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ABSTRACT: Double-helical RNA has become an attractive
target for molecular recognition because many noncoding
RNAs play important roles in the control of gene expression.
Recently, we discovered that short peptide nucleic acids
(PNA) bind strongly and sequence selectively to a
homopurine tract of double-helical RNA via formation of a
triple helix. Herein, we tested if the molecular recognition of
RNA could be enhanced by α-guanidine modification of PNA.
Our study was motivated by the discovery of Ly and co-
workers that the guanidine modification greatly enhances the
cellular delivery of PNA. Isothermal titration calorimetry showed that the guanidine-modified PNA (GPNA) had reduced affinity
and sequence selectivity for triple-helical recognition of RNA. The data suggested that in contrast to unmodified PNA, which
formed a 1:1 PNA−RNA triple helix, GPNA preferred a 2:1 GPNA−RNA triplex invasion complex. Nevertheless, promising
results were obtained for recognition of biologically relevant double-helical RNA. Consistent with enhanced strand invasion
ability, GPNA derived from D-arginine recognized the transactivation response element of HIV-1 with high affinity and sequence
selectivity, presumably via Watson−Crick duplex formation. On the other hand, strong and sequence selective triple helices were
formed by unmodified and nucelobase-modified PNA and the purine-rich strand of the bacterial A-site. These results suggest that
appropriate chemical modifications of PNA may enhance molecular recognition of complex noncoding RNAs.

Recent discoveries that noncoding RNAs play important
roles in the regulation of gene expression stimulate

interest in molecular recognition of double-helical RNA.
However, discovery of small molecules that recognize helical
RNA structure and selectively modulate RNA’s function has
been a challenging and involved process.1−3 The RNA helix has
a relatively uniform and polar surface that presents little
opportunity for hydrophobic shape selective recognition. On
the other hand, binding to bulges and internal loops, which are
the most common small molecule targets in RNA, is frustrated
by the conformational flexibility of nonhelical RNA. Hydrogen
bond-mediated sequence selective triple-helix formation could
provide a straightforward and effective molecular recognition of
double-helical RNA.4 Surprisingly, triple helices involving the
RNA duplex have been little studied. Modestly stable, all RNA
triple helices are formed via parallel binding of a pyrimidine-
rich third strand to a purine-rich strand of the double helix.5−7

The molecular recognition of RNA’s sequence occurs via the
Hoogsteen hydrogen bonding between uridine and adenosine-
uridine base pairs (Figure 1, U*A-U triplet) and between
protonated cytidine and guanosine-cytidine base pairs (C*G-C
triplet). In contrast to DNA, RNA does not form the pH-
independent antiparallel triplex based on G*G-C, A*A-T, and
T*A-T triplets.7,8

Practical applications of triple-helical recognition of nucleic
acids are limited by (1) the low stability and slow formation of
the triplex caused, at least in part, by electrostatic repulsion
between the negatively charged phosphate backbones of the

double helix and the incoming third-strand oligonucleotide and
(2) the requirement for long homopurine tracts, as only U*A-U
and C*G-C triplets are used in the common triple-helical
recognition. Recently, we discovered that short peptide nucleic
acids (PNA)9 recognized double-helical RNA via highly stable
and sequence selective triple-helix formation.10−12 PNA, as
short as hexamers, formed triple helices with a RNA duplex
faster and with higher affinity than with RNA as the third
strand.10 Furthermore, nucleobase modifications allowed
recognition of isolated pyrimidine inversions in short
polypurine tracts, thus expanding the potential of recognition
to biologically relevant double-helical RNA, such as rRNA and
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Figure 1. Triple-helical recognition of RNA via Hoogsteen base
triplets.
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microRNAs.12 These findings inspired a hypothesis that,
because of the absence of a negatively charged backbone,
PNA will be a superior candidate for triple-helical recognition
of RNA and may overcome the limitations of natural
oligonucleotides in triple-helical recognition. Interestingly,
despite extensive studies of DNA−PNA triplexes,13 binding
of PNA to double-helical RNA had not been studied before our
recent work.10−12 Our results encouraged us to further explore
the potential of chemically modified PNA in molecular
recognition of double-helical RNA.
Despite the excellent chemical and biophysical properties, in

vivo applications of unmodified PNA have been limited because
of poor uptake by mammalian cells. Recent work on chemically
modified PNA showed that the cellular delivery may be
enhanced by attaching cationic cell-penetrating peptides.14,15

Ly and co-workers16−18 developed guanidine-modified PNA
(GPNA, the backbone derived from arginine instead of glycine)
that maintained strong and sequence selective binding to
complementary single-stranded DNA and RNA and were
efficiently taken up by several cell lines. The enhanced cellular
uptake was attributed to the positively charged guanidine
groups. We were interested in probing the potential of GPNA
in molecular recognition of double-helical RNA. We envisioned
that combining the high affinity and sequence selectivity of the
PNA−RNA triplex, as observed in our recent studies,10,12 with
the cellular penetration of GPNA would pave the road for in
vivo applications of sequence selective recognition of double-
helical RNA. Herein we used isothermal titration calorimetry
and fluorescence spectroscopy to study binding of GPNA to
double-helical RNA. The results were further confirmed using
circular dichroism (CD) spectroscopy and a gel mobility shift
assay. We found that guanidine modification reduced the
affinity and sequence selectivity of PNA with respect to
complementary double-helical RNA. The binding stoichio-
metry increased to a 2:1 PNA−RNA complex, suggesting that
the most likely mode of binding was a strand invasion triplex.
While GPNA did not favor triple-helix formation, strong and
sequence selective recognition of transactivation response
element (TAR) RNA of HIV-1 was achieved using the GPNA
derived from D-arginine in a strand invasion mode. Unmodified
and nucleobase-modified12 PNA also gave promising results for
triple-helical recognition of bacterial A-site RNA.

■ EXPERIMENTAL PROCEDURES
Isothermal Titration Calorimetry. In a typical ITC

experiment, an RNA hairpin solution (0.95 mL, 5.25 mM) in
acetate buffer [100 mM sodium acetate and 1.0 mM EDTA
(pH 5.5)] was titrated with a PNA solution (50 × 5 μL,
96 mM) using a Nano ITC G2 (TA Instruments) calorimeter.
For full experimental details and data, see the Supporting
Information. The titration data (Figures S1−S42 of the
Supporting Information) were analyzed using NanoAnalyze
(TA Instruments) using an independent model to obtain the
fitting graph and thermodynamic binding data (Table S1 of
the Supporting Information).
Fluorescence Spectroscopy. An HRP7 (TAR RNA

model) solution (2 mL, 0.1 mM) in phosphate buffer [10 mM
phosphate, 0.1 mM EDTA, and 1 mM MgCl2 (pH 6.8)] was
heated for 6 min in a 90 °C water bath and then snap-cooled by
being immediately placed in an ice bath. The sample was placed
in a 1 cm path length cuvette and equilibrated at 20 °C using a
circulating water bath. The excitation wavelength was set to
305 nm; the emission wavelength was observed at 365 nm.

The excitation and emission bandwidth was 10 nm. Titration of
the PNA into TAR RNA was achieved via addition of 1−6 μL
aliquots of concentrated PNA stock solutions to reach the
required PNA concentration of 0.002−2 μM. After each
addition of PNA, the mixture was stirred for 30 min before the
fluorescence intensity was measured using a Shimadzu RF-
5301pc spectrofluorometer. The data were analyzed by fitting
(Figures S44−S50 of the Supporting Information) the change
in fluorescence intensity to a single-site, two-state binding
model as previously described.19

■ RESULTS
Our study started with modification of the synthetic route
designed by Ly and co-workers16,18 for preparing Fmoc-
protected GPNA monomers that would be compatible with
standard PNA synthesis protocols for the Expedite 8909 DNA
synthesizer. Starting from known intermediates 1a and 1b
(Scheme 1),16,18 reductive amination with Fmoc-glycinaldehyde20

gave backbone intermediates 2a and 2b. The target
thymidine GPNA monomers [4a and 4b (Scheme 1)] were
prepared by coupling of 2a and 2b with thymine-1-acetic
acid, which was prepared according to established proce-
dures,18 followed by deprotection using N-ethylaniline and
Pd(PPh3)4.

16,21

The guanidine-modified PNA oligomers [GPNA (Figure 2)]
were made using the standard Fmoc synthesis protocols on the
Expedite 8909 synthesizer and purified by reverse-phase high-
performance liquid chromatography. Cleavage from the solid
support and removal of all protecting groups (including the N-
tosyl group) were achieved with a mixture of m-cresol, thioanisole,
trifluoromethanesulfonic acid, and trifluoroacetic acid (1:1:2:6) as
previously reported.16 To allow direct comparison, we prepared
the same GPNA sequences (Figure 2), like the PNA used in our
previous study of triple-helix formation with double-helical RNA.10

Scheme 1. Synthesis of Fmoc-Protected GPNA Monomersa

aThe a series has R stereochemistry (derived from D-arginine) and the
b series S stereochemistry (derived from L-arginine) at the chiral
center (asterisks). Steps (yields for D-series): (a) Fmoc-NHCH2CHO,
MeOH, 0 °C, 4 h, acetic acid, NaBH3CN, 30 min (57%); (b) thymine-
1-acetic acid, 3-hydroxy-1,2,3-benzotriazin-4(3H)-one, N-[3-(dimethyl-
amino)propyl]-N′-ethylcarbodiimide, dimethylformamide, 40 °C, 12 h
(60%); (c) Pd(PPh3)4, N-ethylaniline, tetrahydrofuran, room temperature,
1 h (81%).
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The binding of GPNA to RNA hairpin (HRP1) was studied using
isothermal titration calorimetry [ITC (Figure 3)].
The ITC results, summarized in Table 1, showed that

modification of both T monomers in the hexamer CTCCTC
(PNA3) with a guanidine residue derived from either D- or L-
arginine lowered the affinity for double-stranded RNA (cf.,
entry 1 with entries 2 and 3). Interestingly, the binding order
(PNA:RNA stoichiometry) increased from 1 (observed in our
previous study) to 2, suggesting that a more complex binding
mode, presumably a duplex invasion forming a GPNA−RNA−
GPNA triple helix, was taking place (Figure 4). Formation of
the complex was further confirmed using circular dichroism
(CD) spectroscopy. Wittung et al. have shown that strand
invasion of the DNA duplex by PNA resulted in a decrease in
the magnitude of the CD signal at 240−250 nm and an increase
in the magnitude of the CD signal at ∼280 nm.22,23 In contrast
to unmodified PNA, GPNA exhibited a weak but notable CD
signal (Figure 5A, blue and green lines) at the concentration
used in ITC experiments. Addition of 4.5 equiv (conditions

mimicking the end point of ITC titration) of D-GPNA1 and L-
GPNA1 to HRP1 induced a decrease in the magnitude of the
CD signal at 240−250 nm, which was clearly visible in the
difference spectra (red lines in panels B and C of Figure 5,
respectively). However, we did not observe a significant increase
around 280 nm. In contrast, the binding of D-GPNA1 showed a
decrease in the magnitude of the signal at that wavelength. Overall,
the CD spectra confirmed the formation of GPNA−RNA
complexes.
In accord with our previous study,10 binding of D-GPNA1 to the

HRP1 hairpin made of deoxynucleotides (DNA version of HRP1)
was weaker by ∼1 order of magnitude (cf., entries 2 and 4). In
contrast, the affinity of L-GPNA1 for either the RNA or DNA
hairpin was practically the same (cf., entries 3 and 5). Under
physiologically relevant conditions [37 °C, in 2 mM MgCl2,
90 mM KCl, 10 mM NaCl, and 50 mM potassium phosphate
(pH 7.4)], we observed no binding of D-GPNA1 to HRP1.
The sequence of PNA3 was symmetric and thus provided

optimal binding for formation of both a parallel triple helix and

Figure 2. Structure of GPNA and sequences of RNA hairpins, PNA, and GPNA. The numbering of RNA hairpins and PNA is from ref 10.

Figure 3. ITC titration curve of D-GPNA1 (5 μL injections of 96 μM) binding to HRP1 (5.25 μM).
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an antiparallel duplex, as required for triplex invasion (Figure 4).
To gain more insight into different binding modes, we prepared
guanidine-modified variants of hexamer CTCTTC (PNA4) and
studied their binding to HRP2. All the sequences designed to
bind in a parallel mode to the polypurine tract of HRP2 [in
GPNA2−GPNA4 (Figure 2), the amino terminus aligns with
the 5′ end of RNA (see also Figure 4A)] had a similar affinity
for the RNA target that was ∼2 orders of magnitude lower than
the affinity of the unmodified PNA4 (in Table 1, cf., entry 6 and
entries 7−12). While there was very little dependence on the
number of modifications in the D series (entries 7−9), in the L

series (entries 10−12) the affinity appeared to decrease somewhat
with an increasing number of guanidine modifications. Interest-
ingly, increasing the number of modifications in the D series was
followed by a decrease in both binding enthalpy and entropy (ΔH
and ΔS, respectively, in Table 1), while the reverse was true in the
L series. This result suggested that the stereoisomeric guanidine
modifications had distinct interactions with the RNA target. The
PNA:RNA stoichiometry (binding order in Table 1) suggested
that the parallel GPNA maintained the original PNA−RNA−RNA
triple-helical mode of recognition.

In contrast, the sequences designed to bind in an antiparallel
mode (Figure 4B) to the polypurine tract of HRP2 [in
GPNA5−GPNA7 (Figure 2), the amino terminus aligned with
the 3′ end of RNA] had significant differences in binding
affinity depending on the number and stereochemistry of
guanidine modifications. In the D series (entries 13−15), the
binding affinity decreased more than 20-fold going from one
(entry 13) to three guanidine modifications (entry 15). The
binding order increased to 2 with two and three guanidine
modifications, suggesting that the antiparallel sequences may
favor triplex invasion [GPNA−RNA−GPNA (Figure 4C)], as
observed for GPNA1 (entries 2 and 3). GPNA7 derived from L-
arginine (entry 16) had a significantly higher affinity than the D

isomer (entry 15). Binding of GPNA7 to HRP2 produced
similar changes in CD spectra as observed for GPNA1 and
HRP1 (Figure S43 of the Supporting Information). While D-
GPNA5 had the highest binding affinity [Ka ∼ 107 (entry 13)]
among all guanidine-modified PNA tested at pH 5.5, we
observed no binding when the experiment in entry 13 was
repeated in acetate buffer at pH 7.3.
Next we checked the sequence selectivity of binding of

GPNA1 to all four RNA hairpins having a variable central base
pair [HRP1−HRP4 (Figures 2 and 6)]. The results in Table 2
showed that the affinity of unmodified PNA3 and either the
D or the L isomer of GPNA1 for the “mismatched” hairpins
(HRP2−HRP4) was approximately the same (D-GPNA1 vs
HRP4 was the only notable exception). Thus, the sequence
specificity of GPNA was reduced compared to that of
unmodified PNA because of the lower affinity for the
“matched” target (highlighted in bold in Table 2). We also
studied the sequence selectivity of antiparallel (Figure 4B)
GPNA8 and GPNA9 in comparison with PNA5 and PNA6,
respectively (Figure 6). These sequences all have a mismatched
central Hoogsteen base triplet; however, because two molecules
of D-GPNA8 and D-GPNA9 bind to an RNA hairpin [binding
order of 2 (see the Supporting Information)], the combination
D-GPNA8 and HRP3 and the combination of D-GPNA9 and

Table 1. Thermodynamic Data for Binding of PNA and GPNA to RNA and DNA Hairpinsa

entry sequence Ka (×10
6 M−1) −ΔH (kcal/mol) −ΔS (eu) −ΔG (kcal/mol) binding order

Symmetric Sequence, Optimal for a Parallel Triple Helix and an Antiparallel Duplex (strand invasion)
1b PNA3 NH2-CTCCTC 84 ± 80 29.4 ± 5.3 63 ± 17 10.6 ± 0.5 1.1 ± 0.2
2 D-GPNA1 NH2-CT

D‑ArgCCTD‑ArgC 4.6 ± 1.6 27.3 ± 2.5 61 ± 9 9.1 ± 0.2 1.8 ± 0.1
3 L-GPNA1 NH2-CT

L‑ArgCCTL‑ArgC 2.2 ± 1.6 24.2 ± 9.6 53 ± 34 8.6 ± 0.5 2.0 ± 0.1
4c D-GPNA1 NH2-CT

D‑ArgCCTD‑ArgC 0.4 29.1 72 7.7 2.1
5c L-GPNA1 NH2-CT

L‑ArgCCTL‑ArgC 2.5 21.0 41 8.7 2.2
Sequence Optimal for a Parallel Triple Helix

6b PNA4 NH2-CTCTTC 47 ± 22 26.4 ± 3.2 54 ± 12 10.4 ± 0.3 1.3 ± 0.1
7 D-GPNA2 NH2-CTCT

D‑ArgTC 0.5 70.0 209 7.8 0.5
8 D-GPNA3 NH2-CT

D‑ArgCTTD‑ArgC 0.5 41.8 114 7.8 0.8
9 D-GPNA4 NH2-CT

D‑ArgCTD‑ArgTD‑ArgC 0.6 22.9 50 7.9 1.2
10 L-GPNA2 NH2-CTCT

L‑ArgTC 1.8 39.6 104 8.5 0.7
11 L-GPNA3 NH2-CT

L‑ArgCTTL‑ArgC 0.8 58.8 170 8.0 0.5
12 L-GPNA4 NH2-CT

L‑ArgCTL‑ArgTL‑ArgC 0.5 61.6 181 7.8 0.4
Sequence Optimal for an Antiparallel Duplex (strand invasion)

13d D-GPNA5 NH2-CTT
D‑ArgCTC 10.5 19.8 34 9.6 1.4

14d D-GPNA6 NH2-CT
D‑ArgTCTD‑ArgC 5.0 13.4 14 9.1 2.0

15d D-GPNA7 NH2-CT
D‑ArgTD‑ArgCTD‑ArgC 0.4 ± 0.01 25.8 ± 3.7 61 ± 13 7.6 ± 0.0 2.3 ± 0.0

16d L-GPNA7 NH2-CT
L‑ArgTL‑ArgCTL‑ArgC 3.8 ± 0.1 13.0 ± 7.3 14 ± 25 8.9 ± 0.3 2.1 ± 0.1

aAverage association constants Ka (±standard deviation) in 100 mM sodium acetate and 1.0 mM EDTA (pH 5.5). Entries 1−3 are for binding to
HRP1, entries 4 and 5 for binding to a DNA version of HRP1, and entries 6−16 for binding to HRP2. bFrom our previous study.10 cBinding to a
DNA version of HRP1. dPNA antiparallel to the purine tract of HRP2 (Figure 4B).

Figure 4. Schematic representation of the binding modes: (A) parallel
triple helix (amino end of PNA aligned with the 5′ end of RNA),
(B) antiparallel triple helix, and (C) strand invasion triplex that
combines antiparallel PNA binding via Watson−Crick hydrogen bonds
and parallel PNA binding via Hoogsteen hydrogen bonds.
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HRP4 would have a matched Watson−Crick base pair if the
binding were following the triplex-invasion mode (Figure 4C).

Indeed, D-GPNA8 had a higher binding affinity than PNA5 for
HRP3, consistent with formation of the G-C base pair upon

Figure 5. CD spectra of D-GPNA1, L-GPNA1, and HRP1 (A), binding of D-GPNA1 to HRP1 (B), and binding of L-GPNA1 to HRP1 (C). The red
lines in panels B and C are the arithmetic difference between the complex spectra (GPNA + HRP1, blue and green in panels B and C, respectively)
minus the sum of GPNA (blue and green in panel A) and HRP1 (black) spectra. The RNA concentration wass 5.25 μM, and the GPNA
concentration was 24 μM.
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invasion, and HRP4, possibly due to a stabilizing G-U wobble
base pair (highlighted in bold in Table 2). A similar result,
consistent with formation of an A-U base pair, was obtained for
the combination of D-GPNA9 and HRP4, supporting our
hypothesis that the binding order of 2 indicated triplex invasion
and formation of a GPNA−RNA−GPNA complex.
Next, we tested if PNA and GPNA could recognize more

complex biologically relevant RNA, such as the ribosomal
A-site. Model hairpins (Figure 7) were designed to contain the
secondary structure of ribosomal A-sites (sequences from
http://www.rna.ccbb.utexas.edu/) of Homo sapiens (HRP5)
and Mycobacterium tuberculosis (HRP6) and to close at one end
with a stable RNA tetraloop and on the other end with a couple
of C-G base pairs. The structures of the A-rich bulge, which is
the target of aminoglycoside antibiotics, of bacterial and human
A-sites are remarkably similar. However, significant differences
occur in the helical region just above the A-rich bulge (bold
in Figure 7). Interestingly, the A-site helices feature short

polypurine tracts interrupted by a single pyrimidine, U in HRP5
and C in HRP6, which prompted us to explore if the A-site
RNA may be recognized via triplex or triplex-invasion mode
(Figure 7 and Table 3).

In general, PNA and GPNA (L series) targeting the A-site
exhibited modest binding affinity, which was consistent with
the impact of a mismatched base triplet observed in our
previous study.10 Octamer PNA10 had low sequence selectivity
for the bacterial A-site, and the binding order indicated
potential triplex invasion (Table 3, entry 1). Surprisingly,
guanidine modification resulted in an increased affinity of
GPNA10 for the human A-site and a dramatic loss of sequence
selectivity, which correlated with large increases in the level of

Figure 6. Structure of RNA hairpins, PNA, and GPNA used in our sequence selectivity study.

Table 2. Sequence Selectivity of Binding of GPNA to RNA
Hairpinsa

PNA (variable
base)

HRP1a

(G-C)
HRP2a

(A-U)
HRP3a

(C-G)
HRP4a

(U-A)

PNA3 (C)b 84 0.4 0.5 0.2
D-GPNA1 4.6 0.3 0.7 1.3
L-GPNA1 2.2 0.8 0.6 0.4
PNA5 (G)b 1.5 0.4 0.2 0.1
D-GPNA8c 0.8 0.6 1.2 0.7
PNA6 (A)b 6.0 1.6 0.7 0.05
D-GPNA9c NDd 0.6 NDd 0.97

aAverage association constants [Ka (×10
6 M−1)] in sodium acetate

buffer (pH 5.5). bFrom our previous study.10 cPNA antiparallel to the
purine tract of RNA. dNot determined.

Figure 7. Structure of ribosomal A-site model RNA hairpins and the complementary PNA and GPNA.

Table 3. Binding of PNA and GPNA (L series) to Ribosomal
A-Site Model RNA Hairpins (Figure 7)a

entry PNA sequence M.
tuberculosis
(HRP6)

H. sapiens
(HRP5)

1 PNA10 NH2-CCCTGCTT 1.2 (1.7) 0.4 (2.0)
2 GPNA10 NH2-

CCCTL‑ArgGCTL‑ArgT
0.5 (2.9) 2.8 (5.0)

3 PNA11 NH2-CCTGCTT 0.2 (1.1) 0.04 (0.9)
4 PNA12 NH2-CTGCTT 0.2 (1.6) 0.06 (0.9)
5 GPNA12 NH2-CT

L‑ArgGCTT 0.4 (1.8) 0.8 (2.1)
6 GPNA13 NH2-

CTL‑ArgGCTL‑ArgT
2.9 (8.0) 8.1 (8.8)

7 PNA13 NH2-CCCTPCTT 1.5 (1.1) NBb

8 PNA14 NH2-CCCTPexCTT 2.0 (1.1) NBb

aAverage association constants [Ka (×10
6 M−1)] in sodium acetate

buffer (pH 5.5); the binding order is given in parentheses. bNo
binding; Ka < 103 M−1.
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binding order (Table 3, entry 2). Shortening the PNA to a
heptamer (PNA11) and a hexamer (PNA12) slightly decreased
the affinity and increased the sequence selectivity. Guanidine
modifications in GPNA12 and GPNA13 increased the binding
affinity, but the sequence selectivity was lost. It is conceivable
that the unusually high binding orders for GPNA10 and
GPNA13 resulted from nonspecific electrostatic association of
these GPNA carrying two guanidine modifications with the
relatively more flexible (because of the noncanonical base pairs)
A-site RNA. Recently, we showed that 2-pyrimidone, as in the
novel PNA monomers 5 and 6 (Figure 7) formed a matched
triplet with a C-G inversion in the purine-rich strand of double-
helical RNA.12 Replacing the mismatched G in PNA10 with P
and Pex (monomers 5 and 6, respectively) increased the affinity
of PNA13 and PNA14 for the bacterial A-site. The
stoichiometry of the complex was close to 1:1 as expected for
the triple helix. Most remarkably, the sequence selectivity was
excellent; we could not observe any binding to the human A-
site (Figures S40 and S42 of the Supporting Information).
The preference of guanidine-modified PNA to form strand

invasion complexes prompted us to check if GPNA could bind
RNA structures that do not have continuous polypurine tracts.
To test this hypothesis, we selected a model RNA sequence of
the transactivation response element (TAR) of HIV-1 virus
(Figure 8). We envisioned that the bulged structure should be

thermally less stable than a canonical Watson−Crick helix and
may predispose the RNA for strand invasion by PNA. To test
this hypothesis, we chose PNA16 complementary to the U-rich
loop and the stem connecting the U-rich loop and the hairpin
loop. This sequence design was similar to that of Pandey24−26

and others,27 except that we decided not to include the G-rich
hairpin loop in the recognition site because our focus was on
testing duplex invasion as opposed to Watson−Crick binding
to the flexible loop. Our initial experiments were frustrated
by an apparent aggregation of PNA at high concentrations
(∼100 μM) in the injection syringe of ITC. While PNA used in
the ITC studies described above had no more than one purine
base (<20%), PNA complementary to TAR RNA had 50%
purines (Figure 8), which may cause some aggregation at high
concentrations. In a search for an alternative method, we turned to
fluorescence spectroscopy of RNA labeled with the highly
fluorescent 2-aminopurine nucleoside.19,28−30 2-Aminopurine
fluorescence has been used to characterize binding of small
molecules to the rev responsive element RNA of HIV-1,28

aminoglycosides to the ribosomal A-site,29,30 and, most recently,

argininamide, Tat peptide, and neomycin to TAR RNA model
construct HRP719 (Figure 8).
Following the published methodology,19 incremental titration of

HRP7 with PNA16 led to a decrease in fluorescence intensity (red
circles in Figure 9A), as expected for 2-aminopurine moving from a
relatively flexible bulge to a more structured PNA−RNA duplex
environment. Fitting the data (Figure S44 of the Supporting
Information) to a single site, two-state binding model gave a Ka of
∼2 × 107 M−1.19 Introduction of a mismatch (highlighted in bold
in Figure 8) lowered the affinity of PNA17 (blue squares in Figure
9A) to ∼4 × 106 M−1. Two adjacent mismatches in PNA18 led to
a curve (green triangles in Figure 9A) that fit poorly the single-site,
two-state binding model (Figure S46 of the Supporting
Information); however, the relatively small slope clearly indicated
a significantly decreased affinity. Binding of L-GPNA14 to HRP7
appeared to be weaker than that of unmodified PNA16 (Figure
9B). The curve did not fit well the single-site, two-state binding
model (Figure S47 of the Supporting Information), giving a
Ka of approximately 2−5 × 106 M−1, which was comparable to that
of PNA17 having a mismatched base pair. Surprisingly,
introduction of a mismatch did not significantly change the
affinity of L-GPNA17 (Figure 9B; see also Figures S47 and S48
of the Supporting Information). This result might indicate that
a significant portion of the binding energy came from
nonspecific electrostatic attraction. In contrast, D-GPNA14
had an apparently higher affinity for HRP7 than the unmodified
PNA16 (blue squares in Figure 9C). Fitting the data (Figure
S49 of the Supporting Information) to a single-site, two-state
binding model gave a Ka of ∼108 M−1.19 Introduction of a
mismatch lowered the affinity of D-GPNA17 (green triangles in
Figure 9C). The curve did not fit well the single-site, two-state
binding model (Figure S50 of the Supporting Information), giving
a Ka of approximately 2 × 106 M−1, which was comparable to
that of the mismatched PNA17 and L-GPNA17. One potential
explanation for the poor fitting of data for mismatched PNA18, L-
GPNA, and D-GPNA17 is that more than 1 equivalent of PNA
was binding to HRP7, causing significant deviations from the
single-site, two-state binding model behavior.
Formation of the complex between the TAR RNA model

hairpin and PNA was further confirmed using a gel mobility
shift assay (Figure 10). Incremental titration of HRP7 (5′-
labeled with fluorescein) with PNA16 (Figure 10A) and D-
GPNA14 (Figure 10B) led to the disappearance of the RNA
band and formation of a slower-moving band, which could be
assigned to a potential strand invasion complex.27,31 Interest-
ingly and in contrast to PNA16, addition of >2 equiv of D-
GPNA14 led to the disappearance of the initial complex band
and formation of broad and smeared out bands that were
diluted below the detection level. This result suggested that >1
equiv of guanidine-modified PNA may be binding to HRP7
with a lower affinity at higher PNA:RNA ratios.

■ DISCUSSION
PNA bearing cationic α- and γ-substituents bind strongly to cDNA
and RNA and exhibit interesting biological properties.16−18,32−34

Ly and co-workers16−18 have reported that guanidine modification
of PNA greatly facilitates the traversal of the cellular membrane, a
highly desirable property for in vivo applications of gene expression
control. They found that GPNA induced a potent and sequence
specific antisense effect and was less toxic to the cells compared to
PNA conjugated with polyarginine.32 These favorable properties
prompted us to study binding of GPNA to double-helical RNA,
especially because we had recently discovered that unmodified

Figure 8. Structure of the TAR RNA hairpin and complementary PNA
and GPNA. The target site on RNA and the mismatched nucleobases
are highlighted in bold; AP is 2-aminopurine.
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PNA bind surprisingly strongly and sequence selectively to double-
helical RNA.10−12

Ly and co-workers demonstrated that L-GPNA had a lower
affinity for complementary single-stranded DNA16 and RNA17

than unmodified PNA. In contrast, the affinity of D-GPNA was
similar or even higher than that of unmodified PNA.16,17 In our
hands, both isomers of GPNA sequences optimized for parallel
binding to the polypurine tract of double-helical RNA had

Figure 9. Binding of PNA and GPNA to TAR RNA HRP7. The change in fluorescence was monitored at 365 nm following excitation at 305 nm.
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binding affinities ∼2 orders of magnitude lower than that of the
unmodified PNA (cf., Table 1, entry 6 and entries 7−12). This
result suggested that a PNA backbone derived from α-
substituted amino acids instead of glycine might be a poor fit
for the PNA−RNA−RNA triple helix. The problem is most
likely steric hindrance because the cationic guanidine
modification could be expected to enhance the stability of triple
helices at the expense of sequence selectivity. For example,
conjugation of cationic peptides at PNA termini has been shown
to increase the stability of PNA−DNA−DNA triple helices.31

Interestingly, Ly and co-workers18 found that GPNA T10 formed
a GPNA−DNA duplex but not a GPNA−DNA−GPNA triplex
with the complementary dA10, a result consistent with our
findings that the guanidine modification disfavors triple-helix
formation.
GPNA sequences optimized for antiparallel binding to the

polypurine tract had somewhat higher affinities for double-
helical RNA than the parallel GPNA sequences (Ka = 106−107,
depending on the sequence and number of modifications).
However, the affinity was lower than that of unmodified PNA
and decreased with an increasing number of guanidine
modifications (Table 1, entries 13−15). Multiple modifications
derived from L-arginine appeared to be better tolerated, leading
to a higher affinity of L-GPNA (Table 1, entry 16) than D-
GPNA (entry 15). This was somewhat unexpected because D-
GPNA were shown to form more stable duplexes with DNA
and RNA than L-GPNA.16,17 However, if the antiparallel GPNA
bind RNA by triplex invasion, both the favored antiparallel
GPNA−RNA duplex and the antiparallel GPNA−RNA−
GPNA triple helix (see Figure 4) contribute to the overall
stability of the complex. We recently showed that unmodified
PNA formed both parallel and antiparallel triple helices with
RNA (Figure 4A,B), though the latter was 1 order of magnitude
less stable.10 It is conceivable that the antiparallel triple helix
is disfavored more by the D modification than by the L

modification.
For the symmetric sequence CTCCTC, which was optimal

for both the parallel triple helix and the antiparallel duplex

(as required for triplex invasion), we observed an overall
decrease in binding affinity upon guanidine modification (Table
1, entries 1−3). Consistent with more stable duplexes involving
D-GPNA17 and equally destabilized parallel triple helices (Table
1, entries 6−12), D-GPNA1 had a slightly higher affinity than L-
GPNA1 (cf., entries 2 and 3). Perhaps the most interesting
finding was that guanidine modification shifted the binding
mode from 1:1 (as indicated by a binding stoichiometry of ∼1),
which we assign to the GPNA−RNA−RNA triplex, to 2:1
(binding stoichiometry of ∼2). We propose that the best
explanation for the 2:1 complex is a GPNA−RNA−GPNA
triplex invasion complex (Figure 4C). The relatively higher
stability of GPNA−RNA complexes that can form Watson−
Crick base pairs (D-GPNA8 with HRP3 and D-GPNA9 with
HRP4) or G-U wobble pair supports our hypothesis of triplex
invasion. Thus, guanidine modification of PNA at the α-
position appears to enhance the strand invasion of the RNA
double helix, which is consistent with observations made by
others that cationic modifications and α- and γ-substituents
predispose PNA for strand invasion of DNA.24,25,35−37 Our
experiments with TAR RNA model HRP7 further confirmed
that guanidine modification promotes RNA strand invasion.
The fact that D-GPNA14 had a significantly higher affinity
and sequence selectivity than L-GPNA14 was encouraging for
future applications and fully consistent with previous findings
by Ly and co-workers.16,17 Overall, the guanidine modification
significantly weakened the ability of PNA to form triple helices
with complementary double-helical RNA. Meanwhile, the
affinity of GPNA and unmodified PNA for mismatched RNA
helices was lowered by approximately the same extent (Table 2),
which resulted in an overall decrease in sequence selectivity for
GPNA.
Binding of PNA to A-site RNA had not been studied prior to

our recent work.12 Our results show that unmodified PNA were
able to bind the polypurine tract of bacterial A-site RNA in
preference to human A-site RNA. The relatively low affinity and
modest sequence selectivity of binding were most likely due to the
inability of Hoogsteen triplets to recognize the pyrimidine
interruption in the polypurine tract of HRP6. The results with
PNA11 and PNA12 are encouraging for triplex recognition of A-site
RNA, providing that a modified heterocycle could be designed
that would recognize the pyrimidine interruption in the
polypurine tract and restore binding affinity and sequence
selectivity.38−40 Consistent with this notion, incorporation of
modified heterocyles [P and Pex (Figure 7)], recently developed
by us to recognize cytosine in G-C inversion,12 significantly
increased the sequence selectivity while maintaining excellent
affinity in the triple-helical binding mode (Table 3). A brief
review of secondary structure databases of noncoding RNAs reveals
that it is relatively common to find short homopurine tracts of
eight and more contiguous purines, sometimes interrupted by one
or two pyrimidines, in bacterial rRNAs (http://www.rna.ccbb.
utexas.edu/) and micro RNAs (http://www.mirbase.org/). Our
preliminary results with PNA13 and PNA14 suggest the possibility
of designing relatively small PNA analogues to recognize such
binding sites. It is conceivable that further development of chemical
modifications may allow general recognition of isolated pyrimidines
in the context of the homopurine triple helix at physiological pH,
which may open a novel way to recognize and interfere with
function of noncoding RNAs.
Because of the need for cytosine (pKa ∼ 4.5) protonation to

form the Hoogsteen C*G-C triplets, the experiments on triple-
helical recognition of RNA were performed at pH 5.5. Consistent

Figure 10. Binding of PNA16 (A) and D-GPNA14 (B) to 5′-
fluorescein-labeled TAR RNA HRP7 (5 μM) monitored by a gel
mobility shift assay. Gels were run in 89 mM tris-borate buffer and
2 mM EDTA (pH 8.4).

Biochemistry Article

dx.doi.org/10.1021/bi201570a | Biochemistry 2012, 51, 63−7371

http://www.rna.ccbb.utexas.edu/
http://www.rna.ccbb.utexas.edu/
http://www.mirbase.org/


with this requirement, we did not observe binding of GPNA to
RNA hairpins at physiologically relevant pH values. This problem
is beyond the scope of this work and may be addressed in future
work by designing PNA containing more basic cytosine analogues
and/or alternative cationic modifications.31 While the α-guanidine-
modified PNA did not improve triple-helix formation with double-
helical RNA, related cationic modifications, such as PNA modified
with γ-guanidine34 and γ-lysine,33 still are interesting alternatives,
which may allow effective triple-helical recognition and enhanced
cellular uptake to be realized in a modified PNA analogue.
A promising result was obtained using D-GPNA14 in a strand

invasion mode with the TAR RNA hairpin. Binding of PNA to
TAR RNA has previously been demonstrated by gel mobility
shift analysis and by blocking the Tat-mediated transactivation
in a cell culture.26,27 The data are consistent with formation of a
1:1 PNA−RNA strand invasion duplex.26,27 Similarly, PNA14
and especially D-GPNA14 showed excellent affinity and sequence
selectivity for TAR RNA. The gel mobility shift assay and a
good fit of the fluorescence data to a single-site, two-state
binding model suggested formation of a 1:1 PNA−RNA
complex, most likely a strand invasion duplex, as previously
reported by others.27 However, gel mobility experiments also
indicated that guanidine modifications may cause nonselective
binding of additional PNA molecules to the RNA hairpin at
higher concentrations. Consistent with the literature data,16,17

guanidine modification in L-GPNA14 decreased the binding
affinity and sequence selectivity. Overall, D-GPNA may be
promising compounds to explore for strand invasion
recognition of biologically relevant RNAs featuring hairpin
structures that are thermally weaker because of noncanonical
base pairs, bulges, and internal loops. Finally, it should be noted
that this study was conducted on relatively short (hexamer to
octamer) PNA. It is conceivable that longer PNA will be
required to recognize the target RNA sequences selectively in
the presence of other DNA and RNA species in cells. Such
studies will be a future priority after strong binding at
physiologically relevant conditions is achieved by additional
chemical modifications.
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