (>60%) within 12 h. In contrast, PNA
1 having only Lys modifications and PNA 2 having only five
M modifications showed <50% uptake even after 24 h of in-
cubation. Combination of Lys andMmodifications in PNA 3
increased the internalization to 60% after 12 h and 70% after
24 h, which suggested that both modifications contribute to
the cellular uptake of PNA molecules.

Surprisingly, PNA 5 with eight M modifications and no
additional lysine or arginine attachments showed cellular up-
take similar to PNA 3 and 4. Thus, addition of three more M
modifications enhanced PNA cellular uptake to the level sim-

ilar to that of PNA–CPP conjugates. However, internalization
of peptide-conjugated PNA 3 and 4 occurred faster than in-
ternalization of PNA 5. After 4 h of incubation, PNA 5
showed only 15% uptake compared to 30% for PNA 3 and
55% for PNA 4, which may be due to the difference in size
of these PNA molecules or may indicate different mecha-
nisms of cellular uptake. The arginine-modified PNA 4
showed fast and efficient cellular uptake that was superior
to all other PNAs studied.
To get more insight into the mechanism of uptake and in-

tracellular localization of M-modified PNA constructs, we
used live-cell confocal microscopy. HEK293 cells were incu-
bated with 1 µM concentration of HF488-labeled PNA con-
structs in OptiMEM (without FBS) in the absence of any
transfection agent for 24 h at 37°C, 10% CO2. After the incu-
bation period, cells were washed with OptiMEMbefore stain-
ing with LysoTracker Deep Red to track acidic organelles, and
with 4′,6-diamidino-2-phenylindole (DAPI) to distinguish
nuclei. The images (Fig. 5) were taken using an inverted
Axiovert Zeiss Laser Scanning Microscope 510 with a 63×
objective.
Live-cell microscopy confirmed PNA cellular uptake. All

PNAs studied (green fluorescence) appeared as dot-like
structures within the cytoplasm. We could not observe local-
ization of M-modified PNAs to the cell nuclei. PNA 3, 4, and
5 showed significantly better cell internalization compared to
PNA 1 and 2, which was in a good agreement with the flow
cytometry results. The majority of punctated green fluores-
cence was colocalized (yellow staining) with LysoTracker
Deep Red, suggesting that cellular delivery of M-modified
PNAs occurred mainly through endocytotic pathways and
that a major fraction of internalized PNAs were retained in
the endosome–lysosome compartments. However, the
merged images of PNA 3 and 4 in Figure 3 also showed green
fluorescence that was not colocalized with acidic compart-
ments of the cell, suggesting that at least some PNA was re-
leased in cytoplasm.
Sequestration of PNAs within endosomal or other mem-

brane-bound cytosolic compartments might be a limiting
factor for targeting dsRNA in live cells. We therefore decided
to use a known lysosomotropic reagent chloroquine to pro-
mote the disruption of endosomal–lysosomal compartments
to release PNA molecules. Chloroquine has been used in sev-
eral previous studies to increase biological activity of CPP–
PNA conjugates (Turner et al. 2005; Abes et al. 2006).
HEK293 cells were incubated with 1 µM concentration of
HF488-labeled PNA constructs in OptiMEM in the presence
of 100 µM chloroquine for 24 h at 37°C, 10% CO2.
Interestingly, the results (Fig. 6) showed that coadministra-
tion of the lysosomotropic reagent chloroquine had little, if
any, effect on cellular distribution of PNAs. The fluorescence
remained punctate, similar to that in the absence of
chloroquine.
Concentration of PNA is an important factor that affects

the mechanism of CPP-conjugated PNA entry into cells

FIGURE 4. Flow cytometric analysis of HEK293 cells treated with
HiLyte Fluor 488-labeled PNAs at 1 µM concentration in OptiMEM
for 30 min (yellow), 1 h (dark red), 4 h (olive green), 12 h (purple),
and 24 h (light blue). Cells (10,000 events for each sample) were ana-
lyzed using a FACSCalibur flow cytometer and the data were analyzed
using the CellQuest Pro software. For each experiment, a control of cells
that were not incubated with PNA was analyzed and used to designate
negative events (no PNA). The data from three independent experi-
ments are presented as the mean percentage of cells that are PNA pos-
itive ± SE.
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(Fuchs and Raines 2004; Abes et al. 2006; Madani et al. 2011).
We therefore asked if increase of concentration could change
cellular localization of studied M-modified PNA conjugates.
When HEK293 cells were incubated with 10 µM PNA con-
centration in OptiMEM for 24 h at 37°C, 10% CO2, cytoplas-
mic delivery of PNA was strongly enhanced (Fig. 7). More
importantly, in addition to punctate structures in the cytosol,
M-modified PNA conjugates showed significant uniform
fluorescence in the cytosol (Fig. 7, red circles). Hence, the
problem of endosomal compartmentalization could be over-
come by increasing the concentration of M-modified PNAs.

An important limiting factor of live
cell application of cationic PNA at high
concentrations may be its cytotoxicity.
We examined the viability of HEK293
cells using a colorimetric XTT prolifera-
tion assay. The tetrazolium salt XTT is
reduced to colored formazan by a com-
plex cellular mechanism that is inactivat-
ed shortly after cell death. The amount of
formazan dye formed is directly propor-
tional to the number of metabolically ac-
tive cells in the culture. The cells were
incubated with different concentrations
of M-modified PNA sequences in
OptiMEM (without FBS) for 24 h at
37°C, 10% CO2. No significant toxicity
was observed for M-modified PNA se-
quences up to 10 µM (Fig. 8). Statistical
analysis showed that the apparent differ-
ences between PNAs at 10 µM and the re-
spective controls in Figure 8 were not
significant. However, at higher concen-
trations (20 µM), toxicity of the polypep-
tide-modified PNA sequences increased.
The arginine-modified PNA 4 had the
strongest cytotoxicity.

DISCUSSION

One of the surprising results of the
Human Genome Project was that only a
few percent of our DNA encodes for
functional proteins, while most of our
DNA is transcribed into functional
RNAs (Dunham et al. 2012). To study
the biological function of noncoding
RNAs, we need new chemical probes ca-
pable of sequence-selective recognition
and functional interference with complex
structured RNA molecules. Our recent
work suggested that nucleobase-modi-
fied and lysine-conjugated PNAs are
promising tools for molecular recogni-
tion of dsRNA via sequence-selective tri-

ple helix formation (Li et al. 2010; Zengeya et al. 2012; Muse
et al. 2013). Herein, we extended these preliminary results in
a detailed study of dsRNA recognition and cellular uptake of
triplex-forming PNAs. Our results showed that all M-modi-
fied PNAs and their conjugates with lysine and arginine tri-
peptides formed very strong (Ka = 9.4–17 × 107 M−1) and
sequence-selective triple helices with dsRNA at physiological-
ly relevant conditions. Addition of cationic peptides in-
creased binding affinity without compromising sequence
selectivity. Compared to triple helices formed by natural oli-
gonucleotides (kon∼ 103 M−1 sec−1), formation of the PNA-

FIGURE 5. Live cell confocal microscopy of HEK293 cells treated with 1 µM HiLyte Fluor 488-
labeled PNAs (green) in OptiMEM after 24 h of incubation at 37°C, 10% CO2. After incubation,
cells were washed with OptiMEM before addition of LysoTracker Deep Red to stain acidic organ-
elles (red) and DAPI to stain the nuclear DNA (blue). Uptake of HF488-labeled PNAs showed
green fluorescencemeasured at 488 nm. All images were takenwith the same confocal microscope
settings.
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dsRNA triplex was more than an order of
magnitude faster (kon = 2.9 × 104 M−1

sec−1). The fast and strong binding of
cationic M-modified PNAs to dsRNA
was fully consistent with our hypothesis
that electrostatic repulsion is a major im-
peding factor for formation of natural
triple helices.

Most interestingly, binding of PNAs to
dsRNA was significantly stronger (10–
180 times, Table 1) than to the same se-
quence of dsDNA. The relatively low af-
finity of M-modified PNAs for matched
dsDNAwas not surprising and consistent
with results by Nielsen and coworkers
(Hansen et al. 2009) who studied PNA–
dsDNA triplexes where all cytosines
were replaced by pseudoisocytosines (J
nucleobases), a neutral mimic of proton-
ated cytosine. In their hands, J-modified
PNA 10mer did not form a triplex with
dsDNA. However, a J-modified PNA
15mer did bind to dsDNA with Ka =
0.67 × 107 M−1, which was further

FIGURE 6. Effect of chloroquine addition on PNA cytoplasmic distribution. Live cell confocal microscopy of HEK293 cells treated with (left) 1 µM
PNA-HF488 in OptiMEM or (right) 1 µM PNA-HF488/100 µM chloroquine in OptiMEM after 24 h of incubation at 37°C, 10% CO2. After incu-
bation, cells were washed with OptiMEM before addition of LysoTracker Deep Red to stain acidic organelles (red) and DAPI to stain the nuclear
DNA (blue). Uptake of HF488-labeled PNAs showed green fluorescence measured at 488 nm.

FIGURE 7. Concentration-dependent uptake of PNA sequences and lysosomal escape. Live cell
confocal microscopy of HEK293 cells treated with (top) 1 µM PNA-HF488 in OptiMEM or (bot-
tom) 10 µM PNA-HF488 in OptiMEM after 24 h of incubation at 37°C, 10% CO2. After incuba-
tion, cells were washed with OptiMEM before addition of DAPI to stain the nuclear DNA (blue).
Uptake of HF488-labeled PNAs showed green fluorescence measured at 488 nm. All images were
taken with the same confocal microscope settings.
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improved to Ka = 14 × 107 M−1 upon conjugation with three
lysine residues (Hansen et al. 2009). Therefore, the surprising
result was the unusually high affinity of our M-modified
PNAs for dsRNA. Affinities of PNA 9mers for dsRNA in
our study were equal and better than those of PNA 15mers
for dsDNA in Nielsen’s study. Thus, M-modified PNA has
unique selectivity for binding dsRNA compared to dsDNA.
While we do not have experimental data explaining such
selectivity, it is conceivable that the deep and narrow major
groove of an RNA helix may provide a better steric and elec-
trostatic fit for the cationic PNA ligand than the wider major
groove of a DNA helix.
Unmodified PNAs do not spontaneously enter the cell by

passive diffusion through the cell membrane (Wittung et al.
1995). In contrast, M-modified PNAs and their peptide con-
jugates were efficiently taken up by HEK293 cells. At 1 µM
concentration, PNAs appeared as dot-like structures within
the cytoplasm. When the concentration was increased to 10
µM, cytoplasmic delivery of PNAs was strongly enhanced
andM-modified PNA-peptide conjugates were able to escape
endosomal entrapment. It is remarkable that M-modified
PNA sequences can be internalized by HEK293 cells at 1
µM concentration without the use of any transfecting agents
or conjugation to cell penetrating peptides (CPPs). The up-
take increased as the number of M nucleobases increased in
the longer PNA 12mer. To the best of our knowledge, hetero-
cyclic base modifications that enhance cellular uptake have
not been described before. Addition of lysine or arginine tri-
peptides further improved cellular uptake of M-modified
PNA sequences.
The mechanism for CPP-mediated internalization is

complex and not completely understood; there is evidence
for both endocytosis and energy-independent processes
(Madani et al. 2011). Endocytosis is believed to be the most
common uptake mechanism at low CPP concentrations.

Cationic PNAs with multiple lysine residues are taken up in
HeLa cells through an endocytic mechanism and are seques-
trated in endosomes (Abes et al. 2006). At low concentrations
endocytosis prevails; however, at higher concentrations (5
or 10 µM) cellular uptake becomes faster and temperature-
independent, suggesting a switch to an energy-independent
mechanism, possibly due to peptide-inducedmembrane per-
meabilization (Abes et al. 2006).
Arginine peptides (R9) were shown to be better carriers

than oligomers of equal length composed of lysine, ornithine,
or histidine (Mitchell et al. 2000). The guanidine head group
of arginine is the critical structural component responsible
for cellular uptake. This is supported by the failure of hep-
tamers of citrulline, an isostere of arginine where the nitrogen
of guanidine is replaced by oxygen, to enter cells. The ability
of guanidine to form a very stable bidentate hydrogen bond
with membrane anions, such as phosphate or sulfate, distin-
guishes arginine from lysine, and appears to cause the differ-
ences in cellular uptake of arginine and lysine peptides
(Mitchell et al. 2000). The mechanistic studies reveal a
four-step pathway for the entry of R9 into the cytoplasm of
mammalian cells (Fuchs and Raines 2004). This pathway in-
volves binding to the cell surface heparan sulfate, uptake by
endocytosis, release upon heparan sulfate degradation, and
leakage from endocytic vesicles when a high enough concen-
tration of free R9 is reached (Fuchs and Raines 2004).
Another study shows that the mechanism of entry of R9 in
HeLa cells depends on the peptide concentration and the
availability of alternative endocytic routes (Duchardt et al.
2007). At low concentrations (below 10 µM) R9 is taken up
by cells via endocytosis and predominantly localized within
vesicles in cytoplasm. At high concentrations, uptake occurs
primarily by a highly efficient nonendocytic pathway, leading
to a rapid entry of the peptide into the cytoplasm and nucleus
(Duchardt et al. 2007). Most recently an energy-independent
translocation mechanism for guanidinium-rich molecules
has been proposed that relies on two universal cell compo-
nents: fatty acids and the plasma membrane pH gradient
(Herce et al. 2014). At higher pH of extracellular environ-
ment, fatty acids bind with high affinity to arginine-rich pep-
tides and mediate their membrane transport. In the lower
pH environment of the cytosol, the binding affinity drops
and arginine-rich peptides are released inside the cell. This
study showed that arginine had a higher affinity for fatty
acids than lysine, which explained the unique ability of
polyarginine peptides to enter cells so efficiently (Herce
et al. 2014). A systematic study showed that longer spacing
between the arginine side chains improved the uptake of
these carrier peptides (Rothbard et al. 2002). The best
cellular uptake was observed for a fully spaced compound
with six spacers, one between each of the seven arginines.
Molecular modeling showed that such spacing allowed gua-
nidines to park more closely and interact with the putative
negative charges that are closely spaced on the cell surface
(Rothbard et al. 2002).

FIGURE 8. Dosage-dependent cytotoxicity profile of M-modified PNA
conjugates on HEK293 cells after 24 h of incubation at 37°C, 10% CO2,

analyzed by the XTT assay. PNA 2 is represented by dark red bars, PNA 3
by olive green bars, PNA 4 by purple bars, and PNA 5 by light blue bars.
The cell viability is presented as the percent of control (non-PNA-treat-
ed sample), a mean of three independent experiments ± SE.
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While our experiments provide some insight into PNA up-
take, we do not have direct evidence for the potential inter-
nalization mechanism of M-modified PNA constructs. The
presence of endocytic vesicles supports endocytotic mecha-
nism of entry at both 1 and 10 µM PNA concentrations.
The results at 1 µM concentration of M-modified PNA are
consistent with PNA sequestration in acidic endosomal/lyso-
somal compartments. The observed release of fluorescence
from the vesicles at 10 µM concentration may be explained
either by the “proton sponge” effect (Midoux et al. 2009;
Liang and Lam 2012) of 2-aminopyridines or a switch to a
nonendocytic uptake mechanism. 2-Aminopyridine is a
weak base with pKa∼ 6.7. In the extracellular medium (pH
7.2–7.4) only about 20% of 2-aminopyridines would be pro-
tonated. When PNA is endocytosed, the pH drops from neu-
tral to pH 5–6 in endosomes and later becomes pH 4.5 in
lysosomes. At such acidic pH 2-aminopyridines will become
protonated and will buffer acidification of endosomes. As a
result, the membrane-bound ATPase proton pumps will
translocate more protons from the cytosol into the endo-
somes while attempting to lower the pH. This process will
be followed by passive entry of chloride ions, increasing ionic
concentration and hence water influx. Subsequent endoso-
mal swelling and rupture will lead to a release of endosomal
content to the cytosol (Midoux et al. 2009; Liang and Lam
2012). At high concentrations the pH-buffering effect of
M-modified PNA constructs is expected to be more pro-
nounced as more PNAs are being membrane-bound and
endocytosed.

An alternative explanation may be a switch to a non-
endocytic uptake mechanism, as discussed for CPP–PNA
conjugates above. Protonated 2-aminopyridine nucleobase
modifications resemble protonated guanidinium groups
that are spaced along a flexible PNA backbone (for structural
similarity, see Fig. 1E). The surprising discovery that Mmod-
ifications increase the cellular uptake of PNAs may be ex-
plained by such structural similarity that may allow uptake
of M-modified PNAs via pathways similar to those of polyar-
ginine CPPs. Interestingly, coadministration of the lysoso-
motropic reagent chloroquine showed little if any effect on
cellular distribution of PNAs (Fig. 6). Although we could
not observe localization of PNAs either to the nucleoplasm
or to nucleoli even at high concentration, the presence of
free PNA in the cytosol may be sufficient for detecting and
interfering with biological RNAs located in the cytoplasm.
To this end, we have recently demonstrated inhibition of
mRNA translation by PNA-dsRNA triplex formation in vitro
and in cells (Endoh et al. 2016).

Conclusions

Given the infancy of our understanding of the various roles
that RNA plays in gene regulation, it is conceivable that tri-
plex-forming PNAs may become a valuable tool for studying
biologically relevant double-stranded RNA in live cells.

Herein we demonstrated that M-modified PNAs and their
conjugates with lysine and arginine tripeptides formed strong
and sequence-selective triple helices with RNA hairpins
relatively fast under physiologically relevant conditions.
The M-modified PNAs had a unique preference for binding
dsRNA; binding to dsDNA of the same sequence was one to
two orders of magnitude less favorable. This is important
because it enables triple helical recognition of dsRNA in bio-
logical systems, which has not been possible with standard
PNA compounds. Poor cellular uptake has been a major
roadblock for applications of PNA technology. Herein we
demonstrate that treatment of HEK293 cells with M-modi-
fied PNA-peptide conjugates at 10 µM efficiently delivered
the cationic PNAs to the cytosol without inducing significant
cytotoxicity. The most unexpected finding was that M-mod-
ified PNAs without conjugation with cationic peptides
were also taken up by HEK293 cells. This finding suggests
that M-modified PNAs may be superior to traditional PNA
compounds not only in molecular recognition of dsRNA,
but also for practical applications that require crossing
cellular membranes. Taken together, the strong, fast, and
selective RNA binding, promising cellular uptake and rela-
tively low cytotoxicity makes the M-modified PNA–peptide
conjugates excellent candidates for a wide range of biomedi-
cal applications.

MATERIALS AND METHODS

Solid-phase PNA synthesis

All PNA sequences were synthesized using a standard 2-µmol scale
Fmoc protocol on an Expedite 8909 DNA synthesizer using
NovaSyn TG Sieber resin support, as previously reported
(Hnedzko et al. 2014). T-PNA-monomer, C(Bhoc)-PNA-
monomer, and Fmoc-AEEA spacer were purchased from Link
Technologies; Fmoc-Lys(Boc)-OH and Fmoc-Arg(Pbf)-OH were
purchased from NovaBiochem; M(Boc)-PNA-monomer was syn-
thesized as previously reported (Zengeya et al. 2012; Hnedzko
et al. 2014).

Labeling with HiLyte Fluor 488

HF488 carboxylic acid was purchased from AnaSpec. After depro-
tection of the terminal amino group, the resin with the completed
PNA sequence was washed with DMF and dried with a stream of
N2 gas. Activated dye solution was prepared by vortexing 12.5 µL
of 0.3 M 2,6-lutidine in DMF, 12 µL of 0.19 M HATU in DMF,
7.6 µL of 0.33 M dye in DMF, and 18 µL of DMF in a vial with
silicon septum for 3 min. The vial was wrapped in aluminum foil
to protect the dye from light. A (26–30)-gauge needle was used to
inject the reaction mixture through the filter into the middle
of the column. Two 1-mL polyethylene syringes were attached to
the opposite sides of the column and the assembly was vortexed
overnight. The column was washed thoroughly with DMF before
deprotection.
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PNA deprotection, purification, and quantification

The resin was treated with 0.6 mL of 20% (v/v) m-cresol in TFA for
2 h to cleave the PNA from the resin. Polyethylene syringes (1 mL)
attached to each end were used to agitate the resin every 30 min. The
cleavage solution was collected and separated into three 2-mL vials.
An additional 0.2 mL of the cleavage solution was used to wash the
column for 15 min, which was collected into another 2-mL vial.
Anhydrous diethyl ether (∼1.5 mL) was added into each vial, and
samples were mixed vigorously. The vials were centrifuged for 30
min at 14,500 rpm. Pellets of PNA were dissolved in HPLC-grade
water (or 10% acetonitrile in water) and combined into one vial.
The PNA was purified by reverse-phase HPLC with detection at
254 nm. The major peak was collected and the sample was concen-
trated. The concentration of PNA was determined from UV absor-
bance at 260 nm. The molar extinction coefficient (ε260 M

−1 cm−1)
was calculated by summing up the individual extinction coefficients
of the monomers and dye: 8560 for T, 2212 for M, 7100 for C, and
26170 for HF488. The identity of the PNAs was confirmed by
MALDI TOF mass spectrometry.
Isothermal titration calorimetry (ITC) experiments were done on

aMicroCal iTC200 instrument using physiological phosphate buffer
(2 mMMgCl2, 90 mM KCl, 10 mM NaCl, 50 mM potassium phos-
phate [pH 7.4]) at 25°C. Aliquots (2.49 µL) of a 90 µMPNA solution
were sequentially injected from a 40 µL rotating syringe (750 rmp)
into 200 µL of a 10 µM RNA hairpin solution. The duration of each
injection was 4.98 sec and the delay between injections was 350–650
sec depending on the kinetics of binding.
Florescence spectroscopy and binding kinetics experiments

were done on a Shimadzu RF-5301PC spectrofluorophotometer
equipped with a rapid-mixing stopped-flow accessory SFA-20 (Hi-
Tech Scientific). Equal volumes of 0.1 µM PNA 3-HF488 and 1
µM HRP 2-BHQ1 in 50 mM potassium phosphate buffer (pH
7.4), containing 2 mM MgCl2, 90 mM KCl, and 10 mM NaCl,
were rapidly mixed from separate syringes in a 1 cm path-length
stopped-flow cuvette at 25°C. The change in HiLyte Fluor 488 fluo-
rescence emission was monitored at 528 nm (5 mm slit width) after
excitation at 501 nm (5 mm slit width). The fluorescence decay
curves were transformed into Ft/F0 (%) versus t (sec) curves and fit-
ted with the following equation using SigmaPlot:

Ft/Fo = F1 + a× exp(− kobs × t),
where Ft is fluorescence intensity at time t, F0 is fluorescence inten-
sity at time 0, F∞ is fluorescence intensity at infinity, a is amplitude,
kobs is the observed rate constant, and t is time in seconds. The sec-
ond-order association rate constant, kon, can be calculated as kobs =
kon[RNA] + koff, where [RNA] is the concentration of HRP 2-BHQ1
and koff is the dissociation rate constant. The kinetics of triplex for-
mation was studied at 25°C, the temperature where the equilibrium
is completely shifted to triplex formation. Following the approach
described by Xodo (1995), we can assume that koff is approximately
zero and calculate kon = kobs/[RNA]. The final kobs and kon values
were obtained as an average of five independent measurements.

Flow cytometry

HEK293 cells (1 × 106 cells/well) were plated on a 24-well plate in
10% fetal bovine serum Dulbecco’s modified Eagle’s medium
(FBS-DMEM) and incubated overnight at 37°C, 10% CO2. The me-
dium was discarded and cells were washed with OptiMEM (no FBS)

followed by incubation with 1 µM PNA in OptiMEM for different
lengths of time. Following incubation, cells were harvested and re-
suspended in 1 mL of Dulbecco’s phosphate-buffered saline
(DPBS) to run on a FACSCalibur flow cytometer. For each experi-
ment, cells that were not incubated with PNAwere also analyzed as a
control. The data table represents a mean of three independent ex-
periments ± SE.

Confocal microscopy

HEK293 cells (15 × 103) were plated on an 8-well Lab-Tek cham-
bered coverglass (precoated with Collagen I) in 10% FBS-DMEM
and cultured overnight. The medium was discarded and cells were
washed with OptiMEM (no FBS) followed by incubation with 300
µL of 1 µM PNA-HF488 conjugate in OptiMEM (or 1 µM PNA-
HF488 conjugate/100 µM chloroquine in OptiMEM) for 24 h at
37°C, 10% CO2. After incubation, cells were washed with
OptiMEM twice before addition of 300 µL of 65 nM LysoTracker
Deep Red to stain acidic organelles (red) and 50 µg/mL 4′,6-diami-
dino-2-phenylindole (DAPI) to stain the nuclear DNA (blue) into
each well and incubated for 1 h. After two washes, 300 µL of
OptiMEM (without phenol red) medium containing HEPES buffer
was added into the wells for observation of living cells. Uptake of
HF488-labeled PNAs was detected as green fluorescence measured
at 488 nm. The images were acquired using an inverted Axiovert
Zeiss Laser Scanning Microscope 510 using a 63× objective. When
comparing the uptake of the PNA conjugates, the imaging condi-
tions (such as photomultiplier gain/offset, laser intensities, and con-
focal aperture size) were kept constant for the observation of the
different conjugates, so that the intensities represent true differences
in uptake.

Cytotoxicity

The XTT proliferation assay was used to measure cell proliferation
by comparing relative absorbance to a control that contained no
PNA. HEK293 cells (2 × 104 cells/well) were plated on a 96-well
plate in 10% FBS-DMEM and incubated overnight at 37°C, 10%
CO2. The medium was discarded and cells were treated with differ-
ent concentrations of PNA in OptiMEM ( no FBS). Following 22 h
of incubation, Activated-XTT was added and cells were incubated
for an additional 2 h. A plate reader was used to measure absorbance
at a wavelength of 450 nmminus the absorbance at 650 nm after the
incubation period.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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