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ABSTRACT: Cα-bimodal peptide nucleic acids (bm-Cα-PNA) are PNAs with two faces
and are designed homologues of PNAs in which each aminoethylglycine (aeg) repeating
unit in the standard PNA backbone hosts a second nucleobase at Cα through a spacer
chain with a triazole linker. Such bm-Cα-PNA with mixed sequences can form double
duplexes by simultaneous binding to two complementary DNAs, one to the base sequence
on t-amide side and the other to the bases on the Cα side chain. The synthesis of bm-Cα-
PNA with homothymine (T7) on the t-amide face and homocytosine (C5) on the Cα side
chain through the triazole linker was achieved by solid phase synthesis with the global click
reaction. In the presence of complementary DNAs dA8 and dG6 at neutral pH, bm-Cα-
PNA 1 forms a higher order pentameric double duplex of a triplex composed of two bm-
Cα-PNA-C5:dG5 duplexes built on a core (bm-Cα-PNA-T7)2:dA8 triplex. Circular
dichroism studies showed that assembly can be achieved by either triplex first and duplex
later or vice versa. Isothermal titration calorimetry data indicated that the assembly is driven by favorable enthalpy. These results
validate concurrent multiple complex formation by bimodal PNAs with additional nucleobases at Cα or Cγ on the aeg-PNA
backbone and open up ways to design programmed supramolecular assemblies.

■ INTRODUCTION

Peptide nucleic acids (PNAs) are acyclic DNA analogues
(Figure 1a) endowed with an ability to bind complementary
DNA/RNA sequences to form PNA:DNA/PNA:RNA (1:1)
duplexes and triplexes (PNA2:DNA/RNA).

1 Complexes of
PNA with DNA/RNA have specificity and affinity higher than
that of analogous DNA:DNA/DNA:RNA complexes.2 They
have potential utility in nucleic acid therapeutics and proven
applications as molecular probes in diagnostics.3 Their
limitations in terms of solubility and poor cell permeability
have been addressed widely through various chemical
modifications.4 The chemical structure of PNA is quite simple
with an achiral backbone consisting of linear aminoethyl
glycine (aeg) units to which the nucleobases are attached
through a tertiary amide bond.1 Nevertheless, the naive
structure of PNA provides ample opportunities for rational
chemical modifications to influence its hybridization properties
with complementary DNA/RNA/PNA in a way not obviously
possible with other DNA analogues. Most substitutions confer
chirality and/or cationic charges on derived backbone of
PNAs.4,5 The geometry of the aeg backbone in PNA ensures
that the distance between the adjacent bases exactly matches
the interbase dimensions on the sugar-phosphate in DNA/
RNA (Figure 1b), facilitating successful, sequence-specific base
pairing between the complements.6 The adaptability of PNA
backbone is attributed to its ability to preorganize its
conformation for favorable binding to DNA or RNA with

equal facility.7 A controlled flexibility by restricted rotation
around the tertiary amide bond favorably induces efficient and
selective binding of PNA to cDNA/RNA.2,7

Early approaches to PNA modifications involved insertion of
extra carbon into aminoethyl, glycyl, or tertiary amide
segments, but these modifications produced analogues that
were unsatisfactory in performance compared to that of the
original aeg PNA.4a Conformationally constraining the PNA
backbone through substitutions or making them cyclic showed
improvements in their strength and selectivity in DNA/RNA
binding.4b−f A large number of modifications have been carried
out on nucleobases to make them functional beyond their
inherent abilities to form base pairs, by conjugating them with
a wide variety of ligands varying from fluorophores to metal
complexes.8 Among such modifications, the bifacial or “Janus”
bases are designed as synthetic nucleobases that can recognize
two natural bases from either side.9 They are particularly useful
as wedges to bridge two noncomplementary bases and have
found novel applications.10 An analogous modification is the
“double-headed” DNA in which additional nucleobase was
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linked to either at C5′ or C2′ in sugar ribose residues or at C5
of thymine, and these modifications destabilized the derived
DNA/DNA duplexes.11 However, when located near single
mismatch sites, they stabilized duplexes through base pairing
with mismatched base on other strand, and attempts to directly
hybridize the additional conjugated bases to another
complementary DNA strand were not successful.11f Double-
headed LNA monomers incorporating second nucleobase at
C2′-N of C4′−C2′-bridge lead to stabilization of duplexes,
without the involvement of the additional base in any
Watson−Crick (WC) pairing with base of opposite strands.11g

In light of the above work on bifacial PNA9,10 and double-
headed DNA analogues,11 we have recently reported new types
of PNA analogues bimodal-Cα-PNA12a (Figure 1c) and
bimodal-Cγ(S/R)-PNA12b (Figure 1d) in which the aeg
backbone of PNA acquires bifacial character. In these
analogues, a single strand PNA can simultaneously bind two
different DNA strands (Figure 1c), one from each side to form
PNA/DNA double duplexes. In these PNAs, each repeating
aeg unit on the backbone hosts an additional nucleobase (A/
G/C/T) linked via an ethyltriazole sidechain at Cα of the
glycyl component (Figure 1c) or an alkylamido chain at Cγ of
the ethylenediamine component. Such “bimodal” PNAs with
mixed purine/pyrimidine sequences on both t-amide and
triazole sides form two PNA/DNA duplexes, hosted on a
common PNA backbone.12a Recently, we have shown that the
sidechain carrying second nucleobase can be hosted also on Cγ
in both S and R stereochemical dispositions and such Cγ-
bimodal PNAs also form double duplex, one from each face.12b

The previously reported bimodal PNAs have mixed sequences
on both faces and so form duplex. Since PNAs carrying homo
purine/pyrimidine sequences are known to form PNA2/DNA

triplexes,2 we describe here bimodal PNAs that have
homothymine (T7) sequence on t-amide face and homo-
cytosine (C5) on the Cα side chain face. We demonstrate that
these form double duplex of a triplex dG6:C5-bm-Cα-
PNA:dA8:bm-Cα-PNA-C5:dG6 (triplex component indicated
in the underlined text) as a pentameric (2× bm-Cα-PNA, 3×
DNA) complex, in comparison to the ternary double duplex in
our previous report.12 The results demonstrate the ability of
bimodal PNAs (bm-Cα-PNA) to template higher order nucleic
acid assemblies based on the nature of sequences.
The structures of designed targets bm-Cα-PNA 1, bm-Cα-

PNA 2, and iso-Cα-PNA 3 are shown in Figure 2. All have
homocytosine (C5) sequence on the Cα-triazole side, while on
t-amide face, bm-Cα-PNA 1 has homothymines (T7) and bm-
Cα-PNA 2 contains mixed sequence. The sequences were
chosen for no particular reason other than the ease of synthesis
and to demonstrate the formation of higher order assembly
from double duplex to double duplex of a triplex. The T7
sequence on bm-Cα-PNA 1 can form a triplex with dA8 at pH
7.0, while mixed sequence in bm-Cα-PNA 2 can only form
duplex with cDNA. The homocytosinyl C5 can form triplex
with dGn at acidic pH, while at neutral pH, may form a parallel
duplex with reverse WC or Hoogsteen (HG) base pairing.13

The control PNA iso-Cα-PNA 3 holding bases only on Cα side
chain was used to examine the independent ability of Cα-
triazole-C5 for hybridization with dG6. The iso-Cα-PNA 4 that
has G5 on the triazole side was also synthesized to test the
sequence-dependent formation of Cα-triazole duplexes. It is
demonstrated that isomeric PNA structures with nucleobases
on Cα-sidechain form duplex with complementary DNA with
equal capability as the standard aeg-PNA. In all cases, the
stereochemical disposition at Cα-sidechain was S [bm-Cα(S)-

Figure 1. Structures of (a) PNA, (b) PNA/DNA duplex, (c) bimodal Cα-PNA/DNA, and (d) bimodal Cγ(S/R)-PNA.
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PNA and iso-Cα(S)-PNA] that can be prepared easily from L-
glutamine although it is known in general that the Cα(R)-
substitutions gave a higher stability of PNA/DNA hybrids.14

■ RESULTS AND DISCUSSION

The various Cα-ethylazido monomers 1−5 required for the
solid phase assembly of corresponding PNA oligomers are
shown in Figure 3. These were synthesized by following
procedures previously reported by us (see the Supporting
Information in ref 12a), and the standard PNA monomers 6−8
were obtained from the commercial source. N1-propynyl C
(9) and N9-propynyl G (10) were synthesized, according to

the known literature procedures.15 The PNA oligomers
obtained after solid phase synthesis carried the ethylazido
sidechain at Cα for a one-step click reaction with propynes 9
or 10 on resin to obtain the desired final bimodal bm-Cα-PNA
1, bm-Cα-PNA 2 and the iso-PNA oligomers, iso-Cα-PNA 3
and iso-Cα-PNA 4.

Solid Phase Synthesis of Bimodal-Cα-PNA and iso-
Cα-PNA Oligomers. The Cα-substituted bimodal PNA
oligomers (Figure 2) were synthesized by solid phase synthesis
(Schemes 1 and 2) using L-lysine-derivatized 4-Methylbenzhy-
drylamine (MBHA) resin employing standard protocols of Boc
chemistry.16 For bm-Cα-PNA 1 (Scheme 1), the initial Boc

Figure 2. Chemical structures of bimodal PNA oligomers: bm-Cα-PNA 1, bm-Cα-PNA 2, iso-Cα-PNA 3, and iso-Cα-PNA 4.

Figure 3. Structures of Cα(S)-ethylazido PNA monomers (1−4), Cα(S)-ethylazido-N(Cbz) monomer (5), aeg PNA (T/C/A) monomers (6−8),
N1-propynyl-C (9), and N9-propynyl-G (10).
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deprotection (step A) on resin was followed by first coupling
with aeg-PNA T monomer 6. Subsequently, each cycle
consisted of (i) N-Boc deprotection with trifluoroacetic acid
(TFA) and neutralization with N,N-diisopropylethylamine
(DIPEA) to get free NH2 on resin (step A) and (ii) coupling
with PNA monomer acid 1 in the presence of coupling agents
(step B). The cycle was repeated five times, and last coupling
was carried out with aeg-PNA T monomer 6. After completing
the cycles, the resin bound oligomer was subjected to a global
click reaction with N1-propynyl cytosine 9, to yield bm-Cα-
PNA 1 oligomer residing on the resin. The bm-Cα-PNA 2
having mixed sequence on t-amide side and C5 on triazole side
was synthesized by the solid phase protocol (Scheme 2), with
the first coupling of L-lysine-derivatized MBHA using aeg-PNA
C monomer 7 followed by step A and coupling with Cα-azido
monomer A (3). Subsequent sequential deprotection and
coupling with appropriate monomers 1−4 were followed by
final coupling with aeg-PNA A monomer 8. The assembled

PNA oligomers (Schemes 1 and 2) were subjected to a single-
step click reaction12a with N1-propyne C (9) to install the
triazole side pentameric C5 sequence. Employing a similar solid
phase synthesis protocol using monomer 5, followed by a one-
step click reaction with N1-propyne C (9) or N1-propyne G
(10)15 gave iso-Cα-PNA 3 and iso-Cα-PNA 4 having
nucleobases C5 and G5 on triazole side, respectively
(Supporting Information, S7). The highlight of the solid
phase synthesis of bimodal PNAs described here is the use of a
global click reaction to install all nucleobases in a single step,
thus avoiding synthesis of bimodal PNA monomers having
different combinations of bases on t-amide and triazole side.
Use of propynes of T and A should allow synthesis of triazole
face bimodal PNAs containing homo-oligomeric T and A
bases. The reagent and reaction conditions to achieve the
global click reaction were optimized to achieve complete
reactions of all Cα-azido sidechains in a single step by
monitoring the resin-cleaved product by phase reverse high-

Scheme 1. Solid Phase Synthesis of bm-Cα-PNA 1
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performance liquid chromatography (HPLC) and mass
spectral data.
After the on-resin synthesis, the bimodal and iso-PNA

oligomers were cleaved from the solid support MBHA resin
using TFA/trifluoromethanesulfonic acid (TFMSA) which
also deprotected the bases. This resulted in PNA oligomers
bm-Cα-PNA 1, bm-Cα-PNA 2, and iso-Cα-PNA 3 having L-
lysine amide at C-termini. The product PNA oligomers were
purified by semipreparative reverse phase HPLC, rechecked for
purity by analytical HPLC, and characterized by high-
resolution matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectral measurements (Table 1).
Biophysical Studies on PNA/DNA Complexation. The

bimodal PNAs bm-Cα-PNA 1, bm-Cα-PNA 2, and iso-Cα-
PNA 3 were individually hybridized with DNA sequences
complementary to triazole side (dG6, DNA 1) and t-amide side

(dA8, DNA 2). While PNA-Tn sequences are known to form
PNA2/DNA triplex with dAn at neutral pH, PNA-Cn/PNA-Gn
sequences form corresponding PNA2/DNA triplexes with
dGn/dCn only at acidic pH, due to the requirement of C-
protonation. At neutral pH, the predominant complex is PNA/
DNA (1:1) duplex and such duplexes are preferred in parallel

Scheme 2. Solid Phase Synthesis of bm-Cα-PNA 2

Table 1. MALDI-TOF Spectral Data for bm-Cα-PNA and
iso-Cα-PNA Oligomers

entry oligomer mol. formula calc. mass obs. mass

1 bm-Cα-PNA 1 C128H163N61O34 3100.10 [M]+ 3100.60
2 bm-Cα-PNA 2 C128H129N75O26 3185.33

[M + Na]+
3185.48

3 iso-Cα-PNA 3 C79H121N47O13 1937.15 [M]+ 1937.49
4 iso-Cα-PNA 4 C84H123N57O13 2138.28

[M + H]+
2138.20
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orientation and with HG or reverse WC base pairing.13,17 The
binding stoichiometry of bm-Cα-PNA 1:dG6 (DNA 1)
complexation was determined by the Job plot.18 This involved
mixing of both components at pH 7.0 with continuous varying
ratios keeping the total concentration constant (5 μM) and
following changes in the ratio of UV absorbance (260/290
nm) (Figure 4). The break point in the plot indicated the

binding stoichiometry to be 1:1 for the bm-Cα-PNA 1:dG6
complex, suggesting it to be a duplex from triazole face. This
ruled out higher order tetraplexes from self-assembly of either
bm-Cα-PNA 1 or dG6 under the experimental conditions of
measurements.
Thermal Stability of Bimodal and iso-Cα-PNA Triazole

Duplexes with dG6. The successful formation of triazole face
duplexes of bimodal PNAs bm-Cα-PNA 1, bm-Cα-PNA 2, iso-
Cα-PNA 3, and iso-Cα-PNA 4 were shown by temperature-
dependent UV absorbance at 260 nm. Observation of
sigmoidal transitions in UV−T plots and single peak in first
derivative curves confirmed the formation of the duplexes with
Tm corresponding to midpoint of transition.19 The individual
PNA/DNA complexes were constituted by mixing equimolar
amounts of PNAs with complementary DNA 1 (dG6) in buffer
followed by annealing. Figure 5 shows UV−T plots of bm-Cα-
PNA 1, bm-Cα-PNA 2, and iso-Cα-PNA 3 triazole duplexes
with dG6 and iso-Cα-PNA 4 duplex with complementary dC6.
All duplexes exhibited single sigmoidal transition for their
triazole duplexes confirmed by their derivative plots, and Tms

obtained from the mid-point of corresponding transitions are
shown in individual UV−T plots of duplexes (Figure 5). The
bimodal duplexes bm-Cα-PNA 1:dG6 (5B) and bm-Cα-PNA
2:dG6 (5C) duplexes had Tms 50.7 and 51.2 °C, respectively,
while the iso-Cα-PNA 3:dG6 duplex (5A) had a lower Tm of
40.3 °C. The iso-Cα-PNA 4:dC6 duplex (5D) with G6 on PNA
backbones and C6 on DNA had the highest Tm (63.9 °C)
among the triazole duplexes. These results demonstrated
successful formation of triazole duplexes from the new
isomorphic and bimodal PNA backbones having nucleobases
on Cα-sidechain on the aeg backbone, which is a new
observation in the PNA field. The bm-Cα-PNA:DNA duplexes
(5B) with homothymines on t-amide face had higher Tm
(+10.4 °C) than analogous iso-Cα-PNA:DNA duplex (5A),
suggesting the influence of attached t-amide linked T7
nucleobases in stabilizing the triazole side duplex. Among the
two iso-Cα-PNA triazole duplexes, the duplex from iso-Cα-
PNA 4 with G5 on PNA backbone (5D) has a higher stability
(+24 °C) than the duplex from iso-Cα-PNA 1 with C5 on PNA
backbone (5A). All C5:G5 PNA:DNA duplexes are shown in
antiparallel orientation that are generally more stable,6b but
parallel orientation cannot be ruled out.
The T7 sequence on t-amide side in bimodal PNA bm-Cα-

PNA 1 also formed complex with complementary dA8 (DNA
2) as observed from single transition at Tm 30.3 °C (Figure
6A). It was identified as the triplex (bm-Cα-PNA 1)2:dA8
based on its characteristic circular dichroism (CD) profile (see
later). This is consistent with the literature precedence that
PNA-Tn with complementary dAn predominantly forms
PNA2:DNA triplex at neutral pH (7.0) with the PNA strand
that binds by HG H-bonding is in parallel orientation.6,20 The
bm-Cα-PNA 2 that has mixed sequence on t-amide side forms
antiparallel duplex with DNA 3 and showed a slightly higher
Tm (39.5 °C), perhaps due to the presence of G in the
sequence (Figure 6B). Thus, while homo oligomeric C5 on
Cα-sidechain in bm-Cα-PNA 1, bm-Cα-PNA 2, and iso-Cα-
PNA 3 form PNA/DNA (1:1) duplexes, the t-amide linked
homo-oligomeric T7 forms (PNA)2/DNA (2:1) triplex. It is

Figure 4. Continuous variation Job plot of bm-Cα-PNA 1:DNA 1
duplex.

Figure 5. Triazole (A−D) duplexes of iso-Cα-PNA 3 (A), bm-Cα-PNA 1 (B) and bm-Cα-PNA 2 (C) with dG6 (D) iso-Cα-PNA 4 with dC6. The
UV−T plots (continuous line sigmoidal and broken line first derivative curve) of triazole duplexes (A−D) are shown on the right side. The Tm of
each complex is indicated in the red text. The individual complexes indicated in figure are referred to as 5A, 5B, 5C, and 5D throughout the text.
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interesting to note that in spite of lesser number of nucleobases
on triazole side, the Tm of triazole duplexes were higher than
that of t-amide triplex/duplex. In the case of iso-Cα-PNAs, this
could be due to the presence of cationic secondary amine
groups on the backbone, partially contributing to the stability
of duplexes through electrostatic interactions with anionic
DNA backbone.
After establishing that bimodal PNAs bm-Cα-PNA 1 and

bm-Cα-PNA 2 form hybrids (duplex/triplex) individually from
both triazole and t-amide side, simultaneous formation of
hybrids from both sides was examined. This was carried out by
mixing the individual bimodal PNAs with equimolar amounts
of appropriate DNAs complementary to both faces followed by
annealing. The UV−T plot of such a constituted complex from

bm-Cα-PNA 1 with dA8 and dG6 showed two successive well-
resolved transitions (double sigmoidal curves) at Tm1 (45.8
°C) and Tm2 (73.5 °C) (Figure 6C). Both Tms are higher than
the transitions seen in isolated complexes (5B and 6A),
suggesting simultaneous formation of hybrids from both t-
amide and triazole sides. Since T7 on t-amide side of bm-Cα-
PNA 1 forms triplex with dA8 (Figure 6A) and duplex on Cα-
triazole side in the presence of dG6 (Figure 5B), the composite
pentameric complex should correspond to double duplex of a
triplex dG6:bm-Cα-PNA 1:dA8:bm-Cα-PNA 1:dG6 (Figure
6C).
The bimodal bm-Cα-PNA 2 that has mixed sequence on t-

amide side cannot form triplex, and the resultant ternary
complex in the presence of DNA 3 and dG6 is a double duplex

Figure 6. Complexes and UV−T plots of (A) t-amide face triplex (bm-Cα-PNA 1)2:(dA8), (B) t-amide face duplex bm-Cα-PNA 2 with DNA 3,
(C) pentameric (double duplex of triplex) complex of bm-Cα-PNA 1 with dA8 (triplex) dG6 (duplexes), and (D) ternary double duplex of bm-Cα-
PNA 2 with DNA 3 and dG6. On right side, corresponding UV−T plots with the first derivative curves superimposed on sigmoidal melting
transitions. Tms are indicated in the red text. The individual complexes indicated in figure are referred to as 6A, 6B, 6C, and 6D throughout the text.

Figure 7. Formation of base pairs in (a) bimodal double duplex and (b) double duplex of triplex. Green and blue rings represent DNA.
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(Figure 6D). The melting curve indicated two sigmoidal
transitions, similar to the pattern seen earlier in mixed
sequence double duplexes.12 The two Tms of 38.8 and 77.1
°C were well resolved in the derivative plots with ΔTm of 38.3
°C in the bm-Cα-PNA 2 ternary complex. The first transition
was of a higher amplitude and relatively sharper as compared
to the second weak and broader transition. Although bimodal
PNAs were designed to form double duplexes, the synergistic
effect on stabilization of two duplexes coexisting on a single
PNA backbone is an interesting outcome. The individual base

pairing schemes possible in double duplexes and double duplex
of triplex are shown in Figure 7.

Mismatch bm-Cα-PNA 1:DNA Complexes. In order to
validate the sequence specificity of triplex and duplex
formation in bm-Cα-PNA 1 complexes, UV-melting studies
were carried out with hybrids constituted from DNA 1m (5′-
GGTGGG-3′) and DNA 2m (5′-AAACAAAA-3′) that carry
single C:T base mismatches (Figure 8). The mismatched
duplexes exhibited single sigmoidal transition (Supporting
Information, Figure S14) but with lesser Tm compared to
perfect duplexes. The Tm of triazole duplex bm-Cα-PNA

Figure 8.Mismatched complexes of bm-Cα-PNA 1 with DNA 1m, DNA 2m, and DNA 1m + DNA 2m buffer: 10 mM sodium cacodylate, pH 7.2,
NaCl 10 mM, concentration of each strand was 3 μM.

Figure 9. CD spectra at 10 °C of triazole and t-amide bm-Cα-PNA:DNA complexes: (a) triazole duplexes. 5A iso-Cα-PNA 3:dG6, 5B bm-Cα-PNA
1:dG6, and 5C bm-Cα-PNA 2:dG6; (b) t-amide complexes. 6A (bm-Cα-PNA 1)2:dA8 triplex, 6B DNA 3:bm-Cα-PNA 2, t-amide duplex and X,
(PNA-T7)2:dA8 triplex, (c) 6C dG6:bm-Cα-PNA 1:dA8:bm-Cα-PNA 1:dG6, double duplex of triplex and 6D, DNA 3:bm-Cα-PNA 2:dG6, and
double duplex. Buffer, 10 mM sodium cacodylate, pH 7.2, NaCl 10 mM.
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1:DNA 1m with single mismatch (Figure 8, 5Am) was 40.8 °C
and was lowered by 9.9 °C compared to that of perfect duplex
(bm-Cα-PNA 1:DNA 1). The Tm of t-amide face triplex (bm-
Cα-PNA 1)2:DNA 2m having mismatched triad T:C:T
(Figure 8, 6Am) was 28.0 °C, lowered by 2.2 °C for the
perfect triplex (bm-Cα-PNA 1)2:dA8. In comparison, the
pentameric complex DNA 1m:bm-Cα-PNA 1:DNA 2m:bm-
Cα-PNA 1:DNA 1m with three mismatches (Figure 8, 6Cm)
gave a single transition with Tm = 53.2 °C (lower by 20.2 °C
compared to perfect duplex). Unlike the two well-resolved
transitions seen in perfect complex 6C, the single transition in
mismatch complex 6Cm suggested that the three constituent
strands (bm-Cα-PNA 1, DNA 1m, and DNA 2m) dissociate in
a single step. A similar situation was seen in the lower stability
of duplexes of bm-Cα-PNA 2 with mismatched DNA 3m and
DNA 4m that carry two mismatches per duplex (Supporting
Information, S15). Notably, the Tm of the mismatched
complex was higher than that of constituent duplex and
triplex, indicating that the mutual stabilizing influence found in
bimodal PNA/DNA hybrids over constituent individual triplex
and duplex holds good even in mismatched complexes.
Overall, these results provided further evidence for two
important attributes of bimodal PNAs: (i) the complex
formation is sequence specific and (ii) synergistic stabilizing
effects in the simultaneous formation of triplex and duplex
from amide and triazole sides.
CD Spectra of Bimodal PNA/DNA Complexes. The

identity of duplexes and triplexes formed by bm-Cα-PNA was
examined by their CD spectral profiles. The CD spectra of the
bimodal PNA triazole complexes are shown in Figure 9. The
iso-Cα-PNA 3:dG6 duplex (5A) showed a positive band
around 260 nm and a weaker negative band around 240 nm

with crossover at 247 nm. The homooligomeric bm-Cα-PNA
1:dG6 (5B) duplex also showed a similar profile (Figure 9a,
trace 5B) but with much stronger intensity band at 260 nm.
The mixed sequence bimodal PNA bm-Cα-PNA 2 (5C) had a
lower intensity positive band at 260 nm, accompanied by a
minor band at 230 nm and a positive tail beyond 220 nm
(Figure 9a, trace 5C). The overall CD profiles of the three
duplexes were similar to the CD spectra of the corresponding
duplexes from aeg-PNA (PNA-C5:dG6) and DNA/DNA
(dC6:dG6) (Supporting Information, Figure S16) and typical
of PNA/DNA duplexes.21 The formation of duplex by bm-Cα-
PNA 1:dG6 (5B) was also confirmed by Job’s plot, which
showed 1:1 stoichiometry for this duplex (Figure 4). These
results clearly confirm the formation of iso-Cα-PNA and bm-
Cα-PNA duplexes.
The CD spectra of t-amide complex bm-Cα-PNA 1:dA8 6A

exhibited a major positive band at 220 nm (shoulder at 228
nm), low intensity positive bands at 262 nm and 282 nm,
accompanied by a moderate negative band at 250 nm (Figure
9b, trace 6A). These are the characteristics of the (PNA-
T7)2:dA8 triplex (shown in Figure 9b, trace X), which
identified the formation of (bm-Cα-PNA 1)2:DNA 2 triplex
6A. This triplex shows a single transition in the UV−T plot
(Figure 6A) as expected for PNA2/DNA triplex.21 In
comparison, bm-Cα-PNA 2 6B with the mixed sequence on
t-amide face cannot form a triplex and binds complementary
DNA 3 to form t-amide duplex DNA 3:bm-Cα-PNA 2 and
shows a CD profile (Figure 9b, trace 6B) typical of duplexes
but with a slight shift of positive band.
In the presence of both dG6 and dA8, the derived complex

from bm-Cα-PNA 1 exhibited the CD spectral profile (Figure
9c, trace 6C) with positive bands around 220 and 263 nm

Figure 10. Two pathways A and B lead to the same final double duplex of triplex from bm-Cα-PNA 1. 5B, 6A, 6C refer to complexes shown in
Figures 5 and 6. (a,b) CD spectra of sequential additions of dA8 (path A) and dG6 (path B), respectively, and (c) overlapping CD spectra of triplex
of duplex generated by two different pathways.
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(shoulder at 228 nm) and a negative band at 245 nm. In
comparison with t-amide triplex (Figure 9b, trace 6A), the CD
spectrum of the complex 6C resembled the band profile
around 220 nm but showed enhanced intensity of band at 260
nm, which is typical of duplex. The CD spectra of the complex
6C is thus a composite of individual amide triplex (220 nm)
and triazole duplex (260 nm), indicating the presence of both
components in the complex leading to the formation of double
duplex of triplex. Since the UV−T plot of this complex (Figure
6C) showed two transitions with enhanced Tms, the observed
CD is not a result of simple addition spectra of the individual
triplex and duplex but arises from a composite complex of the
double duplex of a triplex.
The mixed sequence bimodal PNA bm-Cα-PNA 2 in the

presence of complementary dG6 and DNA 3 forms a complex
6D which shows a CD profile with a larger intensity positive
band at 270 nm, minor band at 240 nm, and a positive tail
beyond 220 nm (Figure 9c, trace 6D). This profile is different
from that seen for double duplex of triplex (Figure 9c, trace
6C) and the isolated constituent t-amide (Figure 9b, trace 6B)
or triazole (Figure 9a trace 5C) duplexes. This complex also
shows two transitions in the UV−T plot with higher Tms
(Figure 6D) compared to individual duplexes, and the CD
profile is similar to that of double duplex seen earlier for mixed
sequence bimodal PNA.12 Together, these results establish that
bm-Cα-PNA 2 also form double duplex with DNA
complementary to both t-amide and triazole faces.
Order of Formation of Double Duplex of Triplex. The

double duplex of triplex (Figure 6C) can be assembled
sequentially by two paths: path A involving first formation of
triplex 6A, followed by its duplex and path B with prior
formation of duplex 5B and then its triplex (Figure 10). Both
pathways would lead to the same final composition of double
duplex of triplex. This was assessed by following the CD
spectral changes of bm-Cα-PNA 1 in path A by first adding dA8
to produce the triplex 6A (bm-Cα-PNA 1)2:dA8 (Figure 10a,
trace 6A), followed by addition of dG6 to generate the double
duplex from triplex (Figure 10a, trace 6C). In the second
reaction by path B, the additions were reversed by first adding
dG6 to bm-Cα-PNA 1 to first prepare the duplex bm-Cα-PNA
1:dG6 (Figure 10b, trace 5B), followed by addition of dA8 to

make the triplex of double duplex (Figure 10b, trace 6C). The
identity of intermediate triplex and duplex in each step could
thus be recognized by their characteristic CD spectral profiles.
It was seen that both experiments lead to the same final
product with identical conformation, as seen by the over-
lapping CD profiles (Figure 10c). This experiment indicated
that the paths used to reach the final product do not matter,
and both sequences lead to same final assembly. Although the
kinetics of the processes are not studied here, it appears that
the assembly rates are fast enough to follow by CD and the
experiment further confirms the formation of double duplex of
a triplex from bm-Cα-PNA 1 in the presence of dA8 and dG6.

Thermodynamic Study of bm-Cα-PNA 1:DNA Com-
plexes. The thermodynamic properties of the association of
bm-Cα-PNA 1 with complementary DNA 1 (dG6) and with
DNA 2 (dA8) were evaluated using isothermal titration
calorimetry (ITC), to understand the driving forces for the
formation of triazole duplex, t-amide triplex, and the double
duplex of triplex. While the ITC experiment is straightforward
for two-component binding systems, it is not easy to study
sequential multicomponent binding events. The stepwise
formation of individual duplex and triplex as studied by CD
cannot be implemented by single ITC experiment to delineate
thermodynamic parameters of each step. However, they can be
obtained for the overall process by titrating bm-Cα-PNA 1
with an equimolar mixture of DNA 1 and DNA 2. The
concentration of each binding component was adjusted in
terms of number of base pairs to enable determination of
binding stoichiometry in terms of binding sites N (NDNA/NPNA,
where NDNA is total number nucleobases involved in binding
from DNA and NPNA is the number of nucleobases involved in
binding from bimodal PNA). The various thermodynamic
parameters enthalpy ΔH, entropy ΔS, dissociation constant
KD, and the stoichiometry of binding N obtained for different
complexes from ITC experiments are shown in Table 2.

Binding Stoichiometry. The binding isotherm of bm-Cα-
PNA 1 with dA8 showed a nice sigmoidal profile (Supporting
Information, Figures S17 and S18), suggesting the binding to
be a cooperative process. The stoichiometry of binding was
found to be 0.5 which corresponds to formation of triplex (bm-
Cα-PNA 1)2:DNA 2 (dA8), supporting the CD spectral result

Table 2. ITC Binding of bm-Cα-PNA 1 to Complementary DNA 1 and DNA 2a

entry bimodal PNA/DNA ΔG kcal/mol ΔH kcal/mol ΔS cal/mol·K KD M (×10−6) N

1 (bm-Cα-PNA 1)2:DNA 2 (triplex) 6A −8.52 ± 0.17 −28.4 ± 0.34 −69.0 ± 0.59 0.35 ± 0.05 0.5
2 bm-Cα-PNA 1:DNA 1 (duplex) 5B −7.51 ± 0.23 −7.15 ± 0.28 −1.2 ± 0.8 2.0 ± 0.4 1.08
3 DNA 1:bm-Cα-PNA 1:DNA 2:bm-Cα-PNA 1:DNA 1 6C

(double duplex of triplex)
−8.85 ± 0.43,
−7.39 ± 0.38

−10.6 ± 2.23,
−2.78 ± 0.47

−6.1 ± 1.5,
+15.9 ± 1.3

0.2 ± 0.07,
2.51 ± 0.8

0.76,
1.28

aN = no. of nucleobase involved in binding from DNA/no. of nucleobase involved in binding from bm-Cα-PNA 1.

Figure 11. Bisignate ITC curves for association of double duplex of triplex 6C from bm-Cα-PNA 1 with DNA 1 and DNA 2
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(Figure 9b, 6A). The binding of bm-Cα-PNA 1 with DNA 1
(dG6) similarly exhibited a sigmoidal profile with binding
stoichiometry N corresponding to 1.08, indicating formation of
1:1 duplex as found from of Job’s plot (Figure 4) and CD
profile (Figure 9a, 5B). When bimodal PNA bm-Cα-PNA 1
was titrated with a mixture of DNA 1 and DNA 2, by adjusting
their concentration as per the number of base pairs, the
binding isotherm was a double sigmoidal curve (two-step
process) with the second transition distinctly seen at a molar
ratio of 2. The ITC data could be fitted best to two sets of the
binding site model (Figure 11).22 Due to the partial
overlapping of the two transitions, the number of binding
components and two values of stoichiometry N 0.75 and 1.28
obtained are not easily interpretable as expected from stepwise
binding.
Dissociation Constant KD. The KD for the triazole duplex

bm-Cα-PNA 1:DNA 1 (5B) was around 2.0 ± 0.4 μM, while
that for the triplex (bm-Cα-PNA 1)2:DNA 2 6A) was 0.35 ±
0.05 μM, suggesting stronger binding of triplex compared to
binding of duplex. For the double duplex of triplex (6C), the
first binding (KD1 ∼ 0.2 ± 0.07 × 10−6 M) was about 10 times
higher than the second binding (KD2 ∼ 2.51 × 10−6 M). In
comparison with KD data on individual duplex/triplex, this may
suggest that the first binding process is perhaps the triplex
formation followed by double duplex, though such a sequential
process is not conclusive, as discussed in section on UV−T.
Enthalpy, Entropy, and Free-Energy Factors. The enthalpy

(ΔH) of formation of t-amide triplex (6A) (−28.4 kcal/mol)
was about three times higher (more negative) than that of
triazole duplex (5B) (−7.15 kcal/mol) in independent
complexes. A similar trend is seen in bimodal PNA/DNA
complex (6C) (−10.6 kcal/mol for the first transition and
−2.78 kcal/mol for the second transition). The enthalpy of
triplex in bimodal double duplex was three times lower (less
negative) compared to that of the isolated complex. In terms of
entropic factors, as expected, the termolecular t-amide triplex
(bm-Cα-PNA 1)2:dA8 (6A) was less favored (more negative)
compared to bimolecular triazole duplex (less negative).
However, in double duplex of triplex (6C), the enthalpy is
more negative and entropy is less negative (more positive),

suggesting an enthalpic penalty for the entropic cost. This is
reflected in the fact that the free energy for various complex
formation are all in the range of −7.5 to −8.5 kcal/mol. Thus,
the overall complex formation by bimodal PNA is a favorable
process, driven by enthalpic factors which compensate for
entropic losses. The ΔG and ΔH obtained here for various
PNA/DNA complexes in bimodal PNA are similar to that
reported earlier for unmodified PNA/DNA complexes.23 It
should be pointed out that the derived order of KD values from
ITC carried out at constant temperature cannot be directly
correlated with Tm from UV−T experiments carried out at
variable temperatures as they are measured under different
conditions (isothermal vs variable temperature), and such a
lack of agreement has precedence in the literature.24

Dissociation Model for Bimodal PNA/DNA Com-
plexes. The double transitions observed in bimodal PNAs
(Figure 6C) may arise either from sequential melting of triplex
and duplex as in the case of DNA triplexes20 or simultaneous
dissociation of the composite complex as in PNA2/DNA
triplexes.2,6 The simultaneous dissociation of the constituent
strands in pentameric complex should give only one transition,
and the occurrence of two transitions suggests that the melting
is a two-step process, as shown in Figure 12. Path A involves
sequential melting of the pentameric complex (6C) first of
triplex and then of duplex (or reverse) into individual bm-Cα-
PNA 1 and DNA strands, but this does not explain the
enhancement in Tm of each component. Once the triplex or
duplex is formed after the first dissociation, further melting of
each component is an independent process and should retain
the Tm of isolated triplex/duplex. In the alternative path B, the
complex (6C) may undergo a premelting transition to 6C*
comprising of conformational change with partial unwinding/
unstacking of bases which are still held via H-bonding to give
the first transition (Tm1). The large unstacking of bases in a
tightly wound pentameric complex 6C* would cause
considerable absorbance increase conforming to the well-
defined first transition. During the second step, this
intermediate complex fully melts leading to complete
disassociation yielding Tm2. The triplex/duplex in the complex
(6C) are mutually coupled structurally since they are held

Figure 12. Cartoon model for melting pathways of pentameric double duplex of triplex. (A) Premelting transition followed by complete
dissociation and (B) sequential melting via triplex/duplex intermediates.
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through the common bimodal PNA backbone. This also causes
their melting to be coupled, stabilizing each other with
enhancement of Tm in the complex. Though the exact
mechanism and kinetics of dissociation cannot be deciphered
from the present data, the observation of two transitions
endorses that the bimodal PNAs bind from both sides to form
higher order PNA/DNA complexes, which are more stable
than the independent duplex/triplex components. A similar
process accompanies the melting of the DNA 3:bm-Cα-PNA
2:dG6 double duplex. The coexistence of duplex/triplex on bm-
Cα-PNA 1, and two duplexes on bm-Cα-PNA 2 with shared
common PNA backbone causes synergistic enhancement in
stability of constituent triplex and duplexes. In such systems,
the initial melting of one duplex/triplex synchronously
modulates the conformation of other duplex, thereby
enhancing the Tms of both components.
The premelting processes are well known in DNA

duplexes25 and involve cooperative perturbations in base
stacking accompanied by non-cooperative changes in sugar-
phosphate backbone conformation. In DNA−drug interac-
tions, this may involve additional reorganization in spine of
hydration. In the intermediate conformations adopted during
premelting transitions termed premeltons,25d the bases are
slightly unstacked but retain H-bonding with slight distortion.
Premelting transitions are quite broad and ultimately lead to
sharp transition with complete dissociation of both strands
through breaking of H-bonds. They seem to be more
prominent in higher order multicomponent assemblies from
bimodal PNA described here that involve a greater number of
base pairs. The role of additional stacking interactions by
triazole rings is not clear at the moment. The proposed model
needs further experimental investigation using selectively
labeled DNA probes and computational studies.

■ CONCLUSIONS
The well-known standard aeg-PNA forms single duplex with
cDNA (PNA/DNA) using nucleobases attached to the t-amide
sidechain on the aeg backbone (t-amide duplex). The designed
bimodal PNAs bm-Cα-PNA 1 and bm-Cα-PNA 2 described
here have additional nucleobases conjugated at Cα in each
repeating aeg unit and equipped to bind concurrently two
complementary DNA sequences. The synthesis of bimodal
PNA oligomers was achieved on the solid phase by sequential
synthesis using Cα-ethylazido aeg PNA monomers (1−4)
followed by a single-step click reaction to conjugate
nucleobases on Cα-sidechain through a triazole linker. The
iso-Cα-PNAs with nucleobases attached only at Cα-sidechain
without t-amide linked nucleobases are new isomorphs of
PNA. It is demonstrated that both iso-Cα-PNA and bm-Cα-
PNA can bind to complementary DNA to form PNA/DNA
duplexes from triazole face. The homo-oligomeric bimodal
PNA bm-Cα-PNA 1 with T7 sequence on t-amide side and C5
on triazole side forms individual duplexes with dG6 on triazole
face and triplex with dA8 from t-amide face. In the presence of
both dA8 and dG6, the bm-Cα-PNA 1 yields a composite
pentameric complex of double duplex (2× bm-Cα-PNA
1:dG6) of a triplex (bm-Cα-PNA 1)2:dA8. This complex
shows two transitions with Tms higher than that of isolated
complexes, which is indicative of synergistic stabilization of
both duplex and triplex that coexist on a common PNA
backbone. The ternary complex of bm-Cα-PNA 2 with a mixed
sequence on t-amide side formed double duplex with two
complementary DNAs.

The formation of triplex and duplexes from bimodal bm-Cα-
PNA:DNA complexes is supported by characteristic CD
spectral profiles. It was shown that the order of assembly of
the pentameric complex by either triplex first and then its
duplex or duplex first followed by triplex does not matter and
leads to the same final complex. The ITC results of bm-Cα-
PNA 1:DNA binding indicated that the triazole duplex bm-Cα-
PNA 1 had higher KD with 6−10 times more favored
dissociation than the amide face duplex. The unfavorable
entropic barriers for bimodal PNA/DNA complexation is
compensated by high enthalpic contributions arising from base
stacking, possibly assisted by triazole stacks and H-bonding of
complementary bases. The sequence specificity of base pairing
of nucleobases on both triazole and amide faces was shown by
lower Tms of mismatched complexes. Together, these results
provide proof of the design concept of bimodal PNA for
simultaneously binding to complementary DNAs from both
sides.
In bm-Cα-PNA 1 and bm-Cα-PNA 2 complexes with

complementary DNAs, two duplexes or triplex and duplex
coexist on a common bimodal PNA backbone that structurally
couples both components, leading to their stabilization. The
melting is not a sequential process and the two-step
disassociation arises from a premelting conformational
transition (Tm1) followed by simultaneous disassociation
(Tm2) of both strands. The evidence for such a model of
melting of double duplexes awaits further experiments with
suitable designs of bm-Cα-PNAs to allow a systematic study of
simultaneous binding and dissociation of coupled assemblies.
The bimodal PNAs described here and in the recent report12

having nucleobases Cα/Cγ-sidechain demonstrate a new
repertoire for generating higher order nucleic acid assemblies.
Based on the choice of sequences on either side, bimodal
PNAs can lead to construction of fused duplexes, triplexes, and
tetraplexes (Gn/Cn) with complementary DNA and such
elaboration is in progress in our laboratories. The derived
supramolecular functional nanostructures will have potential
applications in PNA material science.26 The bimodal PNAs
with hetero sequences on both faces may enable simultaneous
targeting of two genes and micro RNA structures27 for
therapeutic purposes and PNA-based new gene editing
methods.3d,e They may also serve to innovatively replace the
short DNA staples for programmed folding of plasmids in
DNA origami.28

■ EXPERIMENTAL SECTION
The chemicals used were of laboratory or analytical grade. All solvents
used were distilled or dried to carry out different reactions. Reactions
were monitored by thin layer chromatography (TLC). Usual workup
involved sequential washing of the organic extract with water and
brine followed by drying the organic layer over anhydrous sodium
sulphate and evaporation of solvent under vacuum. TLCs were carried
out on precoated silica gel GF254 sheets (Merck 5554). TLCs were
analyzed under an UV lamp, iodine spray, and by spraying with
ninhydrin solution, followed by heating of the plate. Column
chromatographic separations were performed using silica gel (60−
120 or 100−200 mesh). The syntheses of compounds 1−10 were
carried out following the reported procedures described in the
Supporting Information.12a

1H and 13C NMR spectra were recorded using Bruker AC-400 (400
MHz) or JEOL 400 MHz NMR spectrometers. The delta (δ) values
for chemical shifts are reported in parts per million and are referred to
internal standard TMS or deuterated NMR solvents. The optical
rotation values were obtained on a Rudolph Research Analytical
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Autopol V polarimeter. Mass spectra for reaction intermediates were
obtained using Synapt G2 high definition mass spectrometry.
Solid Phase Synthesis of Bimodal Cα-PNA Oligomers. The

synthesis of PNA oligomers was carried out using the solid phase
synthesis protocol using the Boc strategy on MBHA (4-methyl-
benzhydryl amine) resin16 with 0.20 mmol/g loading in a glass-
sintered flask. The deprotection of the N-t-Boc group from the resin-
bound lysine with 50% TFA in dichloromethane (DCM) (3 × 15
min) was followed by washing with DCM and dimethylformamide
(DMF) (3 × 10 mL) to give a TFA salt of amine, which was
neutralized using 10% DIPEA in DCM (3 × 10 min) to liberate free
amine. After washing with DCM and DMF (3 × 10 mL), the free
amine was coupled with carboxylic acid of the incoming monomers
(1−6, 3 equiv) in DMF (500 μL) using HOBt (3 equiv), HBTU (3
equiv), and DIPEA (15 μL). After coupling reaction for 6 h, the
reagents were removed by filtration and the resin was washed with
DMF.
Solid Phase Click Reaction. After consecutive coupling of six units

of monomer 1 (Scheme 2), the resin bound oligomer (10 mg resin,
0.20 mmol/g) having azido sidechain was subjected to the click
reaction with nucleobase C-alkyne 9 (4.2 mg, 6 equiv) in the presence
of CuI (12 mg, 18 equiv), ascorbic acid (3.0 mg, 5 equiv), and DIPEA
(15 μL) in DMF:pyridine (1:1, v/v, 100 μL). The reaction was
maintained for 5 min in the microwave at 65 °C and 25 W and then
24 h at room temperature. Excess reagents were removed by filtration,
and the resin was washed with DMF, DCM, MeOH, and saturated
EDTA. The bm-Cα-PNA 2 was synthesized similarly by stepwise
coupling with desired monomers (1−4) followed by the click reaction
at each step with appropriate nucleobase alkynes 9.12a

Cleavage of the bm-Cα-PNA Oligomers from Solid Support. The
MBHA resin (10 mg) after assembly of bm-Cα-PNA oligomers was
stirred with thioanisole (20 μL) and 1,2-ethanedithiol (8 μL) in an ice
bath for 10 min. TFA (200 μL) was added and cooled in an ice bath.
TFMSA (16 μL) was added slowly with stirring, and the reaction
mixture was stirred for 1.5−2 h at room temperature. The resin was
removed by filtration under reduced pressure and washed twice with
TFA, and the filtrate was evaporated on a rotary evaporator at
ambient temperature. The filtrate was transferred to the microfuge
tube, and the peptide was precipitated with cold diethyl ether. The
peptide was isolated by centrifugation, and the precipitate was
dissolved in 40% MeNH2 solution to deprotect the isobutyl protecting
group of nucleobases at rt for 8 h and again concentrated on speed
vacuum, filtered, and purified by HPLC.
Purification of the PNA Oligomers by RP-HPLC. The purification

of PNAs was carried out on a Dionex ICS 3000 HPLC system with
semipreparative BEH130 C18 (10 × 250 mm) column using solvents
water and acetonitrile with composition A: 0.1% TFA in CH3CN/
H2O (5:95) and B = 0.1% TFA in CH3CN/H2O (1:1). The gradient
for elution was 100% A to 100% B in 20 min, with a flow rate of 2
mL/min. The HPLC elutions were monitored at 220 and 254 nm
wavelengths. The purity of oligomers was checked by reinjecting the
sample on the C18 analytical column.
Characterization of the PNA Oligomers. MALDI-TOF mass

spectrometry was used to confirm the integrity of the synthesized
PNA oligomers using sinapinic acid (3,5-dimethoxy-4-hydroxycin-
namic acid), 2,5-dihydroxybenzoic acid, or α-cyano-4-hydroxycin-
namic acid as the matrix.
Temperature-UV Absorbance Measurements. UV-melting

experiments were carried out on a Varian Cary 300 UV
spectrophotometer equipped with a Peltier. The samples for Tm
measurement were prepared by mixing the calculated amounts of
respective oligonucleotides in the stoichiometric ratio (1:1, duplex) in
sodium cacodylate buffer (10 mM) and NaCl (10 mM); pH 7.2 to
achieve a final strand concentration of 3 μM for each strand. The
samples were annealed by heating at 90 °C for 10 min followed by
slow cooling to room temperature for at least 8−10 h and then
refrigerated for at least 12−24 h. The samples (500 μL) were
transferred to the quartz cell and equilibrated at the starting
temperature for 5 min. The OD at 260 nm was recorded in steps
from 20−92 °C with temperature increment of 0.5 °C. Each melting

experiment was repeated at least twice. The normalized absorbance at
260 nm was plotted as a function of the temperature. The Tm was
determined from the first derivative of normalized absorbance with
respect to temperature and is accurate to ±1.0 °C. The data were
processed using OriginPro 8.5, data were fitted by the sigmoidal
curve, and the functions used were Boltzmann for one-face binding
and biphasic dose response for two-face binding. The concentrations
of all oligonucleotides were calculated on the basis of absorbance from
the molar extinction coefficients of the corresponding nucleobases
that is T = 8.8 cm2/μmol; C = 6.6 cm2/μmol; G = 11.7 cm2/μmol;
and A = 13.7 cm2/μmol.29

CD Spectroscopy. CD spectra were recorded on a JASCO J-815
spectropolarimeter connected with a Peltier. The calculated amounts
of PNA oligomers and the complementary DNA were mixed together
in a stoichiometric ratio (1:1 for duplex) in sodium cacodylate buffer
(10 mM) containing NaCl (10 mM); pH 7.2 to achieve a final strand
concentration of 10 μM for each strand. The samples were annealed
by heating at 90 °C for 10 min followed by slow cooling to room
temperature for at least 8−10 h. The cooled samples were transferred
to the refrigerator for at least 8−12 h. To record the CD spectra of
PNA/DNA duplexes and single stranded PNAs, the temperature was
maintained at 10 °C. The CD spectra were recorded as an
accumulation of three scans from 300 to 190 nm using a 1 mm
quartz cell, a resolution of 0.1 nm, bandwidth of 1 nm, sensitivity of 2
m deg, response of 1 s, and a scan speed of 50 nm/min.

ITC Study of Complexes of bm-Cα-PNA 1 with Comple-
mentary DNA. Thermodynamic properties of bm-Cα-PNA 1
complexation to cDNA were determined using ITC. The hybrid-
ization and binding studies of bm-Cα-PNA 1 with its complementary
DNA oligonucleotides were carried out on Malvern MicroCal PEAQ
ITC instrument. All titration experiments were performed at 15 °C in
10 mM sodium cacodylate buffer (pH 7.2) containing NaCl (10
mM). The buffer was used to prepare all solutions used in the
experiment. The sample cell was loaded with bm-Cα-PNA 1 solution,
and the reference cell contained only the buffer. The syringe was
loaded with DNA solution (40 μL). The instrument was equilibrated
at 15 °C until the baseline was flat and stable. The stirring speed was
maintained at 700 rpm during the titrations.

Dilution experiments (DNA vs buffer) were performed at the same
condition, and the measured heat of dilution was subtracted from the
corresponding sample experiment. The binding isotherm was fitted to
a “one set of binding sites” model for duplexes and triplexes. However,
for double duplex of triplex, data best fitted in two sets of binding sites
using MicroCal data analysis software to determine KD, ΔG, ΔH, or
−ΔS for all binding experiments. N corresponded to the ratio of
number of nucleobases involved in binding from DNA and the
number of nucleobases involved in binding from bm-Cα-PNA 1.
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