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Perspectives on conformationally constrained
peptide nucleic acid (PNA): insights into the
structural design, properties and applications

Chaturong Suparpprom ab and Tirayut Vilaivan *ab

Peptide nucleic acid or PNA is a synthetic DNA mimic that contains a sequence of nucleobases attached to a

peptide-like backbone derived from N-2-aminoethylglycine. The semi-rigid PNA backbone acts as a scaffold that

arranges the nucleobases in a proper orientation and spacing so that they can pair with their complementary

bases on another DNA, RNA, or even PNA strand perfectly well through the standard Watson–Crick base-pairing.

The electrostatically neutral backbone of PNA contributes to its many unique properties that make PNA an

outstanding member of the xeno-nucleic acid family. Not only PNA can recognize its complementary nucleic

acid strand with high affinity, but it does so with excellent specificity that surpasses the specificity of natural

nucleic acids and their analogs. Nevertheless, there is still room for further improvements of the original PNA in

terms of stability and specificity of base-pairing, direction of binding, and selectivity for different types of nucleic

acids, among others. This review focuses on attempts towards the rational design of new generation PNAs with

superior performance by introducing conformational constraints such as a ring or a chiral substituent in the PNA

backbone. A large collection of conformationally rigid PNAs developed during the past three decades are

analyzed and compared in terms of molecular design and properties in relation to structural data if available.

Applications of selected modified PNA in various areas such as targeting of structured nucleic acid targets,

supramolecular scaffold, biosensing and bioimaging, and gene regulation will be highlighted to demonstrate how

the conformation constraint can improve the performance of the PNA. Challenges and future of the research in

the area of constrained PNA will also be discussed.
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Introduction

In all organisms, nucleic acids play important roles in the
storage, transmission, and expression of genetic information
in a precisely controlled fashion. Central to this is the unique
pairing ability of the two complementary strands of nucleic
acids via the highly specific Watson–Crick base-pairing
scheme. The high fidelity of the base-pairing scheme suggests
potential uses of nucleic acids for regulating gene expression
which is indeed one of the mechanisms used by nature.1 This
can have tremendous implications in the areas of therapeutics.
One example that highlights the importance of nucleic acid-
based therapeutics is the recent success of the mRNA vaccine
accelerated by the emergence of COVID-19.2 However, due to
their susceptibility to degradation by the ubiquitous endogen-
ous nucleases, natural nucleic acids are not suitable for ther-
apeutic purposes. Modifications are generally required to
improve the stability of nucleic acids so that they can last long
enough to bind to the target nucleic acids and exert the
biological effects that they were designed for.3,4 Thus, the
research in the area of modified nucleic acids or xeno-nucleic
acids is an important field that supports the fast-growing
trends of nucleic acid-based therapy. Moreover, they can be
used in other areas of applications including diagnostics,
biosensors, and materials science. In addition, these xeno-
nucleic acids are interesting in their own right as a model for
prebiotic systems chemistry.5,6

Peptide nucleic acid (PNA) is one of the most fascinating
members of the xeno-nucleic acid family. While modified
nucleic acids generally retain the original negatively charged
sugar-phosphate backbone of natural nucleic acids (or at least
part of it),7 PNA carries a drastically different electrostatically
neutral peptide-like backbone which makes it a unique kind of
nucleic acid mimic. The first PNA reported in 1991 consisting
of an N-2-aminoethylglycyl backbone (now being referred to as
aegPNA) was originally designed to be a triplex-forming agent.8

However, homothymine aegPNA showed an unexpectedly
strong affinity towards the DNA target and bound to it
sequence-specifically in a novel triplex invasion mode. Subse-
quently, the ability of PNA to recognize single-stranded DNA/
RNA targets following the standard Watson–Crick base-pairing
rules was demonstrated.9 In addition, PNA can pair with itself
to form highly stable PNA�PNA duplexes. Thus, PNA is among
the first testimonies to the fact that the (deoxy)ribose-
phosphate was not a requirement for base–base recognition.
The electrostatically neutral backbone of PNA contributes to its
exceptionally strong binding without compromising specificity.
In fact, PNAs show even better mismatch discrimination than
natural nucleic acids. These properties together with the com-
plete stability towards nucleases make PNA a potential tool for
nucleic-acid-based therapeutics and other applications that rely
on specific base-pairing.10,11

Even though the original aegPNA system already possesses
many desirable characteristics and has been widely employed
in various applications, there are still great demands for further
improvement. During the three decades after the discovery of

PNA, numerous modifications of the original aegPNA structure
have been explored with the aim of improving the base-pairing
efficiency and solubility, and introducing other functions in the
PNA molecules such as cellular uptake or reporter groups.
Chemistry-wise, the modifications of PNA can be divided into
three categories: acyclic backbone modification, cyclic back-
bone modification, and modification that does not follow the
aegPNA template. Although some earlier reviews on modified
PNA exist,12–16 this review is complementary to the existing
ones as it will focus mainly on the backbone modification to
introduce conformational constraint in the PNA molecules.
Such modification, even a minor one, will result in altering
and restriction of one or more torsional angle values that will
ultimately affect the global structure and binding properties of
the modified PNA oligomers (Fig. 1). A broad landscape will be
provided in addition to a more detailed comparison and
evaluation of the impact of different structural modifications
of the original aegPNA backbone on the stability and specificity
of the duplex formation in a systematic way. The properties and
applications of selected modified PNA are discussed in more
detail. Thus, this review should be useful for specialists in the
PNA area seeking a comprehensive source of information on
this topic. It should also help those who are new to the PNA
field to learn what modified PNA can offer and may inspire the
adoption of PNA that might well suit their required applica-
tions or thinking for novel and imaginative uses of PNA.

Modified PNA with acyclic backbones

This section will cover modified PNA with an acyclic backbone
that follows the generic aegPNA template (as well as its homo-
log) with one or more substituents on the N-aminoethylglycine
backbone. There are four possible sites for substitution includ-
ing a-, b-, g-, and the secondary amide nitrogen atom (N)
(Fig. 2). More than one substituent may be present on the same
or different backbone carbon or nitrogen atoms, but this
section will cover only the cases where the substituents are
not joined to form a cyclic structure.

Modified PNA with a-substituents (aPNA)

Due to its synthetic accessibility from standard amino acids,
aPNA is one of the earliest PNA modifications that has been

Fig. 1 The structure of aegPNA with definition of backbone atom posi-
tions and torsional angles.
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introduced as early as 1994 by the same group that developed
aegPNA.17 According to the thermal denaturation study on a
chimeric a/aegPNA system, the introduction of a small methyl
substituent at the a-position of the aegPNA backbone slightly
destabilizes the PNA�DNA duplex in a stereochemically depen-
dent fashion. The DAla aPNA modification was less destabiliz-
ing than the LAla modification. Bulky or negatively charged
substituents are more destabilizing than smaller ones.18,19 The
D-Lys modification showed the most promising DNA binding
characteristics whereby the duplex stability was slightly
enhanced due to the combination of correct stereochemistry
and positively charged side chain.18,20 CD studies indicated a
preferential right-handedness pre-organization of the single-
stranded PNA carrying even only one D-Lys modification in the
middle of the strand.20 The matching chirality of the D-Lys
modified aPNA and native DNA explained the higher stability of
the aPNA�DNA duplexes of the D- over the L-series. A molecular
dynamics (MD) simulation of Leu-modified aPNA�DNA
duplexes suggested that the amino acid side chain in the
D-series is directed away from the minor groove.21 The blockage
of the minor groove in the L-series was responsible for the
decrease in the binding of groove binding dyes compared to the
D-series or unmodified PNA. Importantly, the mismatch speci-
ficity and antiparallel selectivity of DLys aPNA were enhanced
when compared to unmodified aegPNA. A stretch of three
consecutive D-Lys ‘‘chiral box’’ modifications was sufficient to
drive the binding mode to exclusively antiparallel.22 Tm data of
aPNA hybrids are summarized in Table 1.

The crystal structure of such chiral box aPNA was success-
fully determined at 1.66 Å resolution (Fig. 3).23 It revealed an
antiparallel right-handed double helix that is grossly similar to
the P-helix with a diameter of 22 Å, a helical twist of 23.21, a rise
of 3.5 Å, an x-displacement of 3.8 Å, and 15.5 base pairs per
turn. The DNA sugar rings adopt both C30-endo and C20-endo

conformations (6 vs. 4). This is in sharp contrast to the PNA2�
DNA triplexes24 and PNA�DNA duplexes25, in which the DNA
sugar rings adopted the C30-endo and predominantly C20-endo,
respectively. Thus, the P-helix can accommodate both types of
sugar ring puckering well. All amide bonds in the PNA back-
bone are in the trans-conformation without the intramolecular
hydrogen bonding earlier proposed based on a molecular
mechanics calculation.26 The CQO group of the methylenecar-
bonyl linker pointed towards the C-terminus of the PNA strand
to maximize the stabilizing n - p* interaction with the back-
bone carbonyl of the glycine unit. The lysine side chain did not
electrostatically interact with the phosphate backbone of the
DNA counter strand. However, it formed an ion pair with the
DNA phosphate backbone of the adjacent PNA�DNA duplex in
the crystal lattice to provide additional stabilization, but this
interaction would likely be absent in the solution phase. The
right-handed helicity was determined primarily by the steric

Fig. 2 Possible sites for modification of aegPNA without forming a cyclic structure as part of the backbone.

Table 1 Tm data of aPNA with DNA

Sequencea

(N–H/C–NH2)
Substituent (R)
derived from Tm DNA (1C) DTm

b (1C) Ref.

GTAGATCACT None (aegPNA) 49 — 20
GTAGAtCACT L-Leu 47 �2 20
GTAGAtCACT L-Lys 47 �2 20
GTAGAtCACT D-Lys 51 +2 20
GtAGAtCACt D-Lys 53 +4 20
GTAGatcACT D-Lys 43 �6 22

a The modification site is denoted by a small letter. b DTm refers to Tm
difference between the modified PNA and aegPNA duplexes.
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interaction between the D-Lys side chain and the N-terminal
aminoethyl group. The improved directional and mismatch
specificity was probably benefitted from the conformational
restriction imparted by the D-Lys substituent.

Modified PNA with two a-substituents

In contrast to the marginal change in the DNA/RNA duplex
stability of mono-substituted aPNA, the introduction of a

gem-dimethyl substituent at the a-position of the aegPNA
backbone (aedmgPNA) was reported to substantially increase
the stability of both DNA and RNA duplexes.27 This is true for
both PNAs with chimeric and homogeneous backbones,
although the data for the latter were available only for the
homothymine sequence. The stability of the PNA�DNA hybrids
was increased much more than that of the corresponding RNA
hybrids, resulting in the reversal of DNA/RNA binding selectivity
when compared to aegPNA. In addition, the antiparallel duplexes
were also selectively stabilized over the parallel duplexes, making
the antiparallel selectivity much better than in the case of aegPNA.
The backbone-extended homolog of aegPNA with similar
a-gem-dimethyl substituents (apdmgPNA) also exhibited improved
stability albeit to a lesser extent. In the absence of the gem-
dimethyl substituent, the backbone-extended PNA exhibited very
poor binding affinity towards the DNA target. The stability against
mismatched DNA was evaluated only with the homothymine
sequence and was found to be more discriminating than the
corresponding aegPNA hybrids (Table 2).

A recent structural study of the a-gem-dimethylated PNA
monomer was performed by NMR and computational calcula-
tion which revealed the exclusive Z-rotamer preference of the
tertiary amide bond in the PNA backbone (Fig. 4).28 On the
other hand, previous studies indicate that a mixture of Z/E
rotamers are formed in the case of aegPNA monomers and
dimers,29–31 while only the Z-rotamers were observed in the
NMR and crystal structures of PNA duplexes.32 The steric
repulsion between the a-gem-dimethyl substituent and the
CH2B on the tertiary amide group favored the formation of
the Z-rotamer, which was also further stabilized by the n - p*
interaction. This suggests that the tertiary amide bond in the
a-gem-dimethylated PNA monomer is pre-organized in the
correct Z-rotamer required for the duplex formation. The
smaller entropy loss in the hybridization process nicely
explains the higher stability of the aedmgPNA over aegPNA
hybrids. At present, only the T-monomer is available; thus it is
not yet known whether the conclusion will be general for
mixed-sequence PNA with a fully a-gem-dimethylated back-
bone. In addition, the mismatch specificity has not yet been
reported. Nevertheless, the preliminary results look promis-
ing. Other a-gem-disubstituted PNA monomers have been
synthesized,33–35 although the incorporation into PNA oligo-
mers and their DNA binding properties have not been
reported.

Fig. 3 X-Ray structure of the aPNA�DNA duplex (1NR8): (A) side view from the
minor groove side and (B) top view from the 30/N-side along the helix axis.23

Table 2 Tm data of a-gem-dimethylated PNA with DNA and RNA27

Sequencea (N–H/C–NH2) Modification Tm DNAb (1C) Tm RNAb (1C)

TTTTTTT-Lys None (aegPNA) 43 54
TtTtTtTt-Lys aedmgPNA 80 73
ttttttttt-Lys aedmgPNA 485 485
TtTtTtTt-Lys apdmgPNA 59 57
tttttttt-Lys apdmgPNA 77 61
GTAGATCACT None (aegPNA) 50 (38) 50 (40)
GtAGAtCACt aedmgPNA 81 (56) 72 (32)
GtAGAtCACt apdmgPNA 73 (50) 65 (33)

a The modification site is denoted by a small letter. b Antiparallel
duplexes; Tm values for parallel duplexes are shown in parentheses.

Fig. 4 Interconversion of the E- and Z-rotamers in the a-gem-dimethylated PNA monomer.28
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Modified PNA with b-substituents (bPNA)

While PNA systems with the b-carbon atom as part of a cyclic
structure have been extensively studied (see Modified PNA with
cyclic structure as part of the backbones), only one b-
substituted PNA system with simple methyl substituents has
been reported so far.36 This could be attributed to the less
availability of the chiral diamine building blocks required for
the synthesis of bPNA compared to the amino acid-derived
aPNA and gPNA. The chimeric mixed-sequence PNA carrying

three b-methyl substituents in the (S)-configuration when
hybridized to DNA provided a duplex with comparable stability
to unmodified aegPNA (Table 3). Similar to the case of aPNA,
the stereochemistry of the substituent significantly affects the
PNA�DNA duplex stability. However, the effect is more pro-
nounced as shown by the complete absence of DNA binding
of the corresponding b-methyl-substituted PNA with the (R)-
configuration. Molecular modeling of the PNA�DNA duplexes
indicated a steric clash between the (R)-b-methyl substituent
and the CH2 group of the BCH2CO substituent on the PNA
backbone (Fig. 5). In the case of aPNA, the steric clash between
the less hindered CQO group and the a-methyl substituent is
expected to be smaller, which is consistent with the observed
experimental results. In addition, CD spectra of the single-
stranded bPNA suggested pre-organization into a helical con-
formation with opposite helical senses for the two different
configurations. The (S)-b-methyl-substituted PNA adopted a
right-handed helical conformation that matched the natural
handedness of native DNA duplexes (Fig. 6). However, after
hybridization, the CD signal changed significantly indicating a
substantial conformational change which might counterba-
lance the effect of conformational pre-organization, resulting
in the observed lack of stabilization relative to the unmodified
aegPNA.

Modified PNA with two b-substituents

In contrast to the a-gem-dimethylated PNA, the analogous NMR
and theoretical study on the b-gem-dimethylated PNA mono-
mer indicated that the E-rotamer was preferred over the Z-
rotamer.28 In fact, only the E-rotamer was observed by NMR in
the monomer. According to the simulation of the mono-b-
methyl-substituted PNA above, the Z-rotamer would result in
a severe steric clash with the pro-R methyl group, thus necessi-
tating the adoption of the E-rotamer despite the loss of the
stabilizing n - p* interaction (Fig. 7). Since the Z-rotamer was
exclusively observed in the structures of all PNA duplexes and
triplexes reported in the literature,32 it is unlikely that the b-
gem-dimethylated PNA will interact strongly with the DNA

Table 3 Tm data of bPNA with DNA36

Sequence (N–H/C–NH2)a Substituent (R) Tm DNA (1C) DTm
b (1C)

GTAGATCACT-LLys None 51.4 —
GtAGAtCACt-LLys b-(S)-Me 51.0 �0.4
GtAGAtCACt-DLys b-(R)-Me No melting Large

a The modification site is denoted by a small letter. b DTm refers to Tm

difference between the modified PNA and aegPNA.

Fig. 5 A model of the bPNA structure showing a different degree of steric
clash between the b-(S)- or b-(R)-methyl groups and the nucleobase side
arm (reprinted from ref. 36, Copyright (2011), with permission from
Elsevier).

Fig. 6 The gauche conformation of the N(H)–Cg–Cb–N(CO) groups necessitates pre-organization into the right-handed helix in b-(S)-methyl PNA.36

The structure is viewed along the Cg–Cb axis.
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counterpart. However, this remains to be experimentally
verified.

Modified PNA with c-substituents (cPNA)

The g-modified PNA monomers are conveniently obtained from
standard amino acids via the corresponding N-protected a-
amino aldehydes. They were first reported as early as 1994,37

but it was not until more than a decade later that the full
potential of gPNA was recognized. Early studies focused on the
use of g-substituents as a handle for subsequent modification
with dyes or other functional entities to create functional PNA
probes38,39 or for creating long PNA strands by native chemical
ligation.40,41 These reports suggest that the partial g-
substitution by the lysine or cysteine side chain does not much
affect the PNA�DNA duplex stability provided that the chirality
of the g-carbon was derived from the natural L-amino acids. The
remarkable stabilizing effect of the g-substituent was revealed
for the partially and fully modified gPNA derived from L-serine
in the seminal paper by Ly’s group in 2006.42 A single g-
hydroxymethyl modification (LSer gPNA) in a 10mer aegPNA
increased the Tm of the PNA�DNA and PNA�RNA duplexes by +4
and +3 1C, respectively. In the fully g-modified PNA, the Tm

values for the PNA�DNA and PNA�RNA duplexes were increased
by +19 and +10 1C with improved mismatch specificity (DTm =
16–19 and 12–18 1C) (Table 4). The CD spectra of single-
stranded gPNA suggested the formation of helical structures –

the helicity of which was determined by the configuration of
the Cg. The signal became more intense and changed from
PNA�PNA- to PNA�DNA-like helices when more gPNA units were
incorporated into the aegPNA strand. The observed CD signal
in the single-stranded gPNA was much more pronounced than
the corresponding aPNA. The degree of pre-organization is
temperature-dependent – being diminished at higher tempera-
tures – but is not sensitive to the concentration, thus indicating
the intramolecular nature of the pre-organization. By varying
the position of the gPNA unit in the PNA strand, it was revealed
that the helical induction was unidirectional from the C-to-N
termini. Even the small methyl substituent could effectively
induce the pre-organization.

Conformational studies of a gPNA dimer C(LAla)T in
solution by NMR indicated that it exists as a mixture of
tertiary amide rotamers similar to aegPNA. However, the gPNA
backbone adopted a well-defined conformation while the
aegPNA dimer with the same sequence adopted a random coil
structure. Detailed analysis of coupling constants revealed that
the backbone of all four rotamers of gPNA adopted a right-
handed helical structure with a torsional angle b [N(H)–Cg–Cb–
N(CO)] in the range of +50 to +601 to avoid the steric clash
between the g-substituent and the C-terminal backbone tertiary
amide nitrogen atom (Fig. 8). Theoretical calculation suggested
that the right-handed conformation was more stable than the
left-handed conformation by 3.5 kcal mol�1, i.e. 499% popula-
tion excess. A solution NMR structure of a gPNA�gPNA duplex43

and an X-ray structure of a gPNA�DNA duplex are available.44

The conformation of the single-stranded gPNA dimer42 closely
resembles the conformation of the gPNA�gPNA duplex,43 the
gPNA�DNA duplex,44 as well as the aeg/aPNA unit from an X-ray
structure of a PNA�DNA duplex (Fig. 9).23 This indicates that the
g-substituent forces the single-stranded PNA to adopt the
appropriate helical conformation that is similar to those
found in the duplexes thus explaining its strong binding
properties. The three-dimensional structures also revealed
that the g-substituent resided at the edge of the grooves of
the gPNA�gPNA and gPNA�DNA duplexes and should not signifi-
cantly interfere with the duplex formation. Indeed, several
other substituents in addition to CH3 including HOCH2-,42

HOCH2CH2OCH2-,45 guanidinoethyl,46 guanidinobutyl-,47

H2NCH2CH2-,46 H2NCH2CH2CH2-,48 H2NCH2CH2CH2CH2-,38,39

and HO2CCH2CH2-49 have been placed at the g-position with-
out significantly altering the binding properties as long as the L-
configuration is preserved. Charged groups showed relatively

Table 4 Tm data of LSer gPNA with DNA and RNA42

Sequence
(N–H/C–
LysNH2)a

Substituent
(R-)

Tm DNA
(1C)

Tm RNA
(1C)

Tm

mmDNAb

(1C)

Tm

mmRNAb

(1C)

GCATGTTTGA None
(aegPNA)

44 54 30–34 36–43

GCATGtTTGA (R)-HOCH2- 48 57 — —
GCAtGtTtGA (R)-HOCH2- 53 60 — —
GCATGtttGA (R)-HOCH2- 53 59 — —
gcatgtttga (R)-HOCH2- 63 64 44–47 46–52

a The modification site is denoted by a small letter. b Tm values for
mismatched targets, expressed as a range for different mismatched
bases.

Fig. 7 Interconversion of the E- and Z-rotamers in the b-gem-dimethylated PNA monomer.28
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little effects on the binding affinity and specificity. However,
the electrostatic effect may be significant if the linker was short
as in the case of H2NCH2-g-PNA whereby the duplex stability
was higher than in the case of the amino-modified gPNA with
longer linkers (Table 5).48,50,51 Interestingly, gPNA with the
negatively charged –CH2SO3

� substituent adopted a more
extended conformation in the single-stranded form as shown
by NMR and CD analyses which could be due to the intra-strand
electrostatic and steric interactions among the sulfate groups.
Accordingly, the PNA2�DNA triplexes formed from g-sulfated
PNA were less stable than the corresponding unmodified
PNA.52 On the other hand, the corresponding carboxyethyl-
modified g-PNA formed a highly stable triplex with
oligo(dA).49 Under physiological ionic strength, gPNA with
negatively charged side chain bound more strongly to RNA
than DNA, and the reverse was true for gPNA with positively
charged side chain.53 However, the selectivity was rather small.

Modified PNA with two c-substituents

The solution structure of a g-gem-dimethylated PNA monomer
was also studied by NMR, which indicated that both Z- and E-
rotamers exist in almost equal amounts (Fig. 10).28 Theoretical
calculation confirmed the similar stability and indicated the
absence of significant stabilization interactions including the n
- p* interaction in both rotamers. In contrast to mono-g-
substituted PNA, the helicity induction by the chirality of the g-
substituent will be absent. This, together with the significant
steric clash of the CH2B with one of the g-methyl groups in the
Z-rotamer which could not be relieved by adopting the alter-
native helicity, suggests that the g-gem-dimethylated PNA may
not interact strongly with the DNA counterpart. This, however,
remains to be verified experimentally.

N-Methylated PNA: modified PNA with N-substituents

Only one example of N-substituted PNA has been reported
whereby the N-substituent was the methyl group.54 The Tm

values of the duplexes of the fully N-methylated PNA decamer
with both DNA and RNA were decreased compared to those of
the unmethylated PNA by 12–18 1C, although partial substitu-
tion was more tolerated (Table 6). CD spectra indicated that the
incorporation of up to 30% of N-methylation does not change
the overall conformation of the PNA�DNA duplexes, but a
distinct conformation was observed in the fully methylated
PNA�DNA duplexes. The crystal structure of a 50% methylated

Fig. 8 The gauche conformation of the N(H)–Cgg–Cb–N(CO) groups necessitates pre-organization into the right-handed helix in g-(S)-methyl PNA.
The structure is viewed along the Cg–Cb axis (adapted with permission from ref. 42. Copyright 2006 American Chemical Society).

Fig. 9 (A) X-Ray structure of the gPNA�DNA duplex (3PA0) viewed from
the minor groove side.44 (B) Superposition of the PNA strand from the
gPNA�DNA duplex (cyan), aegPNA�DNA duplex (green), and single-
stranded gPNA dimer (blue) (reprinted with permission from ref. 44.
Copyright 2010 American Chemical Society).

Table 5 Tm data of aPNA and gPNA bearing charged aminoalkyl side
chains with DNA and RNA

Sequence
(N–H/C–LysNH2)a Substituent Tm DNA (1C) Tm RNA (1C) Ref.

TTACCTCAGT None (aegPNA) 49 62 48
TtACCtCAGT H2NCH2-, a-(S) 54 — 50
TtACCtCAGT H2NCH2-, a-(R) 58 — 50
TtACCtCAGT H2NCH2-, g-(S) 62 — 50
TtACCtCAGT H2N(CH2)2-, g-(S) 50 59 46
TtACCtCAGT H2N(CH2)3-, g-(S) 53 63 48

a The modification site is denoted by a small letter.
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PNA�PNA hexamer duplex was determined at 2.2 Å resolution
(Fig. 11). Since the PNA�PNA duplex is achiral, both left-handed
and right-handed antiparallel duplexes were observed in the
asymmetric unit. The helical parameters include a diameter of
28 Å, a helical twist of 19–201, a rise of 3.5/3.8 Å, an x-
displacement of 4.8/7.2 Å, and 18 base pairs per turn which
are consistent with the P-helix. Although the overall structures
of the N-methylated and unmethylated PNA�PNA duplexes are
similar, the major difference is the orientation of the backbone
carbonyl groups. In the case of the N-methylated monomer, the
amide carbonyl group turned inward to form a water-mediated
hydrogen bonding with the nucleobase. For the unmethylated
monomer, this amide carbonyl pointed away towards the
solution and the NH group formed a water-mediated hydrogen
bonding with the nucleobase instead. No other examples or

applications of N-substituted PNAs have been reported so far.
In view of the minimal impact on the overall conformation and
the ease of modification of the nitrogen atom without the
problem of introduction of additional chirality, this system
offers a potential platform for the introduction of additional
functions to the PNA molecules.

Backbone-modified PNA with multiple modifications

In most PNAs with multiple modifications, the substituents are
generally tied to form a ring. Such PNAs with a cyclic structure
will be covered under the topic ‘‘Modified PNA with cyclic
structure as part of the backbones’’. This section will cover
only when the substituents were not connected to form a ring.
In 2005, Marchelli et al. reported a modified PNA system
bearing two substituents at the a- and g-positions – one at each
position.55,56 The substituent at both positions was the same
aminobutyl group derived from lysine with different stereoche-
mistries. All four combinations (aD/gD, aD/gL, aL/gD, aL/gL), as
well as the individually modified (aD, aL, gD, gL) PNAs, were
synthesized and the stability of the corresponding complemen-
tary PNA�DNA hybrids was compared (Table 7). According to
thermal stability measurements, the L-configuration at the g-
position is strongly preferred over the D-configuration. The
chirality at the a-position showed much smaller effects on the
PNA�DNA duplex stability, with the D-configuration being more
preferred than the L-configuration. The results are consistent
with the PNA individually modified at either the a- or g-
positions, suggesting that the two sites are independent, and
the stabilization effects are additive/synergistic. Thus, the aD/gL

showed the highest thermal stability, and no DNA binding was
observed in the aL/gD isomer. According to CD spectroscopic
studies, the helicity in a/gPNA�aegPNA and a/gPNA�DNA
duplexes is primarily controlled by the configuration of the g-
position, and when the helicity induced by both positions
matched that of the DNA, strong binding was observed. The
preference for right- or left-handed helicities arose from the
attempt to minimize the intrastrand steric clashes due to
the amino acid side chains. Steric disturbances are less toler-
ated in the g-position than in the a-position, and consequently,
the helical induction is dominated by the stereogenic center at
the g-position. Thermodynamic parameters extracted from the
melting curve data suggested that the contribution of the
a-position is dominated by the enthalpic term (i.e., more negative
enthalpy change), while the contribution of the g-position is

Fig. 10 Interconversion of the E- and Z-rotamers in the g-gem-dimethylated PNA monomer.28

Table 6 Tm data of N-Me PNA with DNA and RNA54

Sequence (N–H/C–NH2)a Tm DNA (1C) Tm RNA (1C)

GTAGATCACT 50 54
GTAGATCACT-Lys 51 56
GtAGAtCACt 42 49
gcatgtttga-Lys 33 44

a The modification site is denoted by a small letter.

Fig. 11 X-Ray structure of the N-Me PNA�PNA duplex (1QPY) viewed from
the minor groove side with the different orientation of the backbone
carbonyl groups of the N-Me and normal aegPNA monomers shown.54
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dominated by the entropic term (i.e., less negative entropy
change).

In a more recent example, Kumar et al. reported the only
example of acyclic b,g-disubstituted PNA.57 The substituents
studied were methoxymethyl and hydroxymethyl in the (R,R)
and (S,S)-configurations (Fig. 12A). Thermal denaturation stu-
dies on chimeric aeg/b,g-bis(methoxymethyl)-substituted PNA
with DNA/RNA showed comparable or slightly improved stabi-
lity over aegPNA for the (R,R) isomer (Table 8). The duplex with
parallel DNA was more destabilized than the antiparallel DNA,
leading to a higher directional specificity when compared to
aegPNA. Much lower stability was observed for the (S,S)-isomer,
with the DTm in the range of �20 1C for a single modification,
and the introduction of another modification completely
diminished the binding. The preferred stereochemistry is in
accordance with other b- or g-substituted PNA as well as

b,g-linked PNA with cyclic structures, but the configuration
notations were different due to the change in priority of the
groups involved. Interestingly, the presence of two hydroxy-
methyl substituents was detrimental to both DNA and RNA
binding as the introduction of only one modification as either
(R,R) or (S,S)-isomers resulted in a complete inability to form
stable hybrids with both DNA and RNA targets. It was proposed
that the intramolecular hydrogen bonding between the two
adjacent hydroxymethyl groups changes the torsional angle b
from 601 to 1801 making the conformation unsuitable for DNA/
RNA binding (Fig. 12B).

Modified PNA with cyclic structure as part of the backbones

This section will discuss how conformation constraint can be
introduced in the aegPNA structure by introducing a bond, an
atom or a group of atoms (denoted by X) to form a bridge
between different positions in the core backbone. Such brid-
ging would create a carbocyclic or heterocyclic ring within the

Fig. 12 (A) Structure of b,g-modified PNA. (B) The proposed different
conformation of the OH and OMe substituted PNA (reproduced from
ref. 57 with permission from the Royal Society of Chemistry).

Table 8 Tm data of backbone-modified PNA with b- and g-substitution57

Sequence
(N–H/C–LysNH2)a Modification

Tm apDNAbcd

(1C)

Tm

pDNAbcd

(1C)
Tm apRNAbcd

(1C)

AACCGATTTCAG None
(aegPNA)

58 46 63

AACCGAtTTCAG X = HO- n.t. n.t. n.t.
AACCGAtTTCAG X = MeO- 59 (44) 38 65 (52)
AACCGaTTTCAG X = HO- n.t. n.t. n.t.
AACCGaTTTCAG X = MeO- 58 (38) 39 62 (49)
AACCGAtTtCAG X = MeO- 60 (n.t.) n.t. 66 (n.t.)

a The modification site is denoted by a small letter. b ap = antiparallel;
p = parallel. c (R,R)-isomer; values for the (S,S)-isomer are shown in
parentheses. d No melting transition is denoted by n.t.

Table 7 Tm data of backbone-modified PNA with a- and g-substitution56

System

Helical
induction
induced by Ca

Helical
induction
induced by Cg

Overall
helical
preference

Tm DNAa

(1C)

aD,gL Right-handed Right-handed Right-
handed

57

gL — Right-handed Right-
handed

56

aL,gL Left-handed Right-handed Right-
handed

52

aD Right-handed — Right-
handed

52

Unmodified — — — 50
aL Left-handed — Left-handed 47
aD,gD Right-handed Left-handed Left-handed 33
gD — Left-handed Left-handed 32
aL,gD Left-handed Left-handed Left-handed o20

a Tm was determined from CD melting curves at 260 nm; PNA sequence =
H-GTAGAtCACT-NH2; DNA sequence = dAGTGATCTAC. The modification
sites are denoted by a small letter.

Fig. 13 Possible sites for modification of aegPNA by forming a cyclic
structure as part of the backbone.
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PNA backbone leading to new conformationally constrained
PNA analogs. Possible sites for the introduction of bridging
include a, b, g, N and a0 as illustrated in Fig. 13, although not
all possibilities of such bridging may have been realized as
these modified PNAs are more synthetically challenging when
compared to the simple backbone-substituted aPNA or gPNA.
The carbonyl group on the nucleobase side arm may optionally
be removed. In addition, the backbone may be extended, or
some atoms swapped. The modified PNA systems will be
discussed according to the bridging positions.

Modified PNA with (b-c)-linkage

The bridging between the b- and g- positions within the aegPNA
backbone by a –(CH2)n– linkage introduces a carbocyclic ring
within the aegPNA structure. Such carbocyclic bridging will
increase rigidity in the structure by the limited conformations
that the ring can adopt. The introduction of the ring also
generates chirality that can affect pre-organization of the PNA
chain, although not all possible combinations may have
been investigated. Only the 3-, 5- and 6-membered carbocyclic
ring (n = 1, 3 and 4) modifications have been reported in the
literature (Fig. 14). The trans-cyclohexyl PNA (chPNA) was the
first example of such carbocyclic PNA systems that were
reported since early dates (Fig. 15).58 The DNA binding of
chPNA is stereochemically dependent. The partial introduction
of the (S,S)-cyclohexyl PNA monomer into the aegPNA strand
resulted in a small effect on the stability of the PNA�DNA and
PNA�RNA hybrids, with DTm = �1 1C per (S,S)-cyclohexyl
PNA unit. On the other hand, the (R,R)-cyclohexyl PNA signifi-
cantly reduced the stability of the PNA�DNA and PNA�RNA
hybrids. Molecular dynamics simulations based on the NMR
structure of an aegPNA�DNA duplex25 suggested that the two
amino groups in the diaminocyclohexane unit assumed an

anti-periplanar relationship with a torsional angle b close to
1801 and only minimal conformation adjustment was required
for the (S,S)-chPNA binding to DNA, whereas more pronounced
structural perturbation was observed in the (R,R)-chPNA. In the
former case, the cyclohexane bridge was located outside the
helix, while in the latter case the cyclohexane bridge resided
within the major groove. However, the fully modified mixed-
sequence (S,S)-chPNA decamer formed less stable duplexes
with DNA and RNA when compared to aegPNA (Tm = 41 1C
and 37 1C for PNA�DNA and PNA�RNA, respectively). Thermo-
dynamic data indicated that the introduction of the (S,S)-chPNA
indeed reduces the entropy loss as proposed, but it also lowers
enthalpic gain resulting in lowering of the overall stability than
aegPNA.

In a series of subsequent studies by Kumar and Ganesh, the
cis-chPNA systems with the (1S,2R) and (1R,2S) configurations
on the diaminocyclohexane ring were reported.59–61 The major
difference between the trans- and cis-diaminocyclohexane sys-
tem is the torsional angle (b; NH–CH–CH–NHCO) which should
be in the range of 601–901 for the cis-isomer (+601 in the case of
(1R,2S)-chPNA and �601 in the case of (1S,2R)-chPNA62) and
1801 for the trans-isomer if the two amino substituents adopt
the diaxial conformation or close to 601 if they assume the
diequatorial conformation (Fig. 15). This indicates that cis-
(1S,2R/1R,2S)-chPNA has a torsion angle more closely similar
to that of the PNA�RNA duplex than the PNA�DNA duplex based
on the torsional angle b of 60–701 and 1401 obtained from NMR
studies of PNA�RNA63 and PNA�DNA duplexes,25 respectively.

Thermal stability data of aegPNA and chimeric ch/aegPNA
with DNA and RNA are summarized in Table 9. The results
suggest the importance of the stereochemistry of the cyclohex-
ane ring that leads to the proper arrangement and specific
torsion angle which could provide a basis for the selective

Fig. 14 Structures of modified PNA with (b–g)-linkage.

Fig. 15 Structures of cyclohexane-modified PNA with (b–g)-linkage.
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binding of RNA over DNA targets. Given the substantial desta-
bilization of the (1R,2R)-chPNA when compared to the (1S,2S)-
chPNA systems, the relatively high stability for the PNA�RNA
duplexes observed for both cis-(1S,2R)- and (1R,2S)- chPNA is
quite remarkable. Nevertheless, these results are only from
chimeric systems and care should be taken in interpreting
the results as already noted in the case of trans-chPNA.58 At
present, no Tm data for the fully modified cis-chPNA systems
are available.

When the (b–g)-linkage in the cyclohexyl PNA backbone was
changed from –(CH2)4– to –(CH2)3–, a cyclopentane ring was
formed in cyclopentyl PNA (cpPNA). The cyclopentane ring
exhibits characteristic pseudoaxial/pseudoequatorial puckering
properties which relaxed the torsional strain compared to the
cyclohexane ring system. In addition, the five-membered ring
should provide more flexibility compared to the rigid cyclohex-
ane ring system. Such cyclopentyl PNA was introduced almost
simultaneously by Kumar and Ganesh’s group60,68 for the cis-
(1S,2R/1R,2S)-cpPNA and Appella’s group for the trans-(1S,2S/
1R,2R)-cyclopentyl PNA (cpPNA).65,69–71 According to the X-ray
data, the cis-diaminocyclopentane rings show b = �241 for
(1S,2R)-cpPNA and +251 for (1R,2S)-cpPNA monomers.60 Hybri-
dization studies with complementary DNA/RNA sequences by
UV-Tm measurements indicate that the cp/aegPNA chimera
forms thermally stable hybrids with both DNA and RNA
(Table 10). While stereochemistry-dependent selective binding
to RNA over DNA was observed in the chimeric homothymine
sequences,60 subsequent studies in the mixed-sequence context
did not show the same effect.64 Thus, both stereoisomers of cis-
cpPNA appeared to strongly stabilize both DNA and RNA
hybrids which is in sharp contrast to the chPNA. Again, these
results are only from chimeric systems and care should be
taken in generalizing the results.

The cyclopentyl PNAs with the trans-(1S,2S) and (1R,2R)-
configurations were investigated by Appella et al. The studies
were more focused on DNA binding, and thus no data for RNA
were available. The effect of stereochemistry on the binding
properties of trans-cpPNA was remarkable as an increase in Tm

of around +5 1C per (1S,2S)-cpPNA unit added to the aegPNA
structure whereas no melting was observed when a single unit
of (1R,2R)-cpPNA was introduced (Table 10). Thermodynamic
parameters show that replacing the cyclopentyl ring in aegPNA
reduces conformational flexibility and entropic cost of the
hybridization, resulting in the higher thermal stability of the
cpPNA�DNA hybrids.65 The Tm was increased progressively and
CD spectra indicated an increasing level of pre-organization
upon the introduction of more (1S,2S)-cpPNA units. Subse-
quent studies in a fully modified cpPNA nonamer revealed a
very high Tm of 94 1C which is 52 1C higher compared to the
corresponding unmodified aegPNA.71 The crystal structure of
the (1S,2S)-cpPNA�DNA hybrid at 1.3 Å resolution revealed an
antiparallel right-handed helix with a helical twist of 27.1 Å, a
rise of 3.4 Å, and a pitch of 13.2 base-pairs per turn as shown in
Fig. 16. The average torsional angle b of the trans-
diaminocyclopentane unit was 86 � 81. This value was quite
different from the aegPNA�DNA structure obtained by an earlier
NMR study.25 However, it is compatible with the torsional angle
b obtained from other X-ray structures of PNA�DNA
duplexes.23,44 This indicates that the PNA structure in the
PNA�DNA duplex may be able to adopt a broad range of
conformations. Thus, from the hindsight, the apparent correla-
tion of the torsional angle of the PNA monomer and the DNA/
RNA selectivity in earlier studies of cpPNA and chPNA might be
considered as over-simplification.12,64

An aza analog of cpPNA in which the –(CH2)3– bridge that
was part of the cyclopentane ring was replaced by a
–CH2NHCH2– bridge to create a 5-membered heterocyclic ring
called dapPNA was also recently reported.66 Despite carrying
the wrong (R,R)-configuration, the chimeric dap/aegPNA with a
single modification showed decent DNA binding (Tm = 57.2 1C,
which is +6.3 1C higher than that in the case of the corres-
ponding aegPNA). This is in sharp contrast to the corres-
ponding carbocyclic analog reported in the literature.65 The
stabilization effect was explained by the favorable electrostatic
interaction due to the presence of the protonatable nitrogen

Table 9 Tm data of aegPNA and stereoisomeric chPNAs with DNA and
RNA

PNA sequencesa

(N–H/C–LysNH2) Modification bb
Tm (1C)
DNA

Tm (1C)
RNA Ref.

TTTTTTTTTT None (aegPNA) 141 72 81 58
TTTTtTTTTT (1S,2S)-cHex 70 76 58
TTTTtTTTTT (1R,2R)-cHex 52 56 58
TTTTtTTTTT (1S,2R)-cHex �63 62 77 59
TTTTtTTTTT (1R,2S)-cHex 66 64 71 59
GTAGATCACT None (aegPNA) 141 55 55 64
GtAGAtCACt (1S,2S)-cHex 51 54 58
GtAGAtCACt (1R,2R)-cHex 34 33 58
GtAGAtCACt (1S,2R)-cHex �63 25 58 64
GtAGAtCACt (1R,2S)-cHex 66 35 485 64
gtagatcact (1S,2S)-cHex 41 37 58

a The modification site is denoted by a small letter. b Torsional angle
value of aegPNA was taken from ref. 25, and others were based on X-ray
structures of monomers.

Table 10 Tm data of aegPNA and stereoisomeric cpPNAs with DNA and
RNA

PNA sequencesa

(N–H/C–LysNH2) Modification bb
Tm (1C)
DNA

Tm (1C)
RNA Ref.

TTTTTTTT None (aegPNA) 141 45 62 60
TTTtTTTT (1S,2R)-cPen �24 22 76 60
TTTtTTTT (1R,2S)-cPen 25 62 61 60
ttttttttt (1S,2R)-cPen �24 67 485 60
ttttttttt (1R,2S)-cPen 25 72 485 60
GTAGATCACT None (aegPNA) 141 55 (49)c 55 64 and 65
GTAGAtCACT (1S,2S)-cPen 86 55 — 65
GTAGAtCACT (1R,2R)-cPen 70–90 n.t.d — 65
GTAGAtCACT (1R,2R)-Pyrrolidine 103 58 — 66
GtAGAtCACt (1S,2S)-cPen 86 60 — 67
GtAGAtCACt (1S,2R)-cPen �24 77 84 64
GtAGAtCACt (1R,2S)-cPen 25 79 485 64

a The modification site is denoted by a small letter. b Torsional angle
value of aegPNA was taken from ref. 25, and others were based on X-ray
structures of monomers. c Two different values are obtained from
different sources. d n.t. = no melting transition.
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atom in the dapPNA backbone. Despite the non-specific nature
of such electrostatic interaction, the mismatch specificity was
reported to be better than in the case of aegPNA (DTm for
mismatched PNA�DNA duplexes: aegPNA = �6.6 1C; dapPNA =
�9.2 1C).66

Only one example of PNA with trans-(S,S)-cyclopropane
(tcprPNA) bridging the b–g positions was reported in the
literature.72 The extreme rigidity of the 3-membered ring was
expected to make an impact on the pre-organization of the PNA.
Mono-substituting the tcprPNA unit in the aegPNA results in a
large decrease in thermal stability in both PNA�DNA and PNA�
RNA. The torsional angle b of trans-diaminocyclopropane was
not reported but it can be presumed to be more open than the
trans-diaminocyclopentane analogs. The PNA2�DNA triplex
showed a two-step melting indicative of different structural
compatibility of tcprPNA as a Hoogsteen and Watson–Crick
strand. Significant hysteresis was observed especially in the
case of PNA2�RNA triplex melting, which suggested the slow
kinetics of PNA�RNA binding.

Modified PNA with (a–c)-linkage

In early attempts to constrain the conformation of aegPNA, the
a- and g-positions were linked to form 4-aminoproline isomers
which generated four possible configurations (L-trans, L-cis, D-
trans, D-cis) (Fig. 17).73,74 The chimeric PNA with alternating L-
trans-4-aminoproline and aegPNA monomers showed margin-
ally higher DNA�PNA duplex stability than the unmodified
aegPNA in the context of the homothymine sequence. Other
stereoisomers formed DNA hybrids with lower stability. Reports
from another group on a similar system focused on the synth-
esis of the monomers and small homothymine oligomers
derived from these monomers.75,76 CD studies of the single-
stranded oligomers indicated well-ordered structures that are
stereochemically dependent. The study on chimeric mixed-
sequence PNA incorporating a single L-trans or D-trans diaster-
eomer indicated that both isomers slightly stabilized the PNA�
DNA duplexes. The parallel/antiparallel selectivity was also
improved in a stereochemically dependent fashion (L-trans:
antiparallel; D-trans: parallel).

Modified PNA with (b–a0)-linkage

Another common bridging strategy involves the linkage of the
b- and a0-positions to form a 5-membered ring (Fig. 18). The
tertiary amide carbonyl group of the nucleobase side-arm may
be present or reduced to a CH2 group. In the latter situation,
the backbone nitrogen atom became positively charged due to
protonation under physiological pH which could provide addi-
tional electrostatic interaction with the negatively charged
phosphate backbone of DNA.

A conformationally constrained pyrrolidinone PNA with (b–
a0)-linkage was reported in 2001.77 All possible stereoisomers
[(3S,5S), (3R,5S), (3S,5R), (3S,5S)] of the adenine pyrrolidinone
PNA monomer were synthesized and incorporated in the mid-
dle of a mixed-sequence aegPNA strand to form chimeric
pyrrolidinone/aegPNA. None of the four stereoisomers of pyr-
rolidinone PNA showed improvement in DNA and RNA binding

Fig. 16 (A) X-Ray structure of the trans-(S,S)-cpPNA�DNA duplex (7KZL)71

viewed from the minor groove side. (B) Torsional angle b of the diamino-
cyclopentane unit from the X-ray structure of the cpPNA�DNA duplex. The
cyclopentyl modification of the PNA backbone is shown in yellow.

Fig. 17 Structures of modified PNA with (a–g)-linkage.
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when compared to unmodified aegPNA. However, the chimeric
PNA carrying the (3S,5R) pyrrolidinone PNA monomer showed the
highest preference for binding to RNA over DNA. A homoadenine
sequence with the fully modified (3S,5R) pyrrolidinone PNA mono-
mer was also synthesized, but its RNA hybrid was less stable than
the corresponding aegPNA�RNA hybrid. This indicates that the
conformational lock may not be in the optimal conformation to
mimic the aegPNA structures in the DNA/RNA-bound forms. The
six-membered ring homolog piperidinone PNA (pipPNA) was also
reported.78 The incorporation of either the (3R,6R) or (3S,6R)-
pipPNA monomer into a mixed-sequence chimeric pip/aegPNA
resulted in significant destabilization of DNA, RNA, and aegPNA
hybrids. Furthermore, two transitions were observed in most cases
suggesting that the six-membered structure is less compatible with
the aegPNA duplexes.

The same group also reported a similar constrained PNA
design, but with the carbonyl group reduced to the CH2

group.79 Only the (2R,4S) diastereomer of the pyrrolidine PNA
with the same stereochemistry as the (3S,5R) pyrrolidinone PNA
was reported. The single incorporation of the pyrrolidine PNA
monomer in a mixed-sequence aegPNA resulted in dramatic
destabilization for both DNA (DTm �21 1C) and RNA hybrids
(DTm �15 1C) which is much more than the destabilization
induced by the corresponding pyrrolidinone PNA monomer
under the same circumstance (DTm �8.5 1C for DNA and
�5.5 1C for RNA). This indicates that the conformation of the
pyrrolidine PNA may not be compatible with the aegPNA, and
the presence of the protonatable nitrogen atom did not
increase the binding affinity. On the other hand, the fully
modified pyrrolidine PNA with a homoadenine sequence
formed very stable DNA2�PNA triplexes with DNA (DTm =
+23.5 1C) and RNA (DTm = +25.5 1C) whereas the homoadenine
pyrrolidinone PNA did not show appreciable binding to both
DNA and RNA (Table 11). In addition, significant hysteresis was
observed in the case of pyrrolidine PNA which suggested a slow
rate of hybridization. Such discrepancy between Tm data from
the chimeric and fully modified PNAs emphasizes the danger of
drawing general conclusions from the chimeric sequences.

Similar pyrrolidine PNA (POM, pyrrolidine-amide oligo-
nucleotide mimics) with the (2R,4R)-configuration that was

supposed to mimic the configuration of natural nucleosides
was reported by Micklefield.80,81 From a semi-empirical quan-
tum mechanics calculation and the X-ray crystal structure,82

the conformation of the protonated pyrrolidine ring was
proposed to be similar to that of the C30 endo-conformation
of the ribose ring in native RNA (Fig. 19). Therefore, these PNA
systems were proposed to preferentially bind to RNA over DNA.
However, it should be noted that the nature of the substituent
on the pyrrolidine ring can affect the ring puckering
significantly.83,84 The non-chimeric homothymine POM binds
to DNA and RNA with slightly less affinity than the corres-
ponding aegPNA (Table 11). It appeared that the selectivity was
due to kinetics rather than thermodynamics at least for the
context.80 Less pronounced kinetics selectivity was observed in
the homoadenine and mixed-sequence POM, and in this case,
they formed more stable hybrids than aegPNA.81,85 However,

Fig. 18 Structures of modified PNA with (b–a0)-linkage.

Table 11 Tm data of selected modified PNA with (b–a0)-linkage with DNA
and RNA

DNA or PNA sequen-
ces (N–H/C–NH2)a Modification

Tm (1C)

Ref.apDNA pDNA apRNA pRNA

AAAAAAAAAA None
(aegPNA)

56 — 35 — 79

aaaaaaaaaa-Lys Pyrrolidinone
PNA (3S,5R)

n.t. — 26 — 79

aaaaaaaaaa-Lys Pyrrolidine
PNA (2R,4S)

79b — 60b — 79

TACTCATACTCT-Lys None
(aegPNA)

50 — 60 — 79

TACTCaTACTCT-Lys Pyrrolidinone
PNA (3S,5R)

41 — 54 — 79

TACTCaTACTCT-Lys Pyrrolidine
PNA (2R,4S)

28 — 44 — 79

Lys-TTTTT-Lys aegPNA 49c — 54c — 85
Lys-ttttt-Lys POM (2R,4R) 54bc — 45c — 85
Lys-ttttt-Lys POM (2R,4R)

(pH 6)
— — 49c — 85

Lys-ttttt-Lys POM (2R,4R)
(pH 8)

— — 40c — 85

Lys-AAAAA None
(aegPNA)

48c — 31c — 85

Lys-aaaaa POM (2R,4R) 50bc — 70bc — 85
TCACAACTT DNA 32 n.t. 25 n.t. 82
Lys-TCACAACTT None

(aegPNA)
35 n.t. 38 24 82

Lys-tcacaactt POM (2R,4R) 43b 45b 46b 44b 82

a The modification site is denoted by a small letter. b Significant
hysteresis was observed. Tm values were taken from the heating curves.
c Tm with either poly(dA), poly(rA), poly(dT), or poly(rU) as the com-
plementary strand.

Fig. 19 Comparison of conformation of the pyrrolidine ring in the POM
monomer82 and sugar ring puckering in generic RNA and DNA structures.
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the rates of hybrid formation and dissociation are significantly
slower than in the case of the corresponding aegPNA. The
dependency of the hybrid stability and kinetics of its formation
– being more stable and forming faster at lower pH – supports
the role of electrostatic interaction due to the pyrrolidine ring
protonation.

Modified PNA with (a–a0)-linkage

Modified PNAs with an (a–a0)-linkage were reported by several
research groups under various names such as chiral PNA86 and
aepPNA87–90 which are essentially the same systems but with
different stereochemistry. In these PNA systems, the a and a0

positions were joined by a methylene bridge to form a five-
membered pyrrolidine ring, and the tertiary amide CQO group
linking the nucleobase to the backbone was removed. A six-
membered ring homolog with a piperidine ring instead of the
pyrrolidine ring was also reported.91 In addition, a five-
membered ring pyrrolidinone PNA bearing the tertiary amide
CQO group was also reported under the name of aeponePNA
(Fig. 20).92

The chiral PNA reported by Lui with a fully modified back-
bone with (2S,4S)-configuration showed a Tm of 46 1C for the
pA12-dT10 hybrid while the pT10-dA10 and other mix-AT
sequences showed no observable binding.86 Other stereoi-
somers of aepPNA were studied by Kumar and Ganesh87,88 and
Vilaivan89,90 and the Tm data are summarized in Table 12.
Selective binding to RNA was observed in the non-chimeric
aepPNA with a homothymine sequence when the stereochem-
istry was (2R,4R) and (2S,4S). The hybrids showed similar Tm

but distinctive CD features that indicated opposite handedness.
The other two stereoisomers showed no binding to both RNA
and DNA. The hysteresis observed in the melting curves of the
aepPNA�RNA hybrids and kinetics experiments suggested a
slow association rate similar to that of pyrrolidine PNA/
POM.89,90 However, no binding was observed with both DNA
and RNA targets in a mixed-sequence aepPNA with (2R,4R)
stereochemistry in both parallel and antiparallel directions.

While Vilaivan and Liu did not observe DNA binding in the
case of non-chimeric homothymine aepPNA, Kumar and
Ganesh reported that the aepPNA homooligomer in both
(2S,4S)- and (2R,4S)-configuration bound strongly to DNA with
Tm values over 85 1C (Table 12).88 They also reported a chimeric
aep/aegPNA monomer with a mixed-sequence which showed
varying degrees of stabilization/destabilization of the duplex

that depend on the stereochemistry and type of nucleobase.
The same group also reported that when the tertiary amide
CQO group was present as in aeponePNA,92 the stability of the
DNA hybrid was decreased while that of the RNA hybrid was
increased. However, the study was only performed on the
homothymine sequence and no data for the mixed-sequence
are available to allow a general conclusion to be drawn.

The reported Tm data in aepPNA from three different
research groups showed some discrepancies. The comparison
is complicated by the non-uniform base-pairing behavior of
different aepPNA monomers. The data were interpreted, with
the support from NMR and theoretical calculations, as aepPNA
monomers with different nucleobases might adopt different
conformations that could affect the pre-organization of the PNA
(Fig. 21).93 This principle could apply to other pyrrolidine-based
PNAs as well, and thus the data derived from only homo-
oligomers or chimeric systems with only one type of nucleobase
modification should be interpreted with care.

The six-membered ring homolog aepipPNA was studied only
for the (2S,5R)- and (2R,5S)-isomers.91,94 Stabilization of the
PNA�DNA duplexes and triplexes with some improvement in
antiparallel selectivity over aegPNA was reported. However, the
study was limited to chimeric aepip/aegPNA homopyrimidine
sequences with terminal substitution, and thus general con-
clusion cannot be made.

Modified PNA with (c–a0)-linkage

The only example of constrained PNA with (g–a0)-linkage was
linked by a methylene bridge to form a chiral piperidine ring.

Fig. 20 Structures of modified PNA with (a–a0)-linkage.

Table 12 Tm data of aepPNA and aeponePNA with RNA and DNA

PNA sequencesa Modification Tm (1C) DNA Tm (1C) RNA Ref.

H-a12-LysNH2 aep-(2S,4S) 46b — 86
H-t10-LysNH2 aep-(2S,4S) n.t.c — 86
H-tataaatt-LysNH2 aep-(2S,4S) n.t.d — 86
Ac-t10-LysNH2 aep-(2S,4S) n.t.d 42e 90
Ac-t10-LysNH2 aep-(2R,4R) n.t.d 43e 90
Ac-t10-LysNH2 aep-(2S,4R) n.t.d n.t.e 90
Ac-t10-LysNH2 aep-(2R,4S) 24d n.t.e 90
Ac-gtagatcact-LysNH2 aep-(2R,4R) n.t. n.t. 90
H-t8-b-AlaOH aep-(2R,4S) 480f — 88
H-t8-b-AlaOH aep-(2S,4S) 480f 35e 92
H-t8-b-AlaOH aepone-(2S,4S) 53f 46e 92
H-T8-b-AlaOH None (aegPNA) 35f 58e 92

a The modification site is denoted by a small letter. b With dT10. c With
dA10. d With poly(dA). e With poly(rA). f With d(GCA8CG).
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Two diastereomers [(3S,5S) and (3R,5R)] of the thymine mono-
mer were synthesized (Fig. 22).95 The molecule was designed to
have the nucleobase oriented in the axial position to mimic the
structure of hexitol nucleic acids. Stabilization of the PNA�DNA
triplexes was reported, but again the study was limited to
chimeric homothymine sequences, and thus general conclu-
sion cannot be made.

Modified PNA with (a�b)-linkage

The only reported constrained PNA system with (a–b)-linkage
consists of sulfur-containing linkages resulting in the incor-
poration of a thiazolidine ring96 or a thiazane ring in the PNA
structure (Fig. 23).97 The two isomers of thiazolidine PNA
[(2S,4R)-anti and (2R,4R)-syn] simultaneously obtained during
the cyclization could be separated and the structures were
confirmed by X-ray crystallography. The presence of the thia-
zolidine ring constrained the torsional angles g and d, and also
limited b and w2 to the ranges that are compatible with the

structures of aegPNA hybrids. However, it was found that the
chimeric homothymine thiazolidine/aegPNA with a single thia-
zolidine monomer inserted in the middle showed a substantial
decrease in the hybrid stability for both DNA and RNA when
compared to unmodified aegPNA, although the specificity of
base-pairing was still retained.96 Subsequent studies on the
dimethylthiazolidine (with opposite stereochemistry at Ca) and
thiazane (as a racemate) constraints in the same sequence
context also showed substantial destabilization of the PNA�
DNA hybrids in all cases.97

Modified PNA with (c-N)- and (b-N)-linkages

Only one example of constrained PNA with (g-N)-linkage has
been reported.98 In the N-(pyrrolidinyl-2-methyl)glycine PNA or
pmgPNA, the presence of the pyrrolidine ring generates a new
chiral center, and thus both (S)-pmgPNA and (R)-pmgPNA
monomers as well as their chimeric and homooligomeric
PNA have been prepared. Studies in chimeric PNA suggested
that the insertion of a single pmgPNA monomer into a mixed-
sequence aegPNA destabilized the PNA�DNA duplexes much
more than the PNA�RNA duplexes. The (R)-pmgPNA monomer
was less destabilizing than the (S)-pmgPNA monomer. Unfortu-
nately, the fully modified mixed-sequence (R)-pmgPNA deca-
mer showed no binding to both complementary DNA and RNA.
The backbone-extended version of pmgPNA was also reported
but the binding properties were not better than in the case of
aegPNA.99

Fig. 21 The base-dependency of the conformation of the pyrrolidine ring in aepPNA (reprinted from ref. 93, Copyright (2010), with permission from
Elsevier).

Fig. 22 Structures of modified PNA with (g–a0)-linkage.
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In an example of constrained PNA with (b-N)-linkage, 3-
aminopyrrolidine ring was used to constrain the PNA backbone
in ethano-PNA (Fig. 24).100 The structure was designed based
on the proposal that the amino substituent and the ring
nitrogen should adopt the gauge conformation that would
restrict the torsional angle b to 60–801 similar to the conforma-
tion of aegPNA�RNA duplexes. The use of 3-aminoproline as the
starting material allowed a facile placement of various ring
substituents such as aminomethyl and guanidinomethyl at the
5-position through the appropriate transformation of the car-
boxyl group. Incorporation of the ethano-PNA monomer into
the aegPNA backbone destabilized both DNA and RNA

duplexes, but the effect was smaller with RNA leading to an
increase in RNA binding selectivity in a sequence-specific
fashion (Table 13). The related secdapPNA with the same basic
scaffold as ethano-PNA, but with an additional amino substi-
tuent showed substantial destabilization of PNA�DNA hybrids
when incorporated into homothymine aegPNA, and no melting
was observed in the case of the mixed-sequence.66

Constrained PNA designs with extended aegPNA backbones

In this section, the constrained PNA structure does not follow
the generic aegPNA templates, but relates to it by backbone
extension. The structures of such PNAs are included in Fig. 25.

Fig. 23 Structures of modified PNA with (a�b)-linkage.

Fig. 24 Structures of modified PNA with (g-N)- and (b-N)-linkages.

Review RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
m

is
 M

eu
rt

h 
20

22
. D

ow
nl

oa
de

d 
on

 1
9/

10
/2

02
5 

04
:3

6:
22

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cb00017b


664 |  RSC Chem. Biol., 2022, 3, 648–697 © 2022 The Author(s). Published by the Royal Society of Chemistry

The backbone extended versions of POM reported by Mickel-
field showed poorer binding when compared to the original
POM. However, selective binding to RNA over DNA was
observed when the extension was inserted in the right place,
but the data were from the homothymine sequence only.101 The
same RNA selectivity was also reported by Kumar on the
bepPNA system which is essentially the same as bePOM II but
with opposite stereochemistry.102 The six-membered ring con-
strained aminopipecolyl PNAs with the (2S,4S)-substitution and
(2S,5R)-substitution patterns have been reported to show some
stereochemistry- and sequence-dependent binding behavior.
The chimeric aminopipecolyl/aegPNA with (2S,4S)-
stereoisomer decreased the stability of the PNA2�DNA triplex
but increased the stability of the PNA�DNA duplex and the
opposite is true for the (2S,5R)-stereoisomer.103,104 Although
technically the (2S,5R)-aminopipecolyl PNA should be regarded

as an (a–g)-linked system, it is more convenient to compare it
with the (2S,4R)-aminopipecolyl PNA here.

Tsantrizos et al. reported another modified PNA with an
aromatic ring incorporated in the extended backbone of
aegPNA. This is perhaps the only constrained PNA with an
achiral backbone. Incorporation of one aromatic PNA (APNA)
monomer into the aegPNA backbone resulted in a small
decrease in Tm for both DNA and RNA for both
homothymine105 and mixed-sequence.106 However, the stability
was not decreased further upon the incorporation of more
APNA monomers up to 4 consecutive residues. Attempts to
prepare the fully modified APNA failed due to insolubility.
Replacement of the benzene ring with a more hydrophilic
pyridine ring also resulted in further destabilization
(Table 14).107

Alternative PNA designs that do not follow the generic aegPNA
template

There are relatively few PNA systems that do not fit the aegPNA
template that still show decent DNA/RNA binding (Fig. 26). In
1999, Sisido proposed a new PNA system called oxy-peptide
nucleic acid or OPNA.108,109 The glycine nitrogen atom in the
aegPNA backbone was replaced by an oxygen atom in the OPNA
and the nucleobase was attached to the Cg via an ethylene
linker. The system with the (S)-configuration derived from
L-homoserine showed stronger binding than the (R)-
configuration.110 OPNA hybridizes with DNA to form duplexes
with lower stability than the corresponding aegPNA�DNA

Table 13 Tm data of backbone-modified PNA with (b-N)-linkage100

PNA sequencea

(N–H/C–LysNH2) Modification
Tm DNA
(1C)

Tm RNA
(1C)

Tm

mmRNA
(1C)

CATTGTCACACT None (aegPNA) 65 66 55
CATTGtCACACT Ethano- (R = H) 50 59 45
CATTGtCACACT Am-ethano-

(R = H2NCH2–)
52 60 47

CATTGtCACACT Gu-ethano
(R = guanidinomethyl–)

54 63 47

a The modification site is denoted by a small letter.

Fig. 25 Structures of constrained aegPNA with extended backbones.
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duplex but showing a remarkably sharp melting transition.
However, the system was quite flexible, and a read-through
can happen, resulting in lowering of the specificity. A marginal
preference for DNA over RNA and parallel selectivity were
reported under a limited sequence context. The analysis of
thermodynamic parameters indicated that the OPNA system
showed a large entropy loss as expected from its rather flexible
structure.108 This entropy term decreases when the backbone of
the OPNA was constrained by the incorporation of a pyrrolidine
ring as in POPNA, at the expense of the decreased enthalpy
term. Overall, the effect of the backbone constraint in terms of

increasing binding affinity and specificity was relatively
small.110,111 Partial replacement of the backbone oxygen atom
in OPNA by a protonatable N-Me group (PAPNA) did not affect
the stability of the PNA�DNA duplex while improving the cell
permeability.112 The Tm data for the OPNA family are summar-
ized in Table 15.

Kumar has reported yet another interesting PNA design
derived from an alternating sequence of nucleoside b-amino
acids and a-amino acid.113,114 The nucleoside b-amino acids
were obtained from the corresponding deoxyribosides. The
homo-oligomer of a similar nucleoside b-amino acid derived
from AZT has been independently shown to form well-defined
folded helical structures but no DNA/RNA binding studies have
been reported.115 Various a-amino acids have been introduced
as a spacer including glycine, proline, sarcosine, lysine, and
methionine. Strong binding to both DNA and RNA with a
preference for RNA over DNA binding was observed in a
preliminary study with the homothymine PNA sequence for
all a-amino acid spacers studied.113 Subsequent report with

Table 14 Tm data of DNA and RNA hybrids of the constrained PNA with an
extended backbone

Sequencea

(N–H/C–NH2) System

Tm (1C)

Ref.apDNA pDNAb apRNAb pRNAb

TTTTTTTT-Lys aegPNA 52 — 66 — 102
Lys-tttttttt POM (2R,4R) 53b — 52b — 101
Lys-tttttttt bePOM I n.t. — n.t. — 101
Lys-tttttttt bePOM II n.t — 44b — 101
tttttttt-Lys bepPNA n.t. — 59 — 102
GTAGATCACT-Lys aegPNA 55 — 55 — 102
GtAGAtCACt-Lys bepPNA n.t. — 81 — 102
TTTTTT-Lys aegPNA 64 — 56 — 105
TTTtTT-Lys APNA (X = CH) 44 — 50 — 105
TTTtTT-Lys APNA (X = N) 39 — 47 — 107
TTTcTT-Lys APNA (X = CH) o5 — 17 — 105
GTAGATCACT-Lys APNA (X = CH) 54 39 58 42 106
GTAGAtCACT-Lys APNA (X = CH) 40 34 48 31 106
gtagATCACT-Lys APNA (X = CH) 43 28 45 28 106

a The modification site is denoted by a small letter. b Significant
hysteresis was observed.

Fig. 26 Structures of conformationally constrained PNA that does not follow the generic aegPNA template.

Table 15 Tm data (1C) of DNA and RNA hybrids of the OPNA family with a
homoadenine sequence and the corresponding data for DNA and aegPNA

System (A9) dT9 dT4CT4 dT4AT4 dT4GT4 rU9 Ref.

DNA 15 — — — — 110
aegPNA 50 — — — — 109
OPNA (S) 35 17 17 15 9 109 and 110
OPNA (R) 23 13 9 9 11 110
POPNA (cis-L) 34 19 13 15 12 110 and 111
POPNA (cis-D) 30 16 28 13 14 110 and 111
POPNA (trans-L) 23 20 20 21 22 110 and 111
POPNA (trans-D) 30 17 16 17 19 110 and 111
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mixed-sequence PNA with glycine spacer also confirmed the
generality of this preference and allowed the determination of
the directional selectivity as exclusively antiparallel.114 Never-
theless, the stability difference between RNA and DNA was only
marginally better than in the case of aegPNA (Table 16). In
addition, the thermal stability was generally lower than that of
the corresponding aegPNA duplexes with a similar level of
mismatch discrimination. A single-stranded PNA dimer with
a D-proline spacer showed a more pronounced CD signal than
the same dimer with L-proline and glycine, which is indicative
of stronger pre-organization due to the matching stereochem-
istry of the nucleoside b-amino acid and the spacer.116

Vilaivan et al. introduced an alternative design of conforma-
tionally constrained PNA featuring a dipeptide backbone
derived from nucleobase-modified proline and an amino acid
spacer.117 The first generation of these pyrrolidinyl PNAs car-
ried a-amino acid spacers including glycine and L-serine. They
bound weakly to DNA in a stereochemically dependent
fashion118 Inspired by the ability of short oligomers of b-
amino acids to form well-defined secondary structures,119 the
second generation pyrrolidinyl PNA was designed to incorpo-
rate a b-amino acid spacer instead of a-amino acid. The very
first member of the second generation pyrrolidinyl PNAs that
show strong DNA binding properties consists of thymine-
modified proline in the (2R,4R) configuration and a cyclic
hydrazino acid D-aminopyrrolidine carboxylic acid (DAPC) as
the spacer.120 This dapcPNA system also showed a strong
preference for binding to DNA over RNA, at least in the
polyT/U-polyA sequence context.121 The same PNA sequence
bearing acyclic spacers including b-alanine and N-amino-N-
methylglycine,122 as well as cyclic spacers with different stereo-
chemistry including L-aminopyrrolidine carboxylic acid and
(1R,2S)-2-aminocyclopentanecarboxylic acid,120 failed to form
stable hybrids with the complementary DNA target. This clearly
indicated the crucial role of the spacer in determining the DNA
binding ability of the pyrrolidinyl PNA. Subsequent studies on
diastereomeric PNAs with a homogeneous backbone derived
from (2R,4R)-thymine-modified proline and all possible stereo-
isomers of 2-aminocyclopentanecarboxylic acid (ACPC) spacers
(1R,2R; 1S,2S; 1R,2S; and 1S,2R) led to the identification of
acpcPNA with (2R,4R)-proline/(1S,2S)-ACPC backbone that
showed exceptionally strong DNA binding ability and very high

sequence specificity (Table 17).123,124 Other unique features of
acpcPNA include the exclusive antiparallel selectivity, the pre-
ference for binding to DNA over RNA, and the inability to form
PNA�PNA self-duplexes.124,125 Although experimental three-
dimensional structures of acpcPNA and related pyrrolidinyl
PNAs are not yet available, the structural bases of their unusual
behaviors have been studied in detail by MD simulations.126–129

When the stereochemistry of the ACPC spacer was fixed as
(1S,2S) and the stereochemistry at the proline part was varied
(2R,4R; 2S,4S; 2R,4S; and 2S,4R), only the acpcPNA stereoi-
somers with 2R configuration could bind to DNA whereby the
configuration of the nucleobase can be either 4R or 4S. This led
to the discovery of epi-acpcPNA with (2R,4S)-proline/(1S,2S)-
ACPC backbone which exhibits very strong DNA binding affi-
nity and specificity comparable to that of acpcPNA.125,130

Heteroatoms such as N131 and O132 can be incorporated in
the five-membered ring of the ACPC spacer in acpcPNA to
improve water solubility without significantly interfering with
the DNA binding ability. The nitrogen atom can be used as a
convenient handle for subsequent modification to create func-
tional PNA probes133,134 or cell-permeable PNA.135

The effect of ring size of the cyclic b-amino acid in the
(1S,2S)-configuration was explored in a series of pyrrolidinyl
PNAs with (2R,4R)-proline stereochemistry (Fig. 27). This led to
the discovery of acbcPNA with a four-membered cyclic b-amino
acid spacer that exhibits even stronger DNA binding affinity
than acpcPNA. On the other hand, the achcPNA with a six-
membered cyclic b-amino acid spacer failed to bind to DNA/
RNA. The difference in the DNA binding ability was explained
in terms of the degree of similarity of the torsional angles N(H)-
Ca-Cb-C(O) of the cyclic b-amino acid oligomers from the
literature (ACHC,138 ACPC,139 ACBC140) and of the PNA�DNA
duplexes obtained from MD simulation – the closer the values
the more stable the duplexes.137 Attempts to increase the
hydrophilicity of acbcPNA by incorporating an oxygen atom
into the ring136 or as a side chain in the form of a hydroxyl
group141 resulted in suboptimal DNA binding.

With regard to the backbone-modified PNA, it is worth
mentioning the XNA systems developed by Asanuma et al.,
namely serinol nucleic acid (SNA)142 and acyclic threoninol

Table 16 Tm data (1C) of the DNA and RNA hybrids of PNA with nucleo-
side b-amino acid and glycine as the spacer114

Sequence/system apDNA pDNAa mmDNA apRNA pRNAa mmRNA

CTTCTTCCTT
DNAb 28 n.t. 19 36 n.t. 29
aegPNA 47 33 37 51 38 41
PNAc 40 n.t. 31 48 n.t. 38
CACTGATTTCAA
DNAb 36 n.t. 29 45 n.t. 33
aegPNA 54 40 46 61 49 49
PNAc 45 n.t. 38 54 n.t. 43

a n.t. = no transition. b Tm of DNA was measured in the presence of
100 mM NaCl. c PNA with nucleoside b-amino acids and glycine linker.

Table 17 Tm data (1C) of the DNA and RNA hybrids of pyrrolidinyl PNA
with a/b-dipeptide backbones

Systema apDNA pDNA mmDNA apRNA pRNA mmRNA Ref.

aegPNAb 43 32 33–36 47 31 29–37 53
acpcPNA 53 o20 24–29 42 o20 o20–24 125 and

132
epi-
acpcPNA

51 o20 27–28 41 o20 — 130

atfcPNA 53 o20 23–25 36 o20 o20 132
aocPNAc 46 — o20–28 30 — — 136
acbcPNA 66 o20 36–47 58 32 — 137
achcPNA n.t. o20 o20 o20 o20 — 137

a Sequences: PNA: Ac-GTAGATCACT-LysNH2; apDNA: dAGTG�XTCTAC;
pDNA: dCATCTAGATG; apRNA: rAGUG�XUCUAC; pRNA: dCAUCUA
GAUG. b Without C-terminal Lys. c Without the N-terminal Ac group.
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nucleic acid (aTNA)143 (Fig. 28). Their backbones consist of
phosphodiester-linked 2-amino-1,3-propanediols, and the
nucleobases are attached to the backbone via the amide bond
similar to the case of PNA. Despite the relatively flexible back-
bone, SNA and aTNA can form antiparallel self-pairing duplexes
with comparable or even higher stability than that of PNA�PNA
self-duplexes.144 On the other hand, the SNA and aTNA
duplexes with DNA/RNA are less stable than the corresponding
PNA�DNA or PNA�RNA duplexes. The stereochemistry of the
methyl group in aTNA showed pronounced effects on the
hybrid stability, with L-aTNA forming more stable hybrids with
both DNA and RNA than D-aTNA. Interestingly, the pseudosym-
metric SNA paired to DNA only in the antiparallel direction and
the L-aTNA must adopt parallel orientation to pair in the same
way which was indeed observed experimentally.145 Although
the CD signal of single-stranded aTNA is weak, the self-duplex
of L-aTNA is right-handed, suggesting the crucial role of the
chiral methyl group in inducing the helicity by selectively
stabilizing/destabilizing the helices. Overall, this suggests that
the backbone rigidity is not a prerequisite for duplex formation
but rather the delicate balance between flexibility and rigidity
that should be taken into account for the design of new PNA
systems.

Structural aspects of the design of conformationally
constrained PNA

In order to minimize the entropy loss as a result of conforma-
tional re-organization upon duplex (or higher-order structures)
formation, the structure of the single-stranded PNA should
closely mimic the DNA/RNA-target bound conformation. The
information from three-dimensional structures of PNA�DNA,
PNA�RNA, and PNA�PNA hybrids will be useful for the design of
new PNA systems that can not only bind strongly but can also
exhibit selectivity among different types of nucleic acid targets.
The key helix parameters and torsional angle data are summar-
ized in Tables 18 and 19, respectively. The three-dimensional
structures of standard DNA and RNA duplexes as well as those
of selected unmodified and modified aegPNA duplexes are
shown in Fig. 29–31.

X-Ray structures of native aegPNA duplexes suggested that
the PNA itself exhibits an inherent propensity to form helical
structures. Since the aegPNA molecule is achiral, both right-
handed and left-handed are observed in equal amounts. The
PNA�PNA duplex showed distinct structural features from con-
ventional A- or B-type DNA helices. It is characterized by a more
open and elongated helix (18–21 bp per turn) with a narrow and
shallow minor groove and a wide, deep major groove which was
described as a novel ‘‘P’’ type helix.146 The base pairs are more
or less perpendicular to the helix axis. NMR structures of other
PNA�PNA duplexes revealed the same general helix feature at
the global level.32,43 In the case of gPNA�gPNA, the base pair rise

Fig. 27 (A) Structures of pyrrolidinyl PNA homologs. (B) Torsional angle
N(H)–Ca–Cb–C(O) of (1S,2S)-ACPC in ACPC PNA. C) Native torsional
angles of cyclic b-amino acid oligomers are obtained from the literature
(adapted with permission from ref. 137. Copyright 2012 American
Chemical Society).

Fig. 28 Structures of SNA, D-aTNA and L-aTNA.

Table 18 Summary of helical parameters of selected PNA hybrids

System Method
Disp
(Å)

Rise
(Å)

Tilt
(1)

Twist
(1)

bp per
turn Ref.

PNA�PNA (1PUP) X-ray 8.3 3.2 1.0 19.8 18 146
PNA�PNAa (2K4G) NMR 7.9 3.7 �0.2 �17.3 21 32
gPNA�gPNA (2KVJ) NMR �9.0 2.9 2.1 16.3 22 43
PNA2�DNA (1PNN) X-ray 6.8 3.4 5.1 22.9 16 24
PNA�DNA (1PDT) NMR �2.9 3.5 �1.3 27.5 13 25 and

71
aPNA�DNA (1NR8) X-ray �3.8 3.5 0.2 23.2 16 23
gPNA�DNAb (3PA0) X-ray �5.5 3.2 0.3 23.9 16 44

�6.3 2.9 2.3 23.3 16
cpPNA�DNA
(7KZL)

X-ray �3.4 3.4 0.4 27.1 13 71

PNA�RNA (5EME/
5EMF)

X-ray �6 2.4 — 26 14 147

ADNA �4.5 2.6 �4.5 32.7 11 44
BDNA 0 3.4 �0.1 36.0 10 44

a Left-handed helix. b Values for two different duplexes in the same
asymmetric unit.
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was smaller, resulting in a helix that resembles the A-type helix
more,43 but with the elongated character of the P-type helix (22
bp per turn). The g-substituent was shown to align along the
edge of the groove and it did not interfere with the duplex
formation.

Three-dimensional structures of PNA�DNA25 and PNA�RNA
duplexes63 have been studied by NMR since early dates. The
first X-ray structure of the PNA�DNA duplex was published in
200323 and those of PNA�RNA duplexes were not available until
2016.147 The helical parameters of PNA�DNA duplexes obtained
from both NMR (1PDT)25 and X-ray (1NR8)23 studies are grossly
similar and reveal distinctive features that are different from
both typical DNA�DNA helices and P-type PNA�PNA helices. This
suggests that both partners (PNA and DNA) are adjusting
themselves to a mutually compromised structure that is an
intermediate between the two. The displacement in PNA�DNA
duplexes was in the range of �2.9 to �3.8 Å which is smaller
than that of the corresponding PNA�PNA duplexes (8 Å). The
number of base pairs per turn was in the range of 13–16 which
was larger than that of typical DNA�DNA duplexes (10) but
smaller than that of PNA�PNA duplexes (18). At the individual
PNA monomer level, the X-ray and NMR structures showed
considerable discrepancy especially in the torsional angle value
b N(H)–Cg–Cb–N(CO). The NMR structure25 reported a much
larger b value of 1411 (almost corresponded to the extended
antiperiplanar conformation, with respect to the two backbone
nitrogen atoms) compared to the b value of 731 (gauche con-
formation, with respect to the two backbone nitrogen atoms) in
the X-ray structure.23 The discrepancy could in part be attrib-
uted to the difference in the PNA structures (purely aegPNA in
the NMR and chimeric aeg/D-Lys aPNA in the X-ray structures).
However, it should be noted that the values are quite uniform
(59–831) in the latter regardless of the type of PNA monomer
(aeg/a) within the X-ray structure. Due to the somewhat limited
availability of three-dimensional structures of native PNA�DNA
duplex in the literature, it is not clear about the origin of such

discrepancy and more structural information would be helpful
in guiding the designing of new PNA systems. Nevertheless,
experimental results available so far indicate that the system
that permanently locks the b value in the range of 701–831
resulted in substantial stabilization of the PNA�DNA duplexes
(see below). On the other hand, the duplex stability data for the
system that has the b value in the larger range which corre-
sponded to the more extended conformation are not yet avail-
able. The cyclopropyl PNA system with a native b value of 1451
is the closest candidate but only Tm data of the PNA2�DNA
triplex were available, which failed to show the expected
stabilization.72

The b value of 731 from the X-ray structure of the aPNA�DNA
duplex23 was also in good agreement with the values obtained
from other PNA structures including PNA2�DNA triplex (731),
gPNA�DNA duplex (681), and cpPNA�DNA duplex (861)
(Table 19). Somewhat smaller torsional angle b values were
found in the corresponding PNA duplexes including PNA�PNA
duplex (661) and gPNA�gPNA duplex (601) but they were still in a
similar range. Accordingly, the conformation constraint at the b
and g positions should be designed so that the b values are
fixed in such range as long as the substituent does not sterically
or electrostatically interfere with the binding. The remarkable
stabilization of PNA�DNA duplexes derived from gPNA42 and
cpPNA71 emphasizes the importance of this point. In both
cases, the backbone substituents were located near the rim of
the groove and pointed to the solvent, and thus their role was to
guide the PNA to fold into the right conformation rather than
providing additional stabilization. The values of the torsional
angle w1 are close to 01 in all PNA�DNA and PNA�PNA duplexes
indicating the preferred Z-rotamers of the amide bond con-
necting the nucleobase to the PNA backbone, resulting in the
side-chain CQO being pointed in the C-terminus direction and
interacting with the backbone CQO by the n - p* interaction.
Thus, any conformation constraint should observe this require-
ment, and an example in the case of a-gem-dimethyl PNA27,28

Table 19 Summary of torsional angle values of the PNA monomer in selected PNA hybridsa

System Method a b g d e w1 w2 w3 o Ref.

PNA�PNA (1PUP) X-ray �120(6) 66(5) 74(9) 91(11) 174(11) 6(6) �175(4) 83(3) �170(14) 146
83(11) �19(3)

PNA�PNA (2K4G) NMR �93(24) �66(5) �75(4) �88(10) �155(17) 2(4) 169(10) �82(8) 175(10) 32
123(16) �3(12)

gPNA�gPNA (2KVJ) NMR �110 to �130 60 75 90 175/�175 10 to �10 175/�175 90 to 110 43
PNA2�DNAb (1PNN) X-ray �103(W) 73(W) 70(W) 93(W) 165(W) 1(W) �170(W) 89(W) �178(W) 24

�108(H) 69(H) 69(H) 87(H) 175(H) 1(H) �175(H) 102(H) �178(H)
PNA�DNA (1PDT) NMR 105(55) �141(13) 78(16) 139(13) 35(42) �3(3) 151(9) �103(19) 25
aPNA�DNA (1NR8) X-ray �114(15) 73(9) 67(4) 90(5) 179(10) 4(6) �178(3) �91(6) �178(2) 23

72(7)
gPNA�DNAc (3PA0) X-ray �106(14) 70(12) 60(6) 117(20) �150(7) 12(11) �177(6) 87(10) �116(32) 44

�100(13) 68(10) 59(9) 123(27) �110(24) 13(9) �174(9) 82(6) �155(16) 44
cpPNA�DNA (7KZL) X-ray �123(15) 86(8) 67(4) 109(7) 175(10) 0(3) �179(3) 89(6) �170(4) 71
PNA�RNA (176D) NMR 150 to 172 67 to 72 79 to 86 72 to 85 64 to 105 3 to 9 �146 to �171 58 to 84 63
PNA�RNA (5EME) X-ray 114(7) 71(9) 70(8) 96(5) �6 (9) 4(4) �172(6) 83(8) 147

79(3) 162(7)
PNA�RNA (5EMF) X-ray 112(8) 66(7) 73(7) 94(6) �6(10) 6(6) �174(4) 81(5) 147

76(2) 159(8)

a Average values for all residues with SD in parentheses. Terminal residues were excluded. b W: The PNA strand that forms the Watson–Crick base-
pairing strand; H: the PNA strand that forms Hoogsteen base-pairing. c Values for two different duplexes in the same asymmetric unit.
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has illustrated the point very well. On the other hand, locking w1

by replacement of the tertiary amide bond with an alkene
resulted in substantial destabilization regardless of the
configuration of the double bond.148 Attempts to incorporate
a fluorine atom to mimic the amide carbonyl group also failed
to improve the binding.149,150 This indicates the indispensable
role of the amide group in addition to the appropriate w1 value.
The torsional angle values w2 are generally close to 1801 to avoid
clashing with the PNA backbone. The torsional angle values o
are always fixed at more or less 1801 due to the trans-amide
backbone. Other torsional angle values are also quite conserved
among different structures of PNA�DNA duplexes as well as
PNA�PNA duplexes as can be clearly seen in Fig. 29–31. These
torsional angles could be potential points for introducing
constraint in the PNA structures in addition to b and w1 that
have already been extensively utilized. Overall, the experimental
structural data indicate that the PNA requires little conforma-
tional adjustment to adopt the proper DNA-binding conforma-
tion, and the conformational constraint can help reduce the
entropic penalty upon the conformational change further.
However, it should be noted that it is difficult to modify just
one torsional angle without affecting others, and unless an
aromatic ring or a rigid bicyclic molecule was employed, the
conformation lock will allow a certain degree of flexibility. In
fact, such flexibility should be desirable, as in the case of the
cpPNA bearing the trans-(S,S)-cyclopentyl PNA that formed
much more stable duplexes with DNA when compared to its
homolog trans-(S,S)-cyclohexyl PNA. This could be explained by
the rigidity of the cyclohexane ring that probably locked the
PNA molecule into the wrong conformation that could not be
easily adjusted to accommodate the requirement for duplex
formation.58

In most PNA�DNA structures, the sugar ring DNA can exist in
both C30-endo conformation, as found in A-DNA duplexes, and

C20-endo conformation, as found in conventional B-DNA
duplexes. The two conformations can co-exist in the same
structure. In the PNA�RNA structures,63,147 the sugar ring
always adopted the C30-endo conformation as expected for
RNA duplexes. The same is true for the sugar ring of DNA in
the DNA�RNA hybrids. Early NMR structures of a PNA�DNA
duplex25 and a PNA�RNA duplex63 might suggest two distinctive
values of the torsional angle b (141 vs 731) which could provide
a potential basis for the design of a PNA that can differentiate
between DNA and RNA. However, as mentioned earlier, sub-
sequent studies indicated that the PNA monomers in several
PNA�DNA duplexes23,44 could also adopt torsional angles b that
are more similar to those in the PNA�RNA duplexes. In view of
conformational similarity of PNA in PNA�DNA and PNA�RNA
duplexes, the rational design of PNA systems that can bind
selectively to either RNA or DNA may not be as straightforward
as designing a PNA that can bind strongly to both. In the case of
gPNA, the PNA�DNA duplex was more substantially stabilized
than the corresponding PNA�RNA duplex upon the introduction
of the constraint. It has been suggested that the differential
stabilization was the result of the less conformational flexibility
of RNA to adjust itself to bind to the rigid PNA scaffold than
DNA.45 Promising DNA/RNA selectivity has been achieved in
some PNA systems based on trial and error. However, mostly
the data are not yet sufficient to allow a general conclusion, and
the structural information is still limited. Such information will
be highly valuable in guiding the design of new PNA systems
with enhanced DNA binding properties.

Comparison of modified PNA�DNA and PNA�RNA hybrids’
stability and specificity

For those who are interested in finding potential applications
of new PNA systems, the key question is perhaps how much
better they are when compared to the standard aegPNA and

Fig. 29 Three-dimensional structures of standard DNA�DNA,151 DNA�RNA152 and RNA�RNA153 duplexes, with details of the monomer conformation and
base-pairing.
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Fig. 30 Three-dimensional structures of PNA�PNA,23,146 PNA�DNA25 and PNA�RNA63,147 duplexes, with details of the monomer conformation and base-
pairing.

Fig. 31 Three-dimensional structures of gPNA�PNA44 and cpPNA�DNA71 duplexes, with details of the monomer conformation and base-pairing. The
backbone substituents are highlighted in yellow.
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when compared among each other in terms of binding affinity
and specificity. While a large data set for Tm values between
PNA�DNA and PNA�RNA hybrids are available in the literature, a
direct comparison among different types of PNA is not straight-
forward for many reasons. First, Tm values are sensitive to
several parameters including the length, base sequence, salt
concentration, buffer, and concentration of the PNA. Second,
while PNA molecules are considered electrostatically neutral,
they still carry the positively charged amino group at the N-
terminus. Furthermore, PNA is often modified by end-capping
or incorporation of one or more hydrophilic amino acid resi-
dues (typically lysine) to improve water solubility. These
charged modifiers could affect the nucleic acid binding via
the electrostatic interaction.154 Third, the data for many mod-
ified PNA systems are available only for the homothymine
sequences or chimeric mixed-sequence that carries up to a
few modified monomers – typically T – along the standard
aegPNA backbone. While in some instances the stabilization/
destabilization effects observed in the chimeric PNA translated
well to the fully modified PNA,65,71 it is difficult to draw a
general conclusion from a limited set of such data. Thus, only
the Tm data that are available for fully modified, non-chimeric
PNA with ‘‘average’’ mix base sequence with good distribution
between purine and pyrimidine bases will be compared in this
section (Fig. 32).

The aegPNA duplexes in Fig. 32 showed Tm values in the
range of 42–44 1C for PNA�DNA hybrids and 54 1C for PNA�RNA
hybrids.53 The Tm values were decreased by 10–14 1C and

11–18 1C for the mismatched PNA�DNA and PNA�RNA hybrids,
respectively. The DNA hybrids with gPNA showed considerably
higher Tm values when compared to aegPNA with the same
sequence (DTm for the complementary gPNA�DNA duplex and
the aegPNA�DNA duplex = +19 to +24 1C), and the mismatch
discrimination was slightly better (DTm for the mismatched
gPNA�DNA duplex and the matched gPNA�DNA duplex = �16 to
�21 1C).42,45 The pyrrolidinyl acpcPNA showed an even higher
Tm for the complementary DNA hybrid (DTm for the comple-
mentary acpcPNA�DNA duplex and the aegPNA�DNA duplex =
+28 1C) and better mismatch discrimination than both aegPNA
and gPNA (DTm for the mismatched acpcPNA�DNA duplex and
the matched acpcPNA�DNA duplex = �28 to �41 1C).117 The
cpPNA showed the highest PNA�DNA duplex stability with a Tm

value of 94 1C for a 9 nt mixed-sequence PNA�DNA duplex
whereas the corresponding aegPNA�DNA duplex showed a
much lower Tm at 42 1C (DTm for the complementary gPNA�
DNA duplex and the aegPNA�DNA duplex = +52 1C).71 The
downside of this cpPNA system is that although the Tm values
were drastically decreased by 21–31 1C, the mismatched
duplexes were still quite stable, with Tm values in the range
of 63–73 1C. However, in practice, this may not be as bad as it
sounds since only partial modifications of aegPNA can yield
substantial improvement in the thermal stability of the duplex
without compromising the mismatch specificity.

The aegPNA�RNA duplex was more stable than the corres-
ponding aegPNA�DNA duplex, as shown by the increase in Tm

by 10 1C for the same decameric sequence.53 The gPNA�RNA

Fig. 32 Comparison of Tm values of selected PNA�DNA duplexes (A and B) and PNA�RNA duplexes (C). Color code for X in the DNA/RNA strand: A (blue),
C (red), G (green), T/U (purple). gPNA(1) = LSer gPNA; gPNA(2) = LminiPEG (LMP) gPNA. Tm data were taken from ref. 42, 45, 53, 71 and 117 (adapted with
permission from ref. 117. Copyright 2015 American Chemical Society).
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duplexes, on the other hand, showed about the same thermal
stability as the corresponding gPNA�DNA duplexes. Neverthe-
less, the gPNA�RNA duplexes are still more stable than the
aegPNA�RNA duplexes.42,45 In contrast, acpcPNA showed a
distinctive preference for DNA over RNA, and thus the Tm of
the acpcPNA�RNA hybrid was lower than that of the corres-
ponding acpcPNA�DNA hybrid by 24 1C, making it the least
stable RNA duplex of all PNAs. However, the mismatch speci-
ficity of acpcPNA was better than that of both gPNA and aegPNA
(DTm for mismatched and complementary PNA�RNA duplexes
acpcPNA: �19 to �23 1C; gPNA: �12 to �20 1C; aegPNA: �11 to
�18 1C).117 No RNA binding data for cpPNA are available.

Applications of backbone-modified PNA in chemical biology

PNA has found widespread uses in many areas of applications
that rely on the specific pairing between nucleobases.155 The
characteristic advantages of PNA over conventional oligonu-
cleotides include the following: (1) the high binding affinity of
PNA allows the design of shorter probes, which result in better
discrimination; (2) the binding strength of PNA to nucleic acids
is less sensitive to ionic strength; (3) PNA can interact with
structured nucleic acid targets in various modes – the most
common being the triplex invasion which can be reliably used
for site-specific targeting of dsDNA; and (4) PNA is completely
stable towards nucleases and proteases. The inability of PNA as
a nuclease and polymerase substrate makes it an effective
blocker of enzyme activities such as in the PCR clamping
technique.156 On the other hand, this makes PNA not compa-
tible with several enzyme-mediated strategies for signal ampli-
fication. This also includes the inability of PNA to induce the
RNAse-H mediated RNA degradation, and thus antisense PNA
could only inhibit translation by steric blocking. In addition,

the more hydrophobic nature of PNA can result in non-specific
effects including self-aggregation, off-target binding, and
adsorption to various hydrophobic surfaces such as plastic
tubes that may complicate the interpretation of the results. In
this section, applications of backbone-modified PNA related to
the field of chemical biology and advantages over unmodified
PNA, if comparison data are available, are discussed.

Targeting of DNA/RNA duplexes

PNA can interact with DNA and RNA duplexes in many ways
depending on the sequence context (Fig. 33).157 In the case of
unmodified aegPNA, binding to dsDNA can occur efficiently via
the triplex invasion mode with the formation of a highly stable
PNA2�DNA triplex. In this binding mode, two pyrimidine-rich
PNA strands bind cooperatively to the purine-rich DNA strand
via the Watson–Crick and Hoogsteen base-pairings, leaving the
pyrimidine-rich DNA strand unpaired. This is in contrast to
other triplex-forming oligonucleotides (TFOs) such as the
locked nucleic acid (LNA) whereby the TFO strand resides in
the major groove of the original dsDNA and forms only the
Hoogsteen base pairs.158,159 The formation of triplex invasion
complexes was reported since the very early date of PNA
discovery and their X-ray structure has been reported at atomic
resolution.24 The triplex invasion relies on the formation of T�A�
T and/or C�G�C+ base triplets (Fig. 34A); thus the DNA target
sites require an extended stretch of the oligopurine tract. For
the recognition of G, the protonation of C is required; otherwise
an unnatural nucleobase that mimics C+ such as pseudoisocy-
tosine (J) or N7-G should be used to allow efficient invasion at
physiological pH. By appending to the PNA strand a tail-clamp
consisting of two oligopyrimidine PNA blocks joined together
by a flexible linker, duplex invasion by the remaining sequence

Fig. 33 Various modes of targeting DNA duplexes (blue) by PNA (gold).
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on the PNA strand can be induced close to the triplex invasion
site.160,161 Nevertheless, this approach still requires the
presence of a stretch of oligopurine sequence in the target.
The double duplex invasion strategy (Fig. 33) whereby two PNA
strands bind to each DNA strand in the same region does not
suffer the same limitation. However, since the two PNA strands
required to invade at the same site are necessarily complemen-
tary to each other, it was necessary to modify both PNA strands
to destabilize the (usually more stable) PNA�PNA hybrid and to
promote PNA�DNA hybrid formation. For aegPNA, the only
option was to modify the nucleobases so that they are pseudo-
complementary, i.e., cannot bind to each other, but can still
bind with the respective canonical complementary nucleo-
bases. Pseudocomplementary bases are only available for the
A�T pair by the replacement of T and A in the PNA strand with 2-
thiouridine (US) and 2,6-diaminopurine (D), respectively
(Fig. 34B).162 The development of an equivalent pseudocom-
plementary G�C pair has yet to be achieved, but it was recently
discovered that the replacement of G in the PNA strand with N7-
methylated G (G+) significantly stabilized the PNA�DNA
duplexes and destabilized the PNA�PNA duplexes provided that
the G+ are present on both PNA strands.163 This strategy has
been employed to improve the invasion efficiency of GC-rich
dsDNA targets.

Backbone modification opens new avenues for enhancing
the DNA/RNA duplex recognition. In one example, the pseudo-
complementary aPNA with multiple positive charges allowed
more effective double duplex invasion in GC rich dsDNA
targets. Normally invasion at the GC rich target is difficult
since the G�C pairs in PNA�PNA duplexes tend to be more stable
than the corresponding PNA�DNA duplexes and there was no
effective pseudocomplementary G�C pair available. In this case,
the electrostatic repulsion between the two positively charged
modified PNA strands destabilized the pseudocomplementary
PNA�PNA duplex and stabilized the PNA�DNA duplex further. It
was also demonstrated that incorporation of multiple positive

charges along the PNA strands is more effective than placing
the positive charges at both ends of the PNA strands.154

The cyclic acpcPNA is unique among other PNA systems in
the sense that the two strands of acpcPNA with complementary
sequences could not efficiently form a self-duplex. Although the
stability and directionality of the self-duplex are stereochemis-
try dependent,130,164 the self-duplexes are much less stable than
the corresponding PNA�DNA duplexes in general. Thus, these
pyrrolidinyl PNAs are inherently pseudocomplementary. Quan-
titative double duplex invasion of DNA duplexes by a pair of
short acpcPNA sequences under low salt conditions was
demonstrated by fluorescence energy transfer165,166 and gel
electrophoresis studies.166 Invasion of a DNA duplex by a
single-stranded acpcPNA was also observed, albeit with less
efficiency.165

The strong affinity of gPNA enables efficient DNA duplex
invasion by single-stranded gPNA without sequence restriction
(up to 100% GC content) but longer gPNA sequences (15–20
bases) were required to invade efficiently.167,168 The specificity
was demonstrated by the absence of invasion in single mis-
matched DNA targets. The invasion at the designated site was
further confirmed by chemical probing using diethyl pyrocar-
bonate (DEPC)/piperidine. However, it was still necessary to
perform the invasion under low salt conditions that destabilize
the DNA�DNA duplexes. When a pre-formed invasion complex
was incubated in a buffer at physiological ionic strength, the
DNA duplex was reconstituted with the dissociation of the PNA
strand.168 This suggests that the failure of the gPNA to invade
under physiological conditions is due to thermodynamic rather
than kinetic factors.168 For shorter gPNA sequences (10 bases),
additional modifications are necessary to increase the affinity
to allow the invasion. These include the incorporation of a
terminal acridine group169 or a modified base (G-clamp).170,171

The latter strategy allowed duplex invasion under physiological
conditions.172 The combination of a single-stranded gPNA
invasion sequence and a DNAzyme designed to cleave a specific

Fig. 34 (A) Watson–Crick/Hoogsteen base triplets involved in the triplex formation between PNA (gold) and DNA (blue). (B) A pseudocomplementary
base-pairing scheme for A�T pairs.
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region of ssDNA formed by the DNA duplex invasion allows the
introduction of nicks or double-strand breaks into dsDNA with
a higher sequence fidelity than the CRISPR/Cas system.173

Recently, an efficient sequence-specific invasion of the DNA
duplex by single-stranded cyclopentyl PNA (cpPNA) as short as 9
nt was reported, but the invasion failed at high salt
concentrations.71

In the single strand invasion of the DNA duplex, the looped-
out DNA strand is not stabilized by base-pairing as in the case
of double duplex invasion. At high salt concentrations, the DNA
duplex can thus easily re-form. To circumvent this problem, the
chimeric duplex formed between gPNA and pyrene-modified
DNA (‘‘invader’’ probe) was recently proposed as an alternative
pseudocomplementary PNA�DNA pair that can invade the DNA
duplex in a double duplex invasion mode without the compli-
cation due to the self-complementarity of the gPNA self-duplex
formation. The driving force is the strong base-pairing between
DNA and gPNA as well as invader DNA, as opposed to the weak
binding of gPNA and invader DNA due to the inability of the
pyrene to intercalate into the gPNA�DNA duplex.175 In a differ-
ent approach, gPNAs bearing a set of bifacial or Janus nucleo-
bases were designed to recognize canonical Watson–Crick base
pairs (AT, TA, CG, and GC) by inserting themselves between the
base pair with a perfect shape and hydrogen bonding comple-
mentarity (Fig. 35).174 Such bifacial PNA would bind to the DNA
duplex as a central strand instead of fitting into the major
groove as in the case of triplex recognition. The process is
expected to be enthalpically favorable since two strong PNA�
DNA base pairs are simultaneously formed at the expense of
one weaker DNA�DNA base pair. In addition, there is no
sequence restriction as in the triplex recognition or triplex
invasion that requires an oligopurine/oligopyrimidine tract.
Despite the possibilities of self-pairing by the formation of E�
E and E�F base pairs and the reported high stability of gPNA�
gPNA duplexes,176 no self-pairing of the bifacial gPNA was
observed both experimentally and in an MD simulation. A
bifacial gPNA as short as 6 nt sequence can efficiently invade
CG rich hairpin structures and longer DNA duplexes under
physiological conditions with much faster kinetics than the
usual duplex invasion (30 min rather than hours). A bifacial

gPNA as short as 3 nt was shown to target dsRNA with r(CAG)
repeats. An RNA-templated native chemical ligation of the short
PNA chains was employed to enhance the binding efficiency
further.177,178

PNA can also bind sequence specifically to double-stranded
RNA (dsRNA) targets by triplex formation181 or triplex
invasion.182 Targeting dsRNA by PNA is important since many
biologically relevant RNA targets exist in structured forms.183

For example, a short PNA probe has been used to inhibit the
replication of the influenza virus by targeting the viral RNA in
the region that is not accessible by conventional antisense
agents.184 In the triplex binding mode, aegPNA as short as 6
nt binds to an oligopurine/pyrimidine stretch region in dsRNA
with a low nanomolar affinity. The affinity of PNA to dsRNA was
better than that towards the corresponding dsDNA duplex by an
order of magnitude, and attempts to adjust the PNA structure
to favor the triplex formation with dsDNA over dsRNA binding
by extending the PNA backbone to accommodate the B-DNA
structure have been so far unsuccessful.185 Since the triplex
formation requires a Hoogsteen base-pairing, the process is
benefited from the protonation of C in the PNA strand at low
pH (Fig. 36).181 Substitution of the base C with the more easily
protonated 2-aminopyridine (M) promotes the triplex for-
mation at physiological pH.179 The requirement of the oligo-
purine/pyrimidine stretch was relaxed by the use of 2-
pyrimidinone (P) and 3-oxo-2,3-dihydropyridazine (E) bases
(Fig. 36).180 Relatively few studies on the binding of PNA with
backbone modifications to dsRNA targets have been published.
When a few guanidine-modified aPNA monomers (GPNA) were
incorporated into the aegPNA backbone, the binding to dsRNA
occurred but with reduced affinity and specificity. In addition,
depending on the sequence, the binding may occur in the
triplex or duplex invasion modes instead of the expected triplex
formation.186 Only invasion by a gPNA was observed in dsRNA
with r(CUG) repeats.187 Fluorine NMR studies on the binding of
PNA partially modified with LSer gPNA monomers to the miR-
215 dsRNA model indicated the ability of gPNA to form a triplex
invasion complex in addition to triplex formation. The prefer-
ence of either of the binding modes could be fine-tuned by the
appropriate placement of the gPNA monomer.188 Modified PNA
with three consecutive g-(S)-guanidinylmethyl PNA subunits
showed improved affinity and selectivity for dsRNA binding
via the triplex formation and enhanced cell internalization.189

The dependence of the binding mode on the precise positions
of the gPNA backbone modification might explain the poorer
performance of gPNA when compared to unmodified aegPNA in
a templated fluorogenic reaction between two PNA probes
mediated by a dsRNA template.190 Incorporation of modified
bases that could not form stable Watson–Crick base pairs
should offer a viable strategy to improve the selectivity of triplex
binding over the triplex invasion of these modified PNAs.191

Targeting G-quadruplexes

Targeting G-quadruplexes in a sequence-specific fashion by
forming PNA�DNA heteroquadruplexes (Fig. 37A) is less
straightforward than targeting duplex DNA as it is subjectedFig. 35 Invasion of DNA duplexes by bifacial PNA.174
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to competition with the duplex formation between the G-rich
PNA and the C-rich complementary DNA strand as well as self-
quadruplex formation and aggregation of G-rich PNA
sequences.192 Armitage et al. proposed two strategies to pro-
mote G-quadruplex formation over duplex formation193 which
involves the elimination of nucleobases in the loop region and
PNA backbone modification to discourage the duplex for-
mation without affecting the (hetero)G-quadruplex formation.
The use of DAla gPNA which pre-organizes into left-handed
helical structures substantially destabilized the duplexes while
the stability of the (hetero)-G-quadruplex was much less affected
as a result of the underwound nature of the G-quadruplex
structures. The combination of the two strategies allowed
targeting of Myc19 DNA with low nanomolar affinities.
Although the binding was weaker than that of the unmodified

aegPNA or LAla gPNA, the selectivity for hetero G-quadruplex
formation over the complementary DNA strand was much
improved. The G-quadruplex invasion by LLys gPNA was
employed for the multivalent display of the RGD peptide on a
DNA G-quadruplex scaffold.194 Cyclopentyl PNA with a G4T4G4

sequence can also form self-(cpPNA�cpPNA) and hetero-(cpPNA�
DNA) G-quadruplex structures. When compared to aegPNA, the
self-quadruplex was destabilized and the hetero-G-quadruplex
was stabilized. Thus, the use of cpPNA offers another viable
strategy to modulate the preference for self- versus hetero-
quadruplex formation.70

The high stability of gPNA�RNA duplexes allowed an efficient
invasion of RNA G-quadruplexes by C-rich gPNA which resulted
in the disruption of the G-quadruplex and concomitant for-
mation of the gPNA�RNA duplex (Fig. 37B). The inhibition of
in vitro translation of an artificial reporter mRNA transcript
bearing the G-quadruplex-forming sequence inserted in the 5’-
untranslated (UTR) region by the gPNA designed to target the G-
quadruplex was reported to be more potent than 20-OMe RNA
and more specific than aegPNA.195

Complex structures involving backbone-modified PNA

The concept of bimodal PNA (bmPNA) that can simultaneously
and independently recognize two strands of DNA has been
proposed by the Ganesh group very recently. A sequence of
nucleobases appended to the aegPNA backbone at the a or g
position via an appropriate linker can recognize an additional
DNA strand via another set of Watson–Crick base-pairing that is
independent of the first one (Fig. 38A).196–198 In the absence of
the nucleobase attached to the nitrogen atom, the a or g
nucleobase-modified PNA can also recognize its DNA

Fig. 36 Targeting RNA duplexes (gray) by PNA (gold) via triplex formation and invasion, and the structures of the modified base that facilitate the triplex
binding mode.179,180

Fig. 37 Targeting DNA G-quadruplexes (blue) by PNA (gold) by hetero G-
quadruplex formation (A) or duplex formation (B).
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complementary target, albeit with somewhat weaker affinity
than the original aegPNA. When both sets of nucleobase
sequences are present on the same PNA strand, each sequence
binds to its specific complementary DNA target independent of
one another to form a ternary complex between one PNA and
two DNA strands. Thermal stability measurements indicated
that the melting occurred in two steps and that the two base-
pairings mutually stabilized each other as shown by the
increase in Tm for both steps. This led to the proposal that
the melting occurred through the re-organization of the ternary
complex followed by single step dissociation of the three
strands rather than sequential dissociation of each strand.197

High-order complexes can also form when the PNA carries a
homothymine sequence that can form a stable triplex structure
with homoadenine DNA either at the a-face198 or the g-face.199

An example is a quintuplex structure formed from two bimodal
PNA, two G-rich, and one A-rich DNA strands (Fig. 38B). The
central A-rich DNA strand formed a triplex with the T-rich face
of the bimodal PNA strands, leaving the C-rich face available to
bind to another G-rich DNA strand. The order of the hybrid
formation does not affect the final composition of the ultimate
complex. Such design might find new applications in the areas
of nucleic acid nanotechnology or in biologically relevant
systems by targeting two nucleic acid strands simultaneously.

Another bifacial PNA (bPNA) system was recently proposed
by Bong et al. Instead of using two sets of base sequences,
melamine was chosen as a Janus nucleobase that allows
simultaneous recognition of two thymine/uracil bases on two
DNA or RNA strands (Fig. 39).200,201 In this work, the dipeptide
derived from glutamyllysine202 was chosen as a scaffold rather

Fig. 38 (A) Structures of bimodal aPNA and gPNA. (B) Spontaneous assembly of bimodal PNA (gold) with DNA (blue) to form complex structures.198

Fig. 39 Structures of bifacial PNA containing the melamine base (gold) and its interaction with thymine in DNA (blue) or uracil in RNA strands to form a
stable triplex structure (adapted with permission from ref. 200. Copyright 2012 American Chemical Society).
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than the aegPNA for synthetic convenience. The melamine was
attached to the lysine amino group. A well-defined triplex with Kd in
the low nanomolar range was formed in the presence of homo-
thymine DNA, either as two separated strands or as a hairpin.
These triplexes show a sharp cooperative melting and their for-
mation can be detected spectrophotometrically and by gel electro-
phoresis. The PNA with the fully or partially methylated melamine
base showed no triplex formation. Remarkably, the corresponding
diaminotriazine base without the extra NH group on a similar
peptide scaffold only formed a duplex with poly(dT) and
poly(rU).202 The triplex formation on a single-stranded DNA/RNA
target with a (T/U)n(A/C)m(T/U)n recognition site (n, m = 6–10)
completely inhibited exonuclease activities and transcription/
reverse transcription.203 An enhanced version with two melamine
groups attached to the same peptide unit allows the design of a very
short peptide that selectively targets two (U/T)6 domains of any
DNA/RNA that can fold into the required triplex.204 In addition,
invasion of the RNA triplex carrying a U�A�U stretch – a common
motif that occurs in long non-coding RNA involved in several
biologically relevant processes – by bPNA occurred with concomi-
tant displacement of the central oligo(rA) strand. Such displace-
ment of the oligo(rA) tail accelerates the degradation of the RNA
target by exonucleases, thus allowing the possibilities of using
bPNA to regulate RNA functions.205 It is conceivable that other
bifacial nucleobases capable of forming similar base-triplet
schemes with other combinations of nucleobases could be incor-
porated in the bPNA so that the recognition motif can be expanded
to more diverse biologically important targets.177

PNA�PNA duplex formation

Due to the absence of unfavorable electrostatic repulsion, unmo-
dified aegPNA forms highly stable PNA�PNA self-duplexes. Since

aegPNA is inherently achiral, the left-handed and right-handed
duplexes are formed equally well. Upon binding to DNA, the right-
handed helical conformation was determined by the chirality of
the DNA strand. The situation is different for modified PNA with a
chiral backbone. Although most backbone-modified PNAs are
chiral, they are usually not easily accessible in both enantiomers.
However, the simple structure of gPNA renders both enantiomers
easily accessible. It has been known since the first discovery of
gPNA that single-stranded PNA with a g-modified backbone pre-
organized into a right-handed helix when the g-substituent was in
the L-configuration. It could be predicted that the opposite is true
for the D-configuration and this has been experimentally
verified.176,206 Two complementary gPNA sequences with the
same configuration can pair to form a highly stable duplex, and
such gPNA duplex formation could be used for the regulation of
gene expression in a reversible manner.207 Only the right-handed
gPNA can pair with natural DNA, and the two enantiomeric gPNAs
do not cross-pair with each other. Accordingly, the two enantio-
meric gPNAs are stereochemically orthogonal. Yet, both enantio-
mers of gPNA pair indiscriminately with the achiral aegPNA
(Fig. 40). Such property has been utilized to create a hairpin
structured probe from the chimeric g/aegPNA sequence to
improve its mismatch discrimination.208 Thus, the information
between the two orthogonal gPNAs and between the left-handed
gPNA and natural DNA/RNA can be transmitted through the
achiral aegPNA mediator. Another level of orthogonality can be
introduced by including the left-handed enantiomer of natural
DNA/RNA.209,210 Several interesting applications of such orthogo-
nal PNA systems are emerging such as in the control of nanos-
tructure self-assemblies,176 the improvement of signal
amplification by hybridization chain reaction,211 the design of a
PNA-based beacon that incorporates a short DSer gPNA sequence

Fig. 40 Orthogonality pairing in gPNA (gold) and DNA (blue). Only gPNA and DNA with the same handedness can self-pair and cross-pair. The achiral
aegPNA pairs indiscriminately with all; thus it can act as a mediator to transmit the information between these orthogonal nucleic acids.176

Review RSC Chemical Biology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
m

is
 M

eu
rt

h 
20

22
. D

ow
nl

oa
de

d 
on

 1
9/

10
/2

02
5 

04
:3

6:
22

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cb00017b


678 |  RSC Chem. Biol., 2022, 3, 648–697 © 2022 The Author(s). Published by the Royal Society of Chemistry

as the signaling unit to facilitate the catalytic turnover without
compromising the specificity,212 and in the supramolecular
assembly of synthetic transcription factors on dsDNA without
competing DNA binding.213 Recently, the concept of orthogonal
PNA pairs has been extended to cpPNA probes, in which the left-
handed (R,R)-cpPNA could only pair with itself, but not with
natural DNA/RNA and the right-handed (S,S)-cpPNA. Importantly,
only a few modifications by the chiral cpPNA monomers were
sufficient to determine the helicity and the ultimate base-pairing
behavior of the resulting chimeric PNA. This orthogonal strategy
was employed for the development of a microfluidic-based assay
of HIV-1 RNA.214

Modified PNA as a supramolecular scaffold

The self-assembly of PNA, either on its own or in combination
with DNA, has been exploited in creating well-defined supra-
molecular architectures for the construction of PNA-based
nanomaterials215 or for biological applications.216 Short
aegPNA can self-assemble into well-defined structures via the
Watson–Crick base-pairing and base stacking to provide mate-
rials with interesting optical properties.217,218 A programmable
self-assembly of short gPNA strands that are partially comple-
mentary to each other to form well-defined 3-helix nanotubes
consisting of purely gPNA219 or gPNA and DNA220 was demon-
strated. The use of PNA instead of DNA allows the self-assembly
process to occur in organic solvents and the gPNA modification
carrying a hydrophilic side chain was essential as aegPNA alone
tends to form aggregates.

The ability of short PNA to form a self-complementary
duplex was utilized in constraining the conformation of pep-
tides which allows enhancing and regulating their biological
activities through PNA/PNA and PNA/DNA hybridization.221,222

Three-consecutive intramolecular base-pairing of gPNA has
been utilized to stabilize the cyclic peptide RTD-1 in place of
disulfide bonds. The retention of potent antibacterial activities
of the peptide indicated that the base-pairing perfectly

mimicked the disulfide bond.223 Armitage et al. also reported
the use of gPNA with a hairpin construct as a staple to constrain
the HIV-1 transactivator of transcription (TAT) peptide into a
loop conformation which enhanced its cell penetration
ability.224 The advantage of gPNA is two-fold. First, the high
stability of gPNA�gPNA duplexes enables the formation of a
hairpin structure with a very short stem (only 4 nt). Second, the
gPNA hairpin can be designed to have an overhang sequence
that can be further conjugated to other biomolecules via gPNA�
DNA hybridization that occurs efficiently even with a short (6
nt) overhang sequence.

Multivalent interactions play crucial roles in several biolo-
gical processes. The self-assembly of PNA or its hybridization
on a DNA (or PNA) scaffold enables a multivalent display of
the ligand in a programmable and precisely controlled fash-
ion (Fig. 41A). This approach offers advantages in terms of
both synthetic efficiency and control of spatial arrangement
as well as density of the ligand over conventional approaches
whereby the ligands are connected by a flexible linker or
attached to other multivalent scaffolds.225 Winssinger pio-
neered the construction of multivalent oligosaccharide and
peptide libraries by self-assembling two or more ligand-
modified PNA on a DNA template.226–228 This provides a
powerful way to generate a large number of well-defined
multivalent constructs that can be subsequently screened
against the respective biological receptors in a combinatorial
fashion. It should be noted that strong base pairing is not
required as a result of cooperativity between the base pairing
and ligand–receptor binding. Thus, dynamic assemblies of L-
fucose-modified short self-complementary PNA probes that
were barely stable at room temperature could effectively block
the binding of bacterial lectins to epithelial cells.229 None-
theless, the use of aegPNA in these early approaches offers
limited control of the ligand arrangement since only terminal
modification was possible. In a subsequent work by Seitz, the
incorporation of a Cys gPNA monomer in the PNA molecule

Fig. 41 (A) Schematic representation of using PNA for multivalent display of ligands on various DNA scaffolds. (B) A model showing the spatial
arrangement of two N-acetyllactosamine (LacNAc) ligands in two different multivalent constructs derived from gPNA (blue) and DNA (gray) (reproduced
from ref. 230 with permission from the Royal Society of Chemistry).
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allowed the introduction of the carbohydrate ligand (LacNAc)
in any desired position via the thiol group. The results from
the screening of ligands with different spatial arrangements
agree with the expected structure of the receptor binding sites
(Erythrina cristagalli lectin). In addition, the rigidity of the
construct could be further fine-tuned by incorporating nick-
sites or single-stranded regions (Fig. 41B).230 Appella reported
a similar strategy to construct libraries of multivalent displays
of various ligands including c(RGDfK) peptide,231 dopamine
D2 receptor (D2R) agonist,232 and A2A adenosine receptor
antagonist233 on DNA or PNA scaffolds employing Lys gPNA
as the adapter.

In a more complex architecture design, short PNA strands
were used as an adapter for the rapid assembly of protein
molecules on three-dimensional DNA scaffolds.234,235 The use
of the gPNA backbone allows versatile attachment of the ligand
at any required position along the PNA strand. Short bifunc-
tional gPNA probes with a thiol group on the backbone could be
site-specifically and stably attached to the DNA tetrahedron
which could be used for programmed assembly of ligands or
biomolecules.236

In the last example, the control of the supramolecular
architecture of amphiphilic PNA was described by Heemstra
et al. (Fig. 42).237,238 The amphiphilic PNA was created by
strategic placement of hydrophobic and hydrophilic side
chains on a gPNA backbone. Such amphiphilic PNA sponta-
neously assembled to form nanoaggregates with an average
diameter around 35 nm in an aqueous environment. When the
target nucleic acid (miRNA-21) was added, the hybridization
between the gPNA and the nucleic acid target disrupted the
aggregate structures. Thus, the aggregation state of the amphi-
philic PNA was modulated by the presence or absence of its
nucleic acid target. In contrast to earlier designs of amphiphilic
PNA whereby the hydrophobic and hydrophilic domains are
conjugated to the PNA termini,239,240 the integration of peptide
side-chains directly into the PNA backbone should allow
designing of more complex functional structures such as
helices, sheets and their supramolecular assemblies that incor-
porate the base-pairing ability of PNA.

Template-directed PNA oligomerization and sequence adaptive
PNA

In the previous topic, the PNA was non-covalently assembled on
the DNA template via stable base pairings. If the PNA strand
is very short, the binding will be very weak. Despite the
weak interaction of individual PNA strands, the adjacent PNA
strands can be chemically joined to give a ligated product with
increased stability. This principle is related to the templated
ligation of PNA,241,242 but it has a more dynamic nature. Several
ligation strategies have been used to join small PNA fragments
on DNA or RNA templates such as native chemical ligation,178

azide–alkyne click reaction,243 and reductive alkylation
(Fig. 43A).244 The last strategy allows new PNA strands to be
synthesized by the assembly of short PNA fragments (4–5 nt
each) on a specific DNA template whereby the sequence of the
product was determined by the sequence of the template
similar to the natural translation process. By incorporation of
gPNA or aPNA building blocks into the tetrameric/pentameric
PNA aldehyde fragments, Liu has demonstrated the use of such
DNA-templated oligomerization for the synthesis of PNA oligo-
mers bearing various functional groups in a sequence-defined
fashion (Fig. 43B).244 The yield and rate of the templated
reaction are related to the thermal stability of the PNA�DNA
duplexes which was primarily determined by the stereochem-
istry and position of the side-chain attachment rather than the
nature of the functional group. While similar results were
observed for D-aPNA, L-aPNA, and L-gPNA building blocks, the
D-gPNA showed much lower efficiency which is in good agree-
ment with the relative stability of each modified PNA system.
Such dynamic assembly of functionalized PNA on DNA tem-
plates may find application in the design and evolution of
functional biopolymers by using the DNA template not only
for directing the synthesis but also for facilitating identifica-
tion and enrichment as well as diversification of the
products.244 In the case of triazole linkage, it was reported that
the 1,4-disubstituted triazole linker with appropriate spacing
can mimic the trans-amide bond reasonably well as demon-
strated by the similar DNA binding affinity and specificity of
the unmodified and modified PNAs.243 This system should

Fig. 42 The self-assembly of amphiphilic gPNA probes is modulated by gPNA�DNA/RNA duplex formation (adapted with permission from ref. 237.
Copyright 2019 American Chemical Society).
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potentially be useful in DNA templating polymerization similar
to the reductive alkylation described above.

Relating to the abovementioned template-assisted oligomer-
ization, another kind of PNA called thioester PNA (tPNA)
was designed by attaching the nucleobases, via the thiol-
thioester exchange reaction, to an oligopeptide backbone bear-
ing alternating cysteine and another amino acid (Fig. 44).245

The tPNA can form reasonably stable hybrids with DNA/RNA as
well as self-hybrids. A broad range of amino acids can be
accepted, with positively charged side chains forming more
stable hybrids than negatively charged ones as would be
expected from the electrostatic effects with the DNA backbone.
Importantly, the thiol exchange reaction is readily reversible,
thus allowing a dynamic exchange of the nucleobase in the
presence of a template. A proof-of-concept experiment using a
1 : 1 mixture of adenine and deazaguanine thioester demon-
strated a shift in the base ratio at equilibrium from 1 : 1 to 3 : 1
in the presence of an oligo(dT) template. The opposite results
were obtained in the presence of an oligo(dC) template.
Thus, this tPNA system represents an adaptive system whose
sequence information can dynamically change according to the
environment.

Modified PNA for nucleic acid biosensing and bioimaging

The high affinity, specificity, and biological stability of PNA
suggest its obvious utility in biosensing and bioimaging appli-
cations. Accelerated by the recent discovery of many regulatory
roles of RNA,246 a particularly fast-growing area that received
widespread attention and could benefit from the high perfor-
mance of PNA probes is the imaging of RNA in live cells.247

Biosensing and bioimaging applications of PNA are major
topics that may be worth several separate monographs.
Although many reviews on such topics exist,248–251 they primar-
ily focus on conventional PNA probes with only a few examples
of modified PNA probes. This section will primarily focus on
the advantages of conformationally constrained PNA which has
the potential to offer improved nucleic acid binding affinity
and sequence specificity over conventional aegPNA probes in
biosensing and bioimaging applications.

The cyclopentyl-modified PNA (cpPNA) showed a substantial
improvement in DNA binding affinities and mismatched
specificity over aegPNA. The incorporation of only a few resi-
dues of the cpPNA monomer was sufficient to increase the
stability by two orders of magnitude giving the dissociation
constants in the sub-nanomolar range.71 Hence, cpPNA offers

Fig. 43 (A) Some chemistry useful for template-directed PNA oligomerization. (B) The self-assembly and oligomerization of functionalized PNA probes
on a DNA template.

Fig. 44 Dynamic sequence adaptive behavior of thioester peptide nucleic acids (tPNA).245
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great potential to enhance the performance of PNA-based
sensors. In one example, a PNA probe with single cpPNA
modification was immobilized on a glass slide for the scano-
metric detection of anthrax lethal factor DNA in a microarray
format.252 The DNA target simultaneously hybridized with the
immobilized PNA probe and another DNA-functionalized gold
nanoparticles, resulting in the deposition of the gold nano-
particles on the sensor chip surface. Subsequent electroless-
silver deposition to enhance the signal enabled a simple
colorimetric readout by a scanner. The DNA target was detect-
able down to 25 aM, which was much better than the 50 fM
detection limit obtained by the corresponding DNA capture
probe. Interestingly, no signal was obtained when unmodified
aegPNA was employed as the capture probe. Although the basis
of such remarkable performance improvement was not
obvious, the advantage of cpPNA over aegPNA probes was
demonstrated.

In another study, the cpPNA probe was employed for the
detection of anthrax protective antigen DNA in a PNA-based
sandwich hybridization. The cpPNA was immobilized on a 96-
well plate as a capture probe, and aegPNA modified with biotin
at the C-terminus was used as the reporter probe. Subsequent
binding to the avidin-HRP conjugate followed by the addition
of the HRP substrate resulted in color generation that was
measured spectrophotometrically. As low as 10 zmol of DNA
was successfully detected while the corresponding unmodified
aegPNA probe gave measurable signals down to only 10 fmol
levels under the same conditions.253 Quantitative detection of
anthrax DNA was possible over the range of 10 to 107 copies of
DNA.254 The cpPNA version of the forced intercalation PNA
(FIT) probe was also recently reported.255 The FIT probe origin-
ally developed by Seitz consists of thiazole orange or similar
dyes linked to the aegPNA backbone as an artificial nucleobase
that lights up upon binding to the correct DNA/RNA target
sequence that restricted the dyes’ motion.256 The introduction
of two flanking cpPNA monomers significantly improved the
performance of the FIT PNA probes in terms of both brightness
and mismatch discrimination for the in vitro detection of RNA.
This resulted in lowering of the limit of detection to 1.8 nM
which was almost an order of magnitude better than that of
conventional FIT probes based on aegPNA. However, the com-
parative performance in cellular RNA imaging is yet to be
demonstrated.

Applications of pyrrolidinyl PNA probes with the a/b-peptide
backbone (acpcPNA) for DNA sensing have already been
reviewed elsewhere.117,257 The superior mismatch discrimina-
tion ability of immobilized acpcPNA over DNA and aegPNA
probes was experimentally demonstrated in a surface plasmon
resonance (SPR) experiment whereby the three probes were
critically compared side-by-side in capturing the same ssDNA
target.258 The experiments also revealed the faster kinetics of
hybridization and confirmed the exclusive binding in the
antiparallel direction of acpcPNA probes. On the other hand,
the same comparative SPR experiments revealed that the bind-
ing of immobilized acpcPNA probes to dsDNA targets was less
efficient than aegPNA likely due to its steric bulkiness.259 Thus,

acpcPNA probes have been extensively used as the key recogni-
tion element in paper- or chip-based electrochemical and
optical nucleic acid sensing devices for point-of-care
applications.260–267 In many cases, the PNA�DNA hybridization
resulted in the change of electrical properties such as capaci-
tance and thus no labeling or other signal transduction mecha-
nism was required.268,269 While acpcPNA probes have been
primarily used for DNA detection, satisfactory performance in
the electrochemical detection of RNA was successfully
demonstrated.270 The differential electrostatic properties of
PNA and DNA have been utilized for the detection of the DNA
sequence. According to this principle, the negatively charged
DNA was selectively captured via electrostatic interactions on
various surfaces such as polymer beads,271,272 magnetic
beads,273 cellulose paper,274 or carbon electrode275 that were
coated with a positively charged polymer such as chitosan or
poly(2-(dimethylamino)ethyl methacrylate) (PQDMAEMA). The
neutral PNA molecule could not interact with such a surface
unless it was hybridized with the captured DNA target, and the
presence of the PNA probe hybridized to DNA could be detected
by optical, electrochemical, or mass spectrometric detection.

The acpcPNA probes have also been used in the develop-
ment of self-reporting fluorescence probes for DNA
hybridization.257 These probes are designed to carry an
environment-sensitive dye such as pyrene or thiazole orange
attached to the terminal, backbone, or nucleobase. The fluores-
cence change was induced by the hybridization between the
PNA probe and the DNA target that alters the environment of
the dye.134,276,277 Alternatively, a simple fluorophore-labeled
PNA probe was used in combination with a quencher which
can be present on the same PNA strand166 or as a separate
entity such as another quencher labeled PNA or DNA strand,278

oligo(dG),279 graphene oxide (GO),280 and metal
nanoparticles.281 In all cases, the fluorescence of the free probe
could be restored after hybridization with the correct DNA/RNA
target which resulted in the separation of the probe and the
quencher. Faster kinetics, superior single mismatch discrimi-
nation as well as improved sensitivity in the fluorescence
restoration of GO-quenched acpcPNA over aegPNA and DNA
probes by DNA targets have been demonstrated and the prin-
ciple had been successfully applied for both in vitro DNA/RNA
detection and cellular RNA imaging.281

The high affinity of short gPNA probes towards DNA targets
enabled a sandwich hybridization assay to be performed on
very short DNA and RNA targets which is typically not possible
with conventional DNA or even aegPNA probes. gPNA amphi-
philes have been used in combination with fluorescent DNA
nanotags in micelle-tagging electrophoresis.284,285 The two
short probes bound to adjacent positions on the same DNA
target cooperatively stabilize each other by base stacking with-
out compromising the specificity as generally observed when
only one longer probe sequence was used. This strategy allows
multiplex detection of various members of the let-7 miRNA
family at a single mismatch resolution with detection limits of
10–100 pM.285 Likewise, the use of gPNA allows an efficient
hybridization chain reaction (HCR) via gPNA�gPNA duplex
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formation to be performed using very short hairpin probes with
only 5 nt stem, 5 nt loop, and 5 nt toehold making the total
length of the hairpin constructs only 20 nt, far shorter than the
DNA-based constructs (typically 30–40 nt). The use of miniPEG
gPNA solved the problem of the limited solubility of the PNA-
derived cHCR products.286 A microarray prepared from mini-
PEG gPNA probes was reported to distinguish between com-
plementary and mismatched DNA targets better than aegPNA
arrays,287 although the results may not be directly comparable
due to the difference in the probe sequence and length as well
as other factors. The DNA duplex invasion ability of single-
stranded gPNA was utilized in the chemiluminescence
microbeads array for the rapid and simultaneous identification
of 21 blood pathogens without requiring denaturation
(Fig. 45A).282 It was also used in the nanopore-based sequen-
cing and barcoding of long DNA strands without suffering the
sequence limitation as in the case of triplex-forming bis-
aegPNA.288 The sequence-specific invasion of DNA duplexes
by gPNA probes resulted in the change of electronic signals
when the DNA strand is passing through the nanopore
(Fig. 45B). This strategy allows the detection of CFTRDF508
gene mutation289 and classification of HIV-1 sub-types283 that
could not be directly performed by the nanopore alone due to
the similarity between the viral subtype genes.

The g-position of PNA is an ideal place for internal mod-
ification of PNA via amide bond formation38,39 or click
chemistry.293 A 5-azidomethyluracil Lys gPNA monomer allows
facile double functionalization at the internal positions of the
PNA strand.294 The modifying group on the g-Lys side chain
pointed in the minor groove direction while the modifying
group on the C5 of uracil pointed in the major groove direction
and thus the strategy allows placement of the label in a
controllable fashion. Chimeric gGPNA-aegPNA probes have
been used for quantitative imaging of cellular miRNA-21 and
miRNA-31 in different cancer cell lines via a fluorogenic RNA-
templated Staudinger reaction which unmasked the fluoro-
phore on one of the PNA strands (Fig. 46A).290 The GPNA
modification facilitates the cell permeability of the probes.
The short Cy5-labeled gPNA miniprobe bound cooperatively
to the TTAGGG repeats in the human telomere. The binding

was enhanced by the incorporation of the G-clamp into the
gPNA and thus the performance of a short (6 nt) probe could
approach that of longer probes (12–18 nt) without the G-clamp.
The shorter probe stained faster and showed improved sensi-
tivity due to the increasing number of labeled-probes bound to
the same length of the telomere target. Its effectiveness in the
staining of short telomeres in Jurkat cells that do not stain well
with conventional aegPNA probes was demonstrated.295 By a
strategic design of the probe sequence, two 9 nt gPNA minip-
robes with a pair of FRET dyes could bind alternately on the
same DNA telomere. This allows the visualization of the telo-
mere in the cells and tissues under wash-free conditions with
minimal interference from background autofluorescence
(Fig. 46B).291 The application of miniPEG gPNA in combination
with HCR for visualizing non-nucleic acid targets was demon-
strated for the membrane protein carbonic anhydrase IX (CA
IX, a cancer biomarker) expressed on the cell surface. It should
be noted that in this example, the non-nucleic acid target was
indirectly detected with the assistance of a CA IX ligand
conjugated to an initiator gPNA strand (Fig. 46C).292

Applications of the chiral box DLys aPNA for in vitro detec-
tion of DNA single point mutations in clinical diagnostic were
demonstrated by capillary electrophoresis296 and SPR.297 The
improved mismatch discrimination over DNA and aegPNA
probes was explained by the strong destabilizing effects of the
mismatch over the complementary hybrids as a result of
limited conformational flexibility of the modified PNA.

Modified PNA for enhancement of cellular uptake and gene
regulation

The conventional aegPNAs have already found tremendous
applications in the areas of gene regulation and
editing.298–300 Backbone modification offers potential improve-
ment of the performance of aegPNA not only by increasing
binding affinities and specificity but also by providing oppor-
tunities for introducing various functional moieties to improve
the cellular uptake and pharmacodynamic and pharmacoki-
netic properties, as well as reduce non-specific binding.

Various functions can be incorporated into the PNA mole-
cule through the modification of the a-substituents. In the

Fig. 45 Examples of biosensing strategies that took the advantages of the duplex invasion ability of modified PNA probes. (A) Chemiluminescence
microbeads gPNA array for the rapid and simultaneous identification of blood pathogens.282 (B) Nanopore-based sequencing and barcoding of long
dsDNA strands by gPNA probes (adapted with permission from ref. 283. Copyright 2012 American Chemical Society).
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simplest form, fluorophores can be incorporated at the internal
positions of the PNA molecule via the lysine side-chain amino
group.301 More complex functional groups such as sugars have
been incorporated at the a-position of PNA to modulate its
pharmacokinetic properties without deteriorating the DNA
binding ability.302,303 Some glycosylated aPNAs showed
improved hepatic uptake by 7–40 fold relative to unmodified
PNA.303 Another related study in N-acetylgalactosamine (Gal-
NAc)-modified gPNA suggested that exact placement of the
GalNAc group produced a strong effect on the uptake efficiency
whereby the introduction of three-consecutive backbone
GalNAc-modification was preferred over a single terminal mod-
ification with three GalNAc groups.304 Inspired by the HIV-1
TAT transduction domain which is rich in amino acids with
basic side chains, the aPNA with Arg modification (‘‘GPNA’’)
was proposed to improve cellular uptake by Ly et al.305 The
GPNA could indeed enter human cells and localize in the
nucleus. GPNA with D-Arg modification was shown to offer
superior binding affinity than L-Arg towards RNA targets,306

although the duplex stability was lower than that of the
unmodified PNA�RNA hybrids, especially when consecutive
modified residues were present in the PNA strand. The PNA
sequences with an alternating unmodified and D-Arg modified
backbone showed smaller effects on the affinity towards both
DNA and RNA targets and still allowed effective cell
penetration.307 At micromolar concentrations, the GPNA
designed to target the 5’-UTR region of the E-cadherin mRNA
transcript exerted the antisense effect by downregulating the E-
cadherin expression in A549 cells as shown by immunofluor-
escence staining.308 A GPNA designed to target the epidermal
growth factor receptor (EGFR) mRNA was shown to inhibit
EGFR expression and cancer cell growth without the aid of
transfection agents. Antitumor effects at the same level as that
of standard EGFR inhibitors including erlotinib and cetuximab

were demonstrated in xenograft mouse models.309 Another
study by Mitra and Ganesh on the positively charged (R)-
aminomethylene aPNA revealed similar trends in terms
of DNA binding and cell permeability.51 The latter work also
revealed the superiority of g-modifications over a-
modifications.

The gPNA has been extensively used for biological applica-
tions because of the excellent binding properties and ready
availability. The g-side chain modification for biological appli-
cations usually incorporates positively charged38,39,46–48,50,51 or
hydrophilic groups42,45,49 to improve the water solubility and
cell penetration, and reduce non-specific interactions. The
miniPEG gPNA with a hydrophilic diethyleneglycol side
chain45 has found widespread use in several biological applica-
tions including the control of gene expression and gene editing.

The cell-penetrable guanidine modified aGPNA and gGPNA
were evaluated for anti-miRNA-210 activities in K562 chronic
myelogenous leukaemic cells by Corradina et al. in 2012.310 The
incorporation of the arginine carrier within the GPNA backbone
was shown to improve the cellular uptake and stability towards
enzymatic digestion when compared to aegPNA with oligoargi-
nine appended at the N-terminus, although the observed anti-
miRNA-210 effects were similar in cell-based assays. While the
enzymatic stability issue could be solved by using oligo(D-
arginine), PNA-oligoarginine conjugates have been reported to
be more cytotoxic than GPNA as a result of their amphipathic
nature.308 Monga et al. also reported an intrinsically cell-
permeable antisense g-guanidine-modified PNA (gGPNA)-
aegPNA chimera designed to target either the transcription or
translation start sites of the b-catenin gene in human hepato-
cellular cancer cells (HCC).311 Complementary gGPNA
decreased the expression level of b-catenin mRNA and protein
in HepG cells while the mismatched sequence did not. More-
over, the treatment also affects the liver tumor cell biology such

Fig. 46 Examples of strategies for cellular imaging that took the advantages of high affinity modified PNA probes. (A) RNA imaging by templated
Staudinger reaction between two PNA probes.290 (B) Visualization of telomeric DNA by PNA probes.291 (C) Visualization of carbonic anhydrase IX with the
aid of gPNA probes and HCR.292
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as decreasing cell proliferation and survival, and expression of
angiogenic factors.

Glazer et al.312 reported the cellular delivery of miniPEG
gPNA and gGPNA employing poly(lactide-co-glycolide) (PLGA)
nanoparticles as a carrier. The gPNA was designed to target the
CCR5 chemokine receptor mRNA transcript at the middle of
the mRNA transcript. The CCR5 expression level was sup-
pressed by a half while essentially no change in the CCR5
expression was observed with the control aegPNA and a
scrambled gPNA. This suggests that the high-affinity gPNA
could better inhibit the translation machinery than conven-
tional antisense aegPNA that usually requires targeting at the
5’-UTR site. A tetra-arginine-modified tail-clamp LSer gPNA
designed to target miRNA-155 was shown to exhibit superior
anticancer activities in lymphoma cell lines and in mouse
models over anti-miR-155 aegPNA and a control gPNA
sequence.313 Likewise, a 22nt miniPEG gPNA designed to target
miRNA-210 can suppress tumor growth in mice much better
than aegPNA with the same sequence and another miniPEG
gPNA with a scrambled sequence when co-delivered with PLGA
nanoparticles.314 In a more elaborated control, an antisense
miniPEG gPNA conjugated with pH-low insertion peptides
(pHLIP) was shown to selectively target the DNA double-
strand break repair factor KU80 in tumor cells thereby making
them susceptible to irradiation.315 In most cases, it was
proposed that the better biological activities of the conforma-
tionally constrained g-modified PNA might be related to the
pre-organization ability that leads to higher binding affinity.
However, the increased hydrophilicity of the miniPEG gPNA
could also play an important role in reducing off-target inter-
actions that could limit the availability of the PNA to exhibit the
desired biological effects.

Recently, Glazer et al. have reported a series of interesting
studies on site-specific genome editing induced by PNA in the
presence of donor DNA.299,300,316 The genome editing in mouse
bone marrow to correct the b-globin gene IVS2-654 (C - T)
mutation by a miniPEG gPNA and PLGA nanoparticle platform
was demonstrated ex vivo and in vivo.317 The gPNA binds at a
mixed-sequence site on the gene via the DNA duplex invasion,
allowing the gene edit to be performed without the need of the
triplex-forming sequence typically required for the aegPNA-
based gene-editing.318 Although the efficiency still requires
improvement to compete with the well-developed CRISPR-
Cas9 and related technologies,319 such PNA-based gene editing
appears to offer promising potential for therapeutics and
beyond. However, despite the seemingly solid evidence of
gene-editing by gPNA including in vivo320 and in utero321 studies
in mouse models, a question has been raised whether the
observed effects are real or just artifacts resulting from the
possible aggregation of the (miniPEG) PNA onto the donor
DNA.322

The pyrrolidinyl acpcPNA has not yet been extensively stu-
died for biological applications. In one report, the acpcPNA
designed to target the NF-kB binding site in the promoter
region of the Il6 gene was introduced to macrophage cells with
the help of oxidized carbon nanoparticles and was shown to

inhibit the stimulated production of Il6 mRNA as well as IL-6
protein levels in vitro.323 Enhanced cell membrane permeation
of the acpcPNA was also realized by backbone modification
with positively charged groups.135

Conclusions and outlook

This review covers the modification of PNA by introducing
constraint in the aegPNA backbone. A big landscape has been
provided to show what has been done and what remains to be
explored. We have attempted to provide sufficient details to
allow comparison of the performance and evaluation of the
success of each PNA design in a systematic fashion. However,
this may not be possible in all circumstances due to the
availability and completeness of data issues. In many cases
only data for chimeric PNA resulting from only one or two
substitutions of the constrained PNA monomer along the
aegPNA backbone, many of which are the homothymine or
homoadenine sequences that are not typical structures, were
reported. Although in some instances, the stabilization trans-
lates well into the homogeneous mixed-sequence backbone-
modified PNA, the data from chimeric systems should be used
with care. It is most likely that the exact stabilization/destabi-
lization will depend on the type of nucleobase, position of
modification, the extent of modification, and the nature of the
nucleic acid target, among many other parameters. Destabiliza-
tion upon introduction of up to a few residues may reflect the
incompatibility of the modified monomer with the aegPNA
duplex structure resulting in local or global distortion of the
PNA structure and the modified PNA with a homogeneous
backbone may show different binding profiles. Likewise, the
observed stabilization should be interpreted with equal care.

There are many factors to consider in the design of con-
formationally constrained PNA. The purpose of the introduc-
tion of conformation constraint was to reduce the entropy loss.
In order to make this strategy effective, the conformation must
be locked into the right one. Many examples in this review
repeatedly demonstrated that conformational constraints are
more often than not have detrimental effects on the binding.
The aegPNA should be regarded as a fortunate success because
a balance between rigidity and flexibility (‘‘constrained flex-
ibility’’) provides a benchmark system that already outper-
formed natural DNA or RNA in terms of binding affinity and
specificity. The availability of several NMR and X-ray structures
of PNA hybrids provides a basis for the rational design of
conformationally constrained PNA. However, in reality this
may not be as straightforward as it sounds. Although all the
torsional angle parameters are known for each type of PNA
structure, there are variations among different data sets, and
even in the same structures some variations exist. In attempts
to control one torsional angle, one inevitably disturbs the
others. This is especially true when more than one bond in
the PNA backbone is part of cyclic structures. There is an
inevitable trade-off between flexibility and rigidity to find a
good balance. In addition, the introduction of a cyclic structure
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introduces stereochemical complication which grows exponen-
tially with the number of chiral centers incorporated thus
contributing to the synthetic challenges. Stereochemistry is
very important in controlling the topology of the molecule such
as being in extended or helical (left-handed vs right-handed)
conformations. Unfortunately, the effect of stereochemistry has
not been fully evaluated in many PNA systems. Thus, it is likely
that several promising modified PNA systems are waiting to be
discovered and show their full potential.

Despite such complications, impressive progress has been
made since the first discovery of aegPNA some 30 years ago. It
has become clear that the introduction of conformational
constraint is a viable strategy for the improvement of PNA
binding affinity, base-pairing specificity, and selectivity in
terms of both directional selectivity and type of target (DNA
vs RNA). One of the best-performed strategies that also happens
to be the least demanding in terms of synthetic efforts is the
introduction of the g-substitution, which pre-organizes the PNA
into helical conformation to avoid an unfavorable steric clash
with the PNA backbone.42 Another successful strategy was the
introduction of a cyclic structure to primarily control the b
values, and the trans-five membered ring appeared to provide a
good balance between flexibility and rigidity.70 Alternatively,
one may move beyond the aegPNA template and find an
alternative scaffold as demonstrated by the acpcPNA with an
a/b-peptide backbone.117 This is akin to moving from the
natural nucleic acid sugar-phosphate backbone to PNA which
has already proven to be an exciting and rewarding discovery.8

Most chiral PNAs perform well in terms of improving the
directional selectivity of the achiral aegPNA, but selectivity for
either DNA or RNA has not yet been fully realized. Ironically,
decent selectivity for DNA over RNA and other unusual proper-
ties such as the inability to self-pair have been realized by
serendipity rather than by rational design.117

This review also highlights the practical advantages of these
modified PNAs in various applications ranging from materials
science, drug discovery, cellular imaging, gene regulation, and
gene editing. Although the emphasis was made on the advan-
tages of these modified PNAs in terms of higher binding affinity
and specificity, this should be regarded as the minimum
requirement and not the only factor that will determine the
ultimate success of the modified PNA for particular applica-
tions. Of course, many of such applications indeed rely on the
high-affinity binding and take full advantage of the modified
PNA that can form more stable hybrids with nucleic acid targets
than aegPNA. Several other applications also clearly benefited
from the higher specificity of modified PNA probes as well as
the ability to incorporate functional entities directly into the
PNA backbone in a precisely controlled fashion. Nevertheless,
for applications in complex biological systems, other properties
that should be taken into consideration include solubility, cell
permeability, non-specific aggregation, off-target binding,
pharmacokinetics, and pharmacodynamics, among others. In
many cases, it might be difficult to judge whether the appar-
ently better performance of modified PNA over aegPNA is due
to the stronger affinity to the target as a result of the backbone

modification or there are complications from indirect effects
that might modulate other properties such as permeability,
non-specific binding, or biological stability. Currently, little is
known about such indirect effects, and more studies are still
required to clarify this.
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