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Peptide nucleic acids in parallel orientation form invasion
complexes with double-stranded DNA

This study explores the underutilized property of peptide
nucleic acids (PNAs) to form parallel duplexes and
introduces a novel double-duplex invasion strategy that
takes advantage of parallel orientations, enabling recognition
of specific target sequences in double-stranded DNA
without requiring nucleobase modifications. The background
illustrates the crystal structure of the parallel PNA/PNA
duplex obtained in this work, and the arrows indicate the
orientations of the parallel and antiparallel duplexes.
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Peptide nucleic acid (PNA) is a unique class of synthetic nucleic acids with a pseudo-peptide backbone,
known for its high nucleic acid recognition capability and its ability to directly recognize double-
stranded DNA (dsDNA) via the formation of a unique invasion complex. While most natural and artificial
nucleic acids form duplexes in an antiparallel configuration due to the general instability of parallel
configurations, PNA distinctively forms both antiparallel and parallel duplexes. In this study, we focused
on this previously underexplored property of PNA to adopt a parallel duplex configuration and
developed a novel double-duplex invasion strategy by leveraging the differences in thermal stability

Received 3rd July 2025, between the antiparallel and parallel orientations of PNA duplexes. Furthermore, we report the first

Accepted 20th August 2025 crystal structure of a parallel PNA duplex, which was found to exhibit different structural features
compared to the previously characterized antiparallel PNA duplex. This study highlights the potential of

artificial nucleic acids in dsDNA recognition and demonstrates that the parallel architecture may serve as
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Introduction

Artificial nucleic acids are a class of chemically modified
nucleic acid analogues, some of which exhibit properties super-
ior to those of natural DNA and RNA. By incorporating mod-
ified nucleobases and/or backbones, artificial nucleic acids
have expanded their applicability in biotechnology and nano-
technology, and have been widely utilized for nucleic acid
recognition.’™ Among the various artificial nucleic acids, pep-
tide nucleic acid (PNA) has been extensively studied®® due to its
exceptionally high binding affinity for DNA.®* PNA features an
electrostatically neutral pseudo-peptide backbone, in contrast
to the negatively charged sugar-phosphate backbone of DNA
(Fig. 1A).° As a result, there is no electrostatic repulsion
between PNA and the phosphate backbone of DNA, contribut-
ing to stable duplex formation of PNA with DNA than the
equivalent DNA/DNA duplex (Fig. 1B; preorganization of the
PNA backbone also play a role in this enhanced stability)."**
Among the various artificial nucleic acids developed to date,
PNA exhibits one of the strongest DNA-binding affinities.
Notably, PNA also displays unique binding modes that are
not commonly observed in other synthetic analogues, including
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a conceptual foundation for advancing broader methodological innovations in nucleic acid research.

the ability to directly recognize double-stranded DNA (dsDNA).
These include duplex invasion,™*™2° triplex invasion,®>*2° and
double-duplex invasion (Fig. 1C).***%*! In these binding
modes, invasion complexes are formed through the sequence-
specific hybridization of PNA strands with complementary
sequences within dsDNA. Among the types of invasion com-
plexes, double-duplex invasion can recognize sequences with
mixed nucleobase compositions. In this mode, two PNA
strands, each designed to be complementary to one strand of
the target dsDNA, invade the dsDNA and form two separate
PNA/DNA duplexes, as illustrated in Fig. 1C.>***

In addition to its ability to form invasion complexes, PNA
exhibits another distinctive feature in duplex-forming behavior
that sets it apart from other artificial nucleic acids: strand

A B
Base No electrostatic
0 o) repulsion >
N-terminus . N .
H/\/ A * C-terminus % oS
PNA/DNA DNA/DNA
c Complementary PNAs
T Double-duplex invasion
Double-stranded DNA dllil
_— ;]IIIIE ;IIIIIE

Fig. 1 (A) Chemical structure of peptide nucleic acid (PNA). (B) Compar-
ison of thermal stability between PNA/DNA and DNA/DNA duplexes. (C)
Unique DNA recognition by PNA via double-duplex invasion complex
formation.
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L. Parallel-stranded PNA invasion

Fig. 2 (A) Schematic representation of the strand orientation of DNA and
PNA (left), and their relative alignment in antiparallel DNA/PNA duplex
(right). (B) Orientation of each strand in antiparallel (N - C/C « N) and
parallel (N - C/N — C) PNA/PNA duplexes. The parallel PNA/PNA duplex
is much less stable than the corresponding antiparallel PNA/PNA duplex.
(C) Our parallel-stranded PNA invasion system: The use of parallel-
stranded PNAs inhibits undesirable PNA/PNA duplex formation and
enables the formation of invasion complex without the need for chemi-
cally modified PNAs. N and C stand for the N- and C-termini of PNA,
respectively.

orientation flexibility. In nature, dsDNA typically adopts an anti-
parallel configuration, where the two DNA strands run in opposite
directions, with the 5’-end of one strand aligned with the 3’-end of
the other strand. Analogously, a PNA strand possesses an N-
terminus and a C-terminus, corresponding to the 5’- and 3’-ends
of DNA, respectively (Fig. 2A). Interestingly, DNA and PNA can
form two distinct duplex orientations, parallel and antiparallel,
even when the nucleobase sequence is identical. Remarkably, PNA
can form stable duplexes with complementary DNA in both
antiparallel and parallel orientations,"” a property rarely observed
in natural or artificial nucleic acids. However, parallel duplexes
tend to be less thermodynamically stable than their antiparallel
counterparts.

As a result, the potential of this parallel binding mode has
remained underexplored in previous research, which has primarily
focused on enhancing binding strength and duplex stability.
Herein, we demonstrated that the parallel orientation, which is
recognized but not extensively investigated, can play a critical role
when reconsidered from a different perspective, offering a new
conceptual strategy for the formation of invasion complexes.

Double-duplex invasion requires not only a high binding
affinity of PNA for DNA, but also the suppression of PNA/PNA
self-duplex formation. This requirement arises from the fact that
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the two PNA strands used for invasion are inherently complemen-
tary to each other, and PNA/PNA duplexes are generally more
stable than the corresponding PNA/DNA duplexes.** Conse-
quently, self-duplex formation competes with invasion complex
formation, as the PNA strands preferentially hybridize with each
other rather than with the target DNA strands. To overcome this
challenge, pseudo-complementary PNAs (pcPNAs),">>%*? in which
adenine (A) and thymine (T) are substituted with 2,6-
diaminopurine (D) and 2-thiouracil (Us), respectively, have been
extensively utilized. This substitution induces steric repulsion
between the amino group of D and the thione group of Us,
significantly destabilizing duplex formation between complemen-
tary pcPNA strands (Fig. S1), while still permitting the formation
of stable pcPNA/DNA duplexes during invasion into dsDNA
(Fig. 1C). As an alternative strategy, we propose exploiting the
unique ability of PNA to adopt both antiparallel and parallel
strand orientations. Notably, there is a pronounced difference in
thermal stability between antiparallel and parallel PNA/PNA
duplexes, with the parallel configuration being markedly less
stable than its antiparallel counterpart (Fig. 2B). By capitalizing
on this unique property, we hypothesized that designing two PNA
strands in parallel orientation, as illustrated in Fig. 2C, would
significantly suppress unintended PNA/PNA duplex formation,
thereby facilitating invasion into dsDNA.

In addition, we have determined the first crystal structure of
the paralle]l PNA/PNA duplex. To deepen the understanding of
the parallel PNA/PNA duplex, which has not been well char-
acterized, we have compared it with the antiparallel duplex
reported previously.>**®

Results and discussion
PNA oligomer design and synthesis

We designed PNA oligomers in both antiparallel and parallel
orientations. All PNA oligomers contained a free N-terminal
amino group, while the C-terminal carboxylic acid was amidated.
To enhance water solubility of PNAs, lysine residues, positively
charged under neutral pH conditions, were attached to the N-
and/or C-termini. Twenty-seven PNA oligomers were synthesized
using Fmoc-PNA monomers on an automated solid-phase pep-
tide synthesizer. Three pseudo-complementary PNA oligomers
were synthesized manually using Boc-PNA monomers. The
sequences of these oligomers are listed in Table S1.

Hereafter, PNAs will be referred to as either antiparallel
(apsPNA) or parallel (psPNA) based on the strand orientation of
the duplex formed with PNA-Fw (Fig. 3A and C). Herein, PNA-
Fw is defined as the PNA strand complementary to the target
sequence in the upper DNA strand in Fig. 3B. Consequently,
PNA/DNA duplexes formed between DNA and either PNA-Fw or
apsPNAs are antiparallel in orientation, whereas those formed
between DNA and psPNAs adopt a parallel orientation (Fig. 3B).

Formation of an invasion complex with parallel-stranded PNAs

The formation of an invasion complex was confirmed by
electrophoretic mobility shift assay (EMSA) using a microchip

RSC Chem. Biol., 2025, 6,1566-1575 | 1567
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Name Strand orientation to PNA-Fw Sequences of PNAs (N to C)
PNA-Fw - KATGACTAAGAGTAGTKK
apsPNA-Rev antiparallel KACTACTCTTAGTCATKK
psPNA-Rev parallel KTACTGATTGTCATCAKK

Fig. 3 Schematic representation of (A) the strand orientation of PNAs and
(B) the invasion complex. (C) A summary of the PNA sequences used in the
invasion experiments. ‘aps’ and ‘ps’ denote the strand orientation of each
PNA relative to the complementary PNA-Fw strand in the duplex, repre-
senting antiparallel and parallel orientations, respectively. Lysine (K) resi-
dues were introduced at the termini of the PNAs to improve water
solubility.

electrophoresis system, which is similar to capillary electro-
phoresis rather than gel electrophoresis. This method can
provide results consistent with native PAGE.{ To facilitate the
analysis of invasion complex formation based on electrophore-
tic mobility, a 119-bp dsDNA fragment was prepared by PCR
using the pBFP-N1 plasmid as a template and employed as the
target.

The invasion complex can be observed as a band with a
different electrophoretic mobility compared to unbound
dsDNA, reflecting structural alterations in the dsDNA at the
invasion site.*® Adding PNA-Fw and apsPNA-Rev to a solution
containing target 119-bp dsDNA (Fig. 4A) only yielded a single
band corresponding to the target dsDNA, even when excess
amounts of PNAs were added (Fig. 4B; lanes 2-5). This result
clearly shows that, in the absence of modified nucleobases (i.e.,
pcPNA), a pair of antiparallel-stranded PNAs cannot form the
invasion complex. The observation indicates that PNA-Fw and
apsPNA-Rev preferentially form a stable antiparallel PNA/PNA
duplex, decreasing the effective concentration of PNA strands
available for invasion. In contrast, the combination of PNA-Fw
and psPNA-Rev, which forms a thermodynamically less stable
parallel PNA/PNA duplex, resulted in a new lower-mobility band
with the target dsDNA (Fig. 4B; lanes 6-8). Moreover, the band
became more intense with increasing equivalents of PNA (lane
6,13.4 & 2.2%; lane 7, 51.8 & 3.3%; lane 8, 65.0 & 3.3%). These
results suggest that parallel-stranded PNAs interact with dsDNA
to form a complex.

To confirm that the lower-mobility band was formed by two
types of PNA strands (PNA-Fw and psPNA-Rev), 5-
carboxyfluorescein (FAM) was attached to the N-termini of the
PNAs (Fig. 4C). When one or both of the PNAs were replaced by
FAM-labeled ones (Fig. 4C left; lanes 4-6), a lower-mobility
band appeared at the same position as lane 3 across all lanes.
Fluorescence emission was detected from the low-mobility
bands in all cases (Fig. 4C right; lanes 4-6), indicating that

1 At first glance, it may appear that the samples were not run on the same gel,
making lane comparison challenging (see Fig. 4B). However, by using the relative
mobility of specific markers, equivalent results can be obtained as if the samples
were run in parallel on the same gel, ensuring the analysis is reliable.
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these bands contained the PNAs. Interestingly, FAM labeling of
PNA-Fw enhanced invasion efficiency (Fig. 4C left; lane 4),
whereas FAM labeling of PNA-Rev reduced it (Fig. 4C left; lane
5). Previous research on Ru-complex-modified pcPNAs demon-
strated that the introduction position of the Ru complex and
the linker structure significantly affect invasion efficiency.’”
Given this, the structural difference between antiparallel (PNA-
Fw_FAM) and parallel (psPNA-Rev_FAM) PNA/DNA duplexes
may lead to a phenomenon similar to that observed for the
Ru complex. Based on these results, we concluded that both Fw
and Rev PNAs interact with dsDNA and form an invasion
complex. In contrast, when only one of the two PNA strands
was mixed with target dsDNA, no band shift was observed
(Fig. S2), demonstrating that this dsDNA recognition requires
the cooperative action of both PNA-Fw and psPNA-Rev. These
findings support the conclusion that two parallel-stranded
PNAs interact with dsDNA to form an invasion complex as
intended.

To confirm that the PNA forms an invasion complex through
accurate sequence recognition, a point mutation was intro-
duced at the center of the parallel-stranded PNA pair, resulting
in a single base-pair mismatch at the position highlighted in
Fig. 4D. The parallel-stranded PNAs efficiently formed an inva-
sion complex with fully complementary target dsDNA (lane 3).
However, in the presence of a single base-pair mismatch
between the PNA and the target DNA, no band corresponding
to the invasion complex was observed, regardless of the mis-
match combination (lanes 4-6). These results indicate that only
PNAs with full sequence complementary to the target dsDNA
are capable of forming invasion complexes, thereby supporting
the formation of the intended double-duplex invasion struc-
ture. From the perspective of specific dSDNA recognition, the
ability to discriminate between target and non-target sequences
with high selectivity is essential. Among various types of mis-
matches, G-T and T-T mismatches are known to be relatively
stable and often reduce sequence selectivity.***' In contrast,
our invasion system using parallel-stranded PNAs successfully
discriminated single mismatches even when the target DNA
contained thermodynamically stable mismatches such as G-T
and T-T (lanes 4 and 6). These findings underscore the high
sequence selectivity of our parallel-stranded PNA invasion
system and confirm that the observed complex is indeed the
intended double-duplex invasion complex.

Differences in thermal stability between PNA/PNA and PNA/
DNA duplexes enhancing the formation of invasion complex

To better understand the mechanism governing the newly
developed parallel-stranded PNA invasion system, we measured
the melting temperature (7)) values of antiparallel and parallel
PNA/PNA and PNA/DNA duplexes (Fig. 5A). For this experiment,
we used 15-mer single-stranded PNAs and DNAs, each corres-
ponding to the target dsDNA sequences. As expected, a very low
Tm value was obtained for the parallel PNA/PNA duplex
(Fig. 5B; bar 2, PNA-Fw/psPNA-Rev, 62 °C) compared with the
antiparallel PNA/PNA duplex (bar 1, PNA-Fw/apsPNA-Rev, over
90 °C). In the case of PNA/DNA duplexes, all antiparallel (bar 3,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Overview of invasion complex formation between target 119-bp dsDNA and parallel-stranded PNAs. PNA-Fw and PNA-Rev hybridize to DNA
strands in antiparallel and parallel orientations, respectively, forming the invasion complex. (B) Electrophoretic mobility shift assay (EMSA) shows that
parallel-stranded PNA pairs form an invasion complex. Lane 1: 20-bp DNA ladder marker; lane 2: 119-bp target DNA only; lanes 3-5: PNA-Fw and
apsPNA-Rev; lanes 6—-8: PNA-Fw and psPNA-Rev. Invasion conditions: [DNA] = 100 nM, [each PNA] = 100-500 nM (1-5 equiv. for DNA), and [HEPES (pH
7.0)] = 5 mM at 50 °C for 1 h. (C) EMSA confirmed the presence of PNA in the invasion complex. FAM-labeled PNAs were used to detect PNA by
fluorescent emission of 5-carboxyfluorescein (FAM). The bands of dsDNA and invasion complex were stained with GelRed™ (Biotium) (Ex. 532 nm/Em.
575 nm, left) and PNAs were detected by fluorescein labeling (Ex. 473 nm/Em. 510 nm, right). Lanes 1, 7: 50-bp DNA ladder marker; lane 2: 119-bp dsDNA
only; lane 3: PNA-Fw and psPNA-Rev; lane 4: PNA-Fw_FAM and psPNA-Reyv; lane 5: PNA-Fw and psPNA-Rev_FAM; lane 6: PNA-Fw_FAM and psPNA-
Rev_FAM. Invasion conditions: [119-bp dsDNA] = 100 nM, [each PNA] = 500 nM, [HEPES (pH 7.0)] = 5 mM at 50 °C for 1 h. (D) Evaluation of the sequence
selectivity of the parallel-stranded PNA invasion system. Lane 1:20-bp DNA ladder marker; lane 2: 119-bp DNA only; lane 3: PNA-Fw and psPNA-Rev;
lane 4: G,C mismatch pair (X = G, Y = C); lane 5: mismatch C,G pair (X = C, Y = G); lane 6: mismatch T,A pair (X =T, Y = A). Invasion conditions: [DNA] =
100 nM, [each PNA] = 500 nM (5 equiv. for DNA), and [HEPES (pH 7.0)] = 5 mM at 50 °C for 1 h.

PNA-Fw/compDNA-Rev, 83 °C; bar 4, compDNA-Fw/apsPNA- duplex (Fig. 5C bottom). This preference arises from the
Rev, 76 °C) and parallel (bar 5, compDNA-Fw/psPNA-Rev, reduced stability of the undesired PNA/PNA duplex in the
68 °C) duplexes showed substantially higher T, values than parallel orientation compared to its antiparallel counterpart.
the corresponding DNA/DNA duplex (compDNA-Fw/compDNA-  Therefore, we concluded that the difference in thermal stability
Rev, 27 °C). Moreover, both PNA/DNA duplexes related to between PNA/PNA and PNA/DNA duplexes, specifically the
invasion complex formation (bar 3, PNA-Fw/compDNA-Rev, higher stability of parallel PNA/DNA duplexes than parallel
83 °C; bar 5, compDNA-Fw/psPNA-Rev, 68 °C) were more stable PNA/PNA duplexes, drives the favorable formation of the target
than the corresponding parallel PNA/PNA duplex (bar 2, PNA- invasion complex.
Fw/psPNA-Rev, 62 °C).

From these results, it is evident that antiparallel-stranded Structural characteristics of parallel PNA/PNA duplex compared
PNAs form highly stable PNA/PNA duplexes, hindering efficient 0 antiparallel PNA/PNA duplex
binding to the target DNA (Fig. 5C top). In contrast, designing In the context of the structural polymorphism of nucleic acids,
PNAs in parallel orientation reverses the relative thermal sta- far fewer studies have been conducted on parallel duplexes
bility between PNA/PNA and PNA/DNA duplexes. In the case of than antiparallel ones. Similarly, for PNA, crystallographic
parallel-stranded PNAs, binding preferentially occurs between  analyses of PNA/PNA duplexes have been limited to antiparallel
PNA and the target DNA, as the PNA/DNA duplexes exhibit structures. Here, we report the first X-ray crystal structure of a
greater stability than the corresponding parallel PNA/PNA  parallel PNA/PNA duplex. Two strands of 8-mer PNAs designed

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2025, 6,1566-1575 | 1569
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Fig. 5 (A) Thermal stability of PNA/PNA and PNA/DNA duplexes, mea-
sured as representative partial structures of the invasion complex due to
the difficulty of direct assessment. (B) Melting temperatures (T,,,) of PNA/
PNA (bars 1, 2) and PNA/DNA (bars 3-5) duplexes to evaluate their thermal
stability. T, values are shown above the corresponding bars. Bar 1; PNA-
Fw/apsPNA-Rev; bar 2; PNA-Fw/psPNA-Rev; bar 3; PNA-Fw/compDNA-
Rev; bar 4; compDNA-Fw/apsPNA-Rev; bar 5; compDNA-Fw/psPNA-Rev.
Conditions: [each strand of DNA or PNA] = 1 uM and [HEPES (pH 7.0)] = 5
mM. (C) Schematic illustration of states involved in invasion complex
formation for antiparallel- (top) and parallel-stranded PNAs (bottom).

in parallel orientation were prepared (Xtal PNA-Fw and Xtal
PNA-Rev) and crystallized in a 1:1 complex. X-ray crystallo-
graphic analysis revealed the structure of the parallel PNA/PNA
duplex at 1.7 A resolution (PDB ID: 9L5Z, Table S2). Two right-
handed helices and two left-handed helices comprise the
asymmetric unit, with alternating stacking of right- and left-
handed helical duplexes in the crystals (Fig. S3). All nucleo-
bases formed standard Watson-Crick base pairs, and the
helical parameters were similar to those of the antiparallel
PNA/PNA duplex (Table S3).>> Interestingly, the macroscopic
structures of the parallel and the antiparallel duplexes were very
similar, even though one strand is inverted (Fig. 6A).>* Various
previous studies have reported that the carbonyl group in the
linker connecting the nucleobase and the backbone is oriented
towards the C-terminus of the PNA strands in the antiparallel

duplex.****>*? In contrast, in the parallel duplex presented here,
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the carbonyl group was found to be oriented towards the C-
terminus in one strand and towards the N-terminus in the
other strand (Fig. 6B). This results in differing relative positions
of the nucleobases and the backbone amide groups between
the two strands, which is a difference not observed in the
antiparallel duplex. Moreover, a marked difference in the
coordination of surrounding water molecules was observed
between the two strands in the parallel duplex. In the ‘C—=0
— C-terminus’ strand (green strand in Fig. 6B), water mole-
cules directly bridge the amide groups in the backbone and the
nucleobases, which is consistent with previous observation in
antiparallel PNA/PNA duplexes.’*® In contrast, in the ‘C=0 —
N-terminus’ strand (cyan strand in Fig. 6B), the number of
bridging water molecules was clearly reduced, as shown in
Fig. 6C and D (6 for the ‘C—0 — C-terminus’ strand vs. 2 for
the ‘C—0 — N-terminus’ strand). The difference in the relative
positions of the nucleobases and the amide groups, observed in
the parallel duplex, may significantly influence the coordina-
tion of bridging water molecules. Based on previous studies
suggesting that coordinating water molecules contribute to the
stability of PNA/PNA duplexes,® the observed hydration pattern
is likely a key factor in elucidating the reduced thermal stability
of the parallel PNA/PNA duplex, which remains unclear.

Systematic evaluation of parameters governing parallel-
stranded PNA invasion

To understand the basic characteristics of this new invasion
system, we investigated (I) the effect of PNA oligomer length,
(I1) sequence flexibility, (III) kinetics, and (IV) temperature
dependence (Fig. S4). Regarding the relationship between
invasion efficiency and PNA oligomer length, 11-mer and 12-
mer parallel-stranded PNAs were designed based on the
sequences of 15-mer PNAs used in the earlier experiments in
this study. These shorter PNAs were synthesized on a peptide
synthesizer following the same protocol as for 15-mer PNAs and
were evaluated by EMSA (Table S1 and Fig. S5). Although their
invasion efficiency was lower than that of the 15-mer PNAs, the
formation of an invasion complex was possible even with the
shorter parallel-stranded PNAs.

Subsequently, we examined whether our parallel-stranded
PNA system is available for different target sequences. We
designed three additional sets of parallel-stranded PNAs
(Fig. 7; GC-rich PNA-Fw_1/GC-rich psPNA-Rev_1, GC-rich PNA-
Fw_2/GC-rich psPNA-Rev_2, and GC-rich PNA-Fw_3/GC-rich
psPNA-Rev_3) targeting sequences with nucleotide composi-
tions distinct from the previously tested AT-rich sequence
(Fig. 4, AT ratio; 10/15). These newly synthesized parallel-
stranded PNAs successfully recognized their target dsDNA
and formed invasion complexes even with different sequences.
These results demonstrate that recognition by the parallel-
stranded PNA system is not limited to AT-rich sequences, and
that invasion complexes can be formed even in highly GC-rich
targets (Fig. 7C, GC ratio; 10/15). The efficiency of invasion
complex formation with the GC-rich sequences was lower
than that with the AT-rich sequence (Fig. 7A; lane 3, 10.4 +
1.7%; lane 4, 23.9 + 1.6%; Fig. 7B; lane 3, 5.7 £ 0.4%; lane 4,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 X-ray crystal structure of parallel PNA/PNA duplex. (A) Superposition of 8-bp antiparallel PNA/PNA duplex (yellow, PDB ID: 3MBS) and 8-bp
parallel PNA/PNA duplex (green, this work, PDB ID: 9L5Z). (B) Two types of backbone conformation in the parallel duplex. (C) In the strand of 'C=0O — C-
terminus’ (green), the backbone amide groups are involved in the water-mediated hydrogen bond that bridges the backbone and nucleobase. (D) In the
strand of 'C—=0O — N-terminus’ (cyan), the backbone carbonyl groups are involved in the water-mediated hydrogen bond. The water molecules within
3.3 A of polar atoms are depicted as red spheres and hydrogen bonds are depicted as yellow dashed lines with distances.

10.4 + 0.6%; Fig. 7C; lane 3, 7.0 & 1.6%; lane 4, 10.0 + 3.0%),
likely due to the higher thermodynamic stability of GC-rich
DNA duplexes. Efficient recognition of GC-rich sequences has
long been one of the major challenges in PNA invasion.**™’
The ability of parallel-stranded PNAs to accurately recognize
sequences with widely different nucleobase compositions
represents a significant advance in the field.

To provide further insight into the kinetic properties of
invasion complex formation using parallel-stranded PNAs, we
conducted a time-course analysis to monitor the formation over
time. The experiments were performed under the previously
described conditions (5 equivalents of 15-mer PNAs with
100 nM 119-bp dsDNA at 50 °C), while varying the incubation
times. As shown in Fig. 8A, the invasion complex formation
with parallel-stranded PNAs progressed over time and reached
a plateau around 50 minutes. Assuming that the formation of
the invasion complex by parallel-stranded PNAs follows
pseudo-first-order kinetics, the pseudo-first-order rate constant
for PNA invasion, ks, was calculated from the slope of a plot of
—In(1 — C) vs. incubation time, where C is the fraction of
the invasion complex at time ¢ (Fig. 8B). Compared to the
previously reported time-course data for invasion complex
formation by pcPNA at 45 °C,*' the slope for the parallel-

© 2025 The Author(s). Published by the Royal Society of Chemistry

strand PNA at the higher temperature of 50 °C appears to be
less steep. Since a larger rate constant k, is typically expected at
a higher temperature, this suggests that parallel-stranded PNAs
form invasion complexes at a slower rate than pcPNAs. This
slow formation of the invasion complex probably results from
the slow binding of parallel-stranded PNA to its complementary
DNA.*® Because we cannot directly observe the binding of
parallel-stranded and antiparallel-stranded PNAs to DNA dur-
ing the invasion process, we evaluated their binding to single-
stranded DNA. Here, we used the PNAs that were employed in
the invasion experiments, along with their complementary
single-stranded DNAs (Fig. S6A). The rates of antiparallel and
parallel PNA/DNA duplex formation were evaluated by monitor-
ing the decrease in single-stranded DNA bands during electro-
phoresis. The antiparallel PNA strand completed duplex
formation within ten minutes (Fig. S6B), whereas the parallel
PNA strand required one to two hours to complete duplex
formation (Fig. S6C). We conclude that the formation of
parallel duplexes is kinetically less favorable than that of
antiparallel duplexes with the PNAs used in this study. This
observation is consistent with an early report on the binding
properties of PNA to complementary DNA.*®* These results
suggest that the invasion process of parallel-stranded PNAs is

RSC Chem. Biol., 2025, 6,1566-1575 | 1571
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Fig. 7 EMSA demonstrated that the parallel-stranded PNA invasion sys-
tem is adaptable to other DNA sequences. Lane 1: 20-bp DNA ladder
marker; lane 2: 119 or 130-bp DNA only; lanes 3 and 4: GC-rich PNA-Fw_1
and GC-rich psPNA-Rev_1 for (A), GC-rich PNA-Fw_2 and GC-rich
psPNA-Rev_2 for (B) and GC-rich PNA-Fw_3 and GC-rich psPNA-Rev_3
for (C). Invasion conditions: [DNA] = 100 nM, [each PNA] = 500-1000 nM
(5-10 equiv. for DNA), and [HEPES (pH 7.0)] = 5 mM at 50 °C for 1 h.

significantly affected by the rate of parallel PNA/DNA duplex
formation. In addition to conducting experiments at 50 °C, time-
course studies were also performed at different temperatures
(45 °C and 37 °C). The results indicated that the formation of the
invasion complex was temperature-dependent, and the apparent
activation energy (E,) was calculated to be 161 k] mol ™~ * from the
corresponding ks values using an Arrhenius plot (Fig. 8C). The
apparent activation energy for binding of parallel-stranded PNAs
to DNA is closer to E, = 150 kJ mol " obtained for double-duplex
invasion by pcPNAs®! than that for triplex invasion of homopyr-
imidine PNA (E, = 58.4-79 kJ mol ").*’

Compatibility of parallel design with pcPNAs

Importantly, parallel-stranded PNA invasion represents a funda-
mentally distinct strategy from approaches employing chemically
modified PNAs, and thus, the parallel design is expected to be
broadly compatible with existing PNA-based systems. To examine
this compatibility, we incorporated pseudo-complementary
nucleobases™?%** as a model case to evaluate whether nucleo-
base modifications can be integrated into the parallel-stranded
PNA framework. As shown in Fig. 9A, the introduction of two
pseudo-complementary nucleobases into parallel-stranded PNAs
significantly improved the invasion efficiency compared to the
unmodified parallel design (lane 3, 52.2 + 0.4% and lane 5,92.4 +
0.5%). These results demonstrate that nucleobase modifications
can be effectively combined with parallel-stranded PNA invasion
to enhance invasion efficiency. Interestingly, parallel-stranded
PNAs containing pseudo-complementary nucleobases exhibited
even higher invasion efficiency than the corresponding antipar-
allel pcPNAs (lane 4, 32.3 £+ 1.5%), further supporting the effec-
tiveness of the parallel PNA design in the context of sequence-
specific dsDNA recognition.
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Fig. 8 (A) Time course plot of invasion complex formation. The fraction of

the invasion complex was calculated based on the EMSA results. Invasion
conditions: [DNA] = 100 nM, [each PNA] = 500 nM (5 equiv. for DNA), and
[HEPES (pH 7.0)] = 5 mM, at 50, 45, and 37 °C. (B) Plot of —In(1 — C) versus
incubation time. C =1 — exp(—kpst), where C is the fraction of the invasion
complex at time t, and kg is the pseudo-first-order rate constant for
parallel-stranded PNA invasion. (C) The Arrhenius plot of kinetic data for the
binding of parallel-stranded PNAs to target dsDNA. The pseudo-first-order
rate constants, ks, were determined from time-course measurements at
different temperatures: kps (37 °C) = 3.1 x 107> min~?, ko (45 °C) = 1.2 x
1072 min~%, and ke (50 °C) = 4.0 x 1072 min~" The slope of the Arrhenius
plot yielded an apparent activation energy (£.) of 161 kJ mol™.

One of the major challenges in achieving double-duplex
invasion using PNAs is the recognition of dsDNA under high-
salt conditions, as increased ionic strength enhances the
thermal stability of dsDNA, thereby hindering the formation
of the invasion complex. Similar to observations with pcPNAs,
parallel-stranded PNAs alone showed a decrease in invasion
efficiency as the salt concentration increased (Fig. S7). How-
ever, the combination of the parallel design with pcPNA
enabled invasion complex formation even under high-salt and
molecular crowding conditions (Fig. 9B; lane 3, 5.3 + 0.2%).
These results demonstrate that various types of modified

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) Enhancement of the invasion efficiency by combining parallel-
stranded PNAs with pseudo-complementary nucleobases. Lane 1: DNA
ladder marker; lane 2: 119-bp DNA only; lane 3: PNA-Fw and psPNA-Rev;
lane 4: PNA-Fw_D,Us and apsPNA-Rev_D,Us; lane 5: PNA-Fw_D,Us and
psPNA-Rev_D,Us. Invasion conditions: [DNA] = 100 nM, [each PNA] =
500 nM (5 equiv. for DNA), and [HEPES (pH 7.0)] = 5mM at 50 °C for 1 h. (B)
Parallel-stranded PNAs with pseudo-complementary nucleobases formed
invasion complexes even under high salt and molecular crowding condi-
tions. Lane 1: DNA ladder marker; lane 2: 119-bp DNA only; lane 3: PNA-
Fw_D,Us and psPNA-Rev_D,Us. Invasion conditions: [DNA] = 200 nM,
[each PNA] = 1000 nM (5 equiv. for DNA), [HEPES (pH 7.0)] = 5 mM, [NaCll
=100 mM, [PEG 200] = 40% (w/v) at 37 °C for 15 h.
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C-ACTACU,CTT D GTCAT-N

nucleobases,*®*”***! beyond those used in pcPNAs, can be
integrated into the parallel-stranded PNA system, offering a
viable strategy for enhancing invasion efficiency. In standard
pcPNAs, adenine and thymine are replaced with D and Us,
respectively, which imposes a synthetic limitation that makes
further chemical modification of AT bases challenging. The
present findings highlight the versatility and utility of the
parallel PNA design in invasion studies, as it is free from such
structural constraints. Further studies on the functionalization
of parallel-stranded PNAs may lead to improvements in
sequence specificity, hybridization stability, and overall applic-
ability of this approach. We anticipate that parallel PNA design
will be established as a foundational strategy for dsDNA recog-
nition and may ultimately be incorporated into a wider range of
applications, including sequence-targeting technologies such
as gene editing.

Conclusions

We focused on the unique ability of PNA to form parallel
duplexes and demonstrated that strand-orientation-based
design is highly effective for dsDNA recognition, particularly
in the context of invasion complex formation. Rather than
relying on nucleobase modifications, we achieved suppression

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of undesired PNA/PNA duplex formation, a critical requirement
for efficient PNA invasion, by exploiting the thermodynamic
differences associated with strand orientation. This approach,
employing the less commonly utilized parallel-stranded
configuration, facilitated sequence-selective dsDNA recognition
and demonstrated the potential to recognize a broader range of
sequences, including GC-rich targets. While chemical modifi-
cation has long been considered indispensable for successful
PNA invasion, our findings suggest that the use of parallel-
stranded PNA offers an alternative route that may challenge
this assumption. These results broaden our understanding of
PNA binding modes to dsDNA and open up new avenues for
PNA invasion strategies.

The concept of strand-orientation-based design is not lim-
ited to PNA but may also be applicable to other types of
synthetic nucleic acids. The phenomenon of PNA invasion
has attracted growing interest beyond PNA itself,"””*>** and
since strand orientation is an inherent property of nucleic
acids, the strategy proposed herein holds broad potential
applicability. For example, innovative strategies,”* such as
the incorporation of intercalator moieties®™® or chemically
reactive nucleobases,”®® have enabled invasion complex for-
mation even in artificial nucleic acids with phosphate back-
bones. In these studies, as in the case of PNA, chemical
modification has served as the predominant strategy for
enabling invasion complex formation. In contrast, our parallel
design introduces a novel conceptual perspective to the field,
and we anticipate that this strategy will provide a promising
platform for the development of diverse DNA recognition
technologies using artificial nucleic acids.

Furthermore, we report the first crystal structure of a parallel
PNA/PNA duplex. In the field of artificial nucleic acid research,
attention has primarily been directed toward achieving high
binding affinity, whereas parallel duplex structures—the focus
of this study—have generally been considered suboptimal for
practical use due to limited recognition performance. The fact
that the parallel structure remained unexplored for 27 years
following the initial report of the antiparallel duplex crystal
structure illustrates the extent of this oversight.>* The overall
structure is similar to the P-type helix of the antiparallel PNA/
PNA duplex, but importantly differences were observed in the
coordination of surrounding water molecules. This crystal
structure of parallel PNA/PNA duplex reported in this research
is expected to provide a structural basis for the rational design
of PNA derivatives,”*°7®° as well as a major clue to elucidate
the stability differences in the orientation of parallel and
antiparalle]l PNA duplexes.

By leveraging the previously overlooked concept of parallel
duplex formation, this study provides new insights and strate-
gies for DNA recognition. The long-standing assumption that
modified PNA derivatives are essential for successful PNA
invasion may be reconsidered through the use of parallel-
stranded PNA. These findings are expected to have a substantial
impact not only on the field of PNA, but also on a broader range
of synthetic nucleic acid research. In fact, parallel duplex
formation has been reported for certain artificial nucleic acids
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other than PNA.”® While a few studies have highlighted the
potential utility of parallel duplex formation,”*””* this design
principle remains largely underutilized in nucleic acid
research. We believe that the findings presented in this study
represent an important step toward establishing the utility of
parallel architectures in nucleic acids and may serve as a
milestone for the future development of nucleic acid-based
technologies.
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