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ABSTRACT
Since its discovery 12 years ago, aminoethylglycyl peptide nucleic
acid (aeg-PNA) has emerged as one of the successful DNA mimics
for potential therapeutic and diagnostic applications. An important
requisite for in vivo applications that has received inadequate
attention is engineering PNA analogues for able discrimination
between DNA and RNA as binding targets. Our approach toward
this aim is based on structural preorganization of the backbone to
hybridization-competent conformations to impart binding selectiv-
ity. This strategy has allowed us to design locked PNAs to achieve
specific hybridization with DNA or RNA with aims to increase the
binding strength without losing the binding specificity. This
Account presents results of our rationale in design of different
conformationally constrained PNA analogues, their synthesis, and
evaluation of hybridization specificities.

Introduction
Peptide nucleic acids I (PNAs) are neutral, achiral DNA
mimics that bind to complementary DNA/RNA sequences
with high affinity and sequence specificity.1 In PNA the
natural nucleobases are attached via methylenecarbonyl
linkers to an uncharged, pseudopeptide backbone com-
posed of repeating N-(2-aminoethyl)glycyl units. PNA
hybridizes to complementary DNA/RNA sequences via
specific base complementation to form duplexes for mixed
sequences and triplexes for homopyrimidine/homopurine
sequences.2 The complexes of PNA with DNA/RNA se-
quences generally show thermal stabilities higher than the
corresponding DNA-DNA/RNA complexes,3 depending
on sequence. PNAs and their analogues are resistant to
proteases and nucleases. Due to these exceptional proper-
ties PNAs have major applications as a tool in molecular
biology,4 as lead compounds for development of gene-
targeted drugs via antisense/antigene technology,5 for

diagnostics and biosensors,6 and as building blocks for
designing PNA supramolecular constructs.7

The current limitations in PNA properties (Figure 1) are
its poor water solubility and lack of cell permeability
coupled with ambiguity in DNA/RNA recognition arising
from its equally facile binding in a parallel/antiparallel
fashion (II) with the complementary nucleic acid se-
quences. These limitations are being systematically ad-
dressed with rationally modified PNA analogues.8,9 The
solubility of PNAs was improved through conjugation with
cationic ligands such as polyamines,10 lysine3 at the N/C
terminus of the PNA, or guanidinium in backbone11

without compromising the hydrogen-bonding specificity.
The cell penetrability has been improved by conjugation
with various transfer molecules such as cell-penetrating
peptides.12 The equal binding of PNA in parallel and
antiparallel orientations to DNA/RNA reduces its target
specificity by a factor of 2, which can have serious
implications for therapeutic applications depending on
the other gene that gets affected. This issue was addressed
by introduction of chirality into achiral PNA backbones
to effect orientational selectivity in complementary DNA/
RNA binding.13 The ambiguity in DNA/RNA binding would
lead to recognition of nonspecific target sequences, and
achieving PNA specificity in binding is a desirable goal
for successful therapeutic applications.

The relatively high binding affinity of PNAs toward
natural oligonucleotides is attributed to the lack of
electrostatic repulsion between the uncharged PNA back-
bone and the negatively charged sugar-phosphate back-
bone of DNA/RNA.14 The single-stranded form of PNA,
being acyclic, is conformationally flexible in its different
structural segments (I). Consequently, formation of PNA:
DNA/RNA complexes is accompanied by conformational
changes in PNA to gain enthalpic advantage by hydrogen-
bonding and base-stacking interactions accompanied by
an undesirable decrease in entropy.15 Any further increase
in the conformational freedom in aeg-PNA through ex-
tended backbone8,16 or side-chain structures17 lead to
substantial reduction in the stability of the resulting PNA:
DNA/RNA complexes.

Conformational Preorganization Strategies
Conformational preorganization by introduction of struc-
tural constraints has been successful in DNA analogues
such as locked nucleic acids (LNA) in which the prelocked
3′-endo sugar conformation, like in DNA:RNA hybrids,
favors its binding with complementary DNA/RNA se-
quences.18 Other examples include conformationally fro-
zen six-membered cyclohexenyl,19 hexitol,20 and altritol21

nucleic acids. The required conformational preferences
of PNA for binding of DNA or RNA are not yet deciphered
as well as those in PNA:DNA/RNA complexes.22,23 A
structural feature of PNA that interferes with hybridization
is the presence of cis and trans rotamers around the
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tertiary amide linkage in each PNA monomer.24 The high
rotation barrier encountered during this interconversion
leads to different PNA:DNA/RNA hybridization kinetics in
parallel and antiparallel hybrids.25

During the past few years we have been addressing
PNA modifications that can potentially preorganize PNA
to form PNA:DNA/RNA complexes and achieve selectivity
for either DNA or RNA complementation. The strategy is
to enrich populations of single-stranded PNAs that have
the favorable conformation for binding complementary
DNA/RNA. The competently preorganized conformers
could trigger a shift in equilibrium toward the desired
complex because of the net reduced entropy loss upon
complexation provided the enthalpic contributions remain
unaffected. Our strategies to conformational preorgani-
zation, as shown in Figure 2, are based on introduction
of methylene/ethylene groups to bridge the aminoethyl-
glycyl backbone and methylenecarbonyl side chain to
generate diverse five- or the six-membered nitrogen
heterocyclic analogues. The cyclic analogues where the
nucleobases are directly attached to the ring have defined
nucleobase orientation, overcoming the rotamer problem.
It also concomitantly introduces chiral centers, which may
impart directional selective binding of PNA with chiral
DNA/RNA. This Account presents our systematic efforts
so far in rational design and synthesis of conformationally
constrained PNA analogues toward evolving PNAs for
selective and directional recognition of DNA or RNA.

Prolyl and Pyrrolidinyl PNAs
Aminoprolyl PNA (ap-PNA). Introduction of a methylene
bridge between the â-carbon atom of the aminoethyl
segment and the R′′-carbon of the glycine segment of aeg-
PNA resulted in 4-aminoprolyl PNA (Figure 2, path 1)26

having two chiral centers. All four diastereomeric T-
monomers were synthesized from trans-4(R)-hydroxypro-
line (Scheme 1, route A) and incorporated into PNA
oligomers. None of the homochiral aminoprolyl thyminyl
PNAs corresponding to any of the diastereomers bound

to target DNA sequences,27 probably due to high rigidity
in the backbone resulting in structural incompatibility.
However, incorporation of single chiral D-trans or L-trans
prolyl PNA monomer into aeg-PNA at the N-terminus or
within the PNA sequence resulted in higher binding of
the target DNA with definite preference for a parallel or
an antiparallel mode unlike the unmodified PNA28 (Table
1, entry 1). Efforts directed toward releasing the strain by
replacing the backbone amide linker with carbamate29

linkage were not successful.

Aminoethylprolyl PNA (aep-PNA). Linking of the R′′-
carbon atom of the glycyl segment and the â′-carbon atom
of the nucleobase linker by a methylene bridge, ac-
companied by replacement of the side chain carbonyl with
a methyl group, leads to aep-PNA (Figure 2, path 2).30 The
flexibility of the aminoethyl segment of aeg-PNA is re-
tained, but that of the glycine and the side chain are
constrained via a methylene bridge. The nucleobase is
attached directly to the pyrrolidine ring in a stereospecific
manner, thus locking its orientation. The presence of a
pyrrolidine ring nitrogen with a pKa of 6.8 in the backbone
indicated that it could be partially protonated at physi-
ological pH. The PNA chimeric oligomers (aep-PNA)
comprised of 4(S)-2(S/R)-aep-T (Scheme 1, route B) and
aeg-T units showed strong and specific binding properties
toward target DNA sequences. The positively charged
nitrogen in the backbone did not adversely interfere with
the H-bonding molecular recognition process, and the
complex with a single mismatch in the target was signifi-
cantly destabilized similar to the unmodified aeg-PNA
complexes.30 The stereochemistry at C2 did not exert any
significant effect on the binding ability of homothyminyl
sequences. The aep-PNA-T8 oligomer with (2R,4R) stere-
ochemistry displayed significant stabilization of the com-
plexes with poly rA.31 The adenine homooligomer with
(2S,4S) stereochemistry showed improved binding to the
target DNA, while the corresponding thymine homooligo-
mer did not show any transition in UV-melting experi-
ments.32

A single aep-PNA unit carrying individual nucleobases
adenine, thymine, cytosine, and guanine in a mixed
purine/pyrimidine sequence (Table 2) exhibited nucleo-
base-dependent binding efficiencies and orientation se-
lectivities toward target DNA oligomers.33 In general, the
antiparallel aep-PNA:DNA duplexes (Table 1, entry 2) (i)
had a higher stability than the corresponding parallel
duplexes, barring g4(2S,4S), and (ii) were more stable than
aeg-PNA:DNA duplexes, except for c7(2S and 2R), t6(2S
and 2R), and g4(2R) parallel duplexes (Figure 3). This
attribute may be a consequence of pyrrolidine ring
conformations that depend on the electronegativity of the
C4 substituent,34 which varies among the nucleobases: A,
G, C, and T. Protonation of the pyrrolidine ring nitrogen
(pKa 6.8) might also influence ring puckering, which alters
the conformation of the nucleobase, thereby affecting the
stability of the complexes. The initial promise of aep-PNA
warrants further development of this analogue for useful
applications. Toward this end, systematic studies involving

FIGURE 1. Limiting issues for PNA practical applications and
conceptual solutions.

Conformationally Constrained PNA Analogues Kumar and Ganesh

VOL. 38, NO. 5, 2005 / ACCOUNTS OF CHEMICAL RESEARCH 405



stereoregular mixed purine/pyrimidine sequences are
currently underway in our laboratory.

Aminoethylpyrrolidinone PNA (aepone-PNA). To re-
duce the pyrrolidine ring conformational effects seen with
aep-PNA, an endocyclic carbonyl was installed at C5 in
aep-PNA. This achieved restoration of the amide character
of the ring nitrogen as in aeg-PNA (Figure 2, path 3). The
pyrrolidine ring nitrogen is not capable of protonation,
and the ring puckering effects on base orientations are
minimal. The aminoethylprolyl-5-one (aepone) thymine
monomers were synthesized (Scheme 1, route C)35 and
incorporated into aeg-PNA-T8 backbone at different posi-
tions. The aepone-PNAs showed remarkable stabilization
of derived PNA2:DNA triplexes compared to aeg-PNA.36

Interestingly, the aepone-PNA oligomers destabilized the
corresponding complexes with poly (rA), reversing the
binding ability of aeg-PNA (RNA > DNA). The homooligo-
meric aepone-PNA T8 bound to the complementary 12-
mer DNA more strongly than to poly rA. These results
clearly suggested the possibility of structurally preorga-
nized PNA also leading to discrimination in their efficacy
to bind DNA or RNA, which is one of our ultimate goals.

A pyrrolidinone-PNA was reported by Nielsen et al.37

having the same number of main chain backbone atoms
but with the N- and C-termini reversed in relation to our
aepone-PNA. This is equivalent to linking the R-carbon
atom of the aminoethyl segment with the â′-carbon of the
side chain acetyl linker via a methylene bridge. The
hybridization properties of homooligomeric (3S,5R)-PNA-
A10 with complementary DNA and RNA indicated the
highest affinity toward rU10, which was slightly lower
compared to that of aeg-PNA.

Pyrrolidine PNA. Since our first report26,28 on the use
of proline-based monomers as chiral building blocks for
conformationally constrained PNAs several groups have
reported interesting variations of this basic theme. The
earliest was the gly-pro peptide with nucleobase linked
at C4 of proline,38 but the tertiary amide groups as part
of main backbone retained the rotameric problem, and
the constituted PNA oligomers did not bind to target
sequences. The conformational strain in such a backbone
was released by replacing the glycine with â-alanine or
its constrained version chiral 2-aminocyclopentane or
aminopyrrolidine carboxylic acids.39 The PNA oligomers

FIGURE 2. Strategies for design of conformationally constrained PNA analogues.

FIGURE 3. UV-Tm values for aep-PNA:DNA parallel and antipar-
allel complexes. The lower case letters on the x-axis refer to the
base at the modified backbone unit indicated by the number (see
Table 2).
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with the latter modification showed binding with target
DNA. Deletion of the endocyclic carbonyl group in pyr-
rolidinone PNA37 gave the pyrrolidine PNA (Figure 2, path
4). The derived (2R,4S) stereomeric homoadenylate chi-
meric aeg-PNA oligomer formed a stable complex with
both DNA and RNA.40 The (2R,4R) version of this PNA
analogue was shown to bind target DNA and RNA with
high affinity and kinetic selectivity toward RNA.41

We synthesized the (2S,4S) version of the pyrrolidine
PNA analogue (Scheme 1, route D), and its thyminyl
oligomer resulted in a decreased binding efficiency with
target DNA and RNA sequences (Table 1, entry 4).42 We
also prepared PNA-DNA dimer from (2R,4R) pyrrolidine
PNA-T, which when placed in PNA-DNA chimera lead
to decreased DNA triplex stability. The homologous pyr-
rolidine PNA-DNA dimer having an extended backbone
with a five-atom linker was accommodated well in triplex
structures with complementary DNA.43

Introduction of the R′-â-methylene bridge (Figure 2,
path 5)44 led to another pyrrolidine-PNA in which, unlike
the previous analogues, the base is away from the pyr-
rolidine ring by one carbon. The nucleobase orientation
is therefore unrestricted. The (2R,4S) pyrrolidine-T mono-
mer (Scheme 1, route E) when introduced into the middle
of the aeg-PNA-T8, bound to the target DNA better than
pure aeg-PNA-T8. However, the diastereomeric (2S,4S)
monomer in PNA destabilized the resulting DNA complex
as an example of stereochemical discrimination effects in
PNA:DNA recognition. When the four diastereomers of
this T-monomer were incorporated into a mixed base aeg-
PNA sequence (Table 2) it was found that the 4R modi-
fications stabilized the PNA:DNA duplex with a significant
difference in parallel/antiparallel binding compared to
aeg-PNA:DNA duplexes (Figure 4).45 The 4S modifications
of all four bases destabilized the duplexes without much
parallel/antiparallel binding differences as compared to
the unmodified hybrids. The enantiomeric pairs (2S,4S)
and (2R,4R) formed antiparallel complexes with RNA
much stronger than that of aeg-PNA or other diastereo-
mers. The (2R,4S) pyrrolidinyl PNA analogues of all four
bases lacked the discrimination effects with respect to
either parallel/antiparallel or DNA/RNA binding (Table 1,
entry 5). Detailed structural studies with this pyrrolidinyl
PNA could be very interesting in light of the recently

reported homo-N-oligonucleotides that are the first ex-
amples of D-sugar nucleic acids having unrestricted gly-
cosyl conformation.46

Pipecolic and Piperidinyl PNA
The six-membered ring systems are conformationally
more rigid compared to their five-membered counterparts
due to high-energy barriers between chair-boat confor-
mations and preferred low-energy equatorial dispositions
of substituents. The six-membered rings could thus be
frozen in one of the more stable conformers. If the
substitution pattern on the ring can afford the right steric
fit to bind DNA/RNA, substantial entropic gain would lead
to stabilization of the derived complexes. Aminopropyl-
glycyl PNA is an extended form of aeg-PNA and binds to
target DNA sequence with much less efficiency.11 We
introduced a methylene bridge into this extended ana-
logue between the γ-carbon of the aminopropyl segment
and the R′′-carbon of the glycyl segment to generate a
homologue of ap-PNA26 (Figure 2, path 6).47 This modi-
fication was aimed to relieve the constraint caused by the
five-membered pyrrolidine by ring expansion. The modi-
fied PNA-T10 oligomer (pip-PNA) carrying the trans (2S,4S)
monomer (Scheme 1, route G) impaired triplex formation
with cDNA (Table 1, entry 6).

Insertion of an ethylene bridge between the â-carbon
atom of the aminoethyl segment and the R′′-carbon of the
glycyl segment afforded the isomeric analogue 5-amino-
pipecolyl PNA (Figure 2, path 7). Preliminary results
indicated that homothyminyl mixed-aegPNA sequences
form complexes with target DNA oligomers. If the 2,5-
substituents remain in the preferred trans diequatorial
disposition, complexes with the targets may also be
stabilized unless the hydrogen-bonding and internucleo-
base distances are disturbed. The preliminary results
indicated that homothyminyl mixed-aegPNA sequences
incorporating the 5-aminopipecolyl unit (Scheme 1, route
G) form stable complexes with target DNA oligomers
(Table 1, entry 6).

Linking the R′′-carbon of the glycyl unit with the â′-C
of the nucleobase linker by a two-carbon ethylene bridge
leads to the homologous analogue of aep-PNA,30 namely,
aepip-PNA (Figure 2, path 8).48 This chiral six-membered
analogue with (2S,5R) stereochemistry (Scheme 1, route
H) upon incorporation into aeg-PNA-T8 homooligomer or
into a mixed T/C PNA oligomer at different positions
stabilized the corresponding PNA2:DNA triplexes (Table
1, entry 7). This is interesting since it was suggested
earlier49 that six-membered piperidines are unlikely to
stabilize the PNA:DNA complexes.

Another example of a piperidine-based PNA was in-
troduced by linking the â carbon of the aminoethyl
segment with the â′ carbon of the nucleobase linker by a
methylene bridge which placed the substituents on the
ring in 1,3-trans positions (Figure 2, path 9).50 It was
postulated that a backbone diequatorial (ee) disposition
would place the nucleobase into an axial orientation, and
this causes better stacking and hydrogen-bonding interac-

FIGURE 4. UV-Tm values for pyrrolidinyl PNA:DNA/RNA com-
plexes. The lower case letters on the x-axis refer to the base at the
modified backbone unit indicated by the number (see Table 2).
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tions with target ODNs as in the case of hexitol nucleic
acids.51 The PNA incorporating the trans (3S,5S)-piperi-
dinyl-T unit (Scheme 1, route F) in aeg-PNA-T8 stabilized
the triplex with DNA more than the control PNA. In both
the above examples the ring nitrogen is capable of
protonation at physiological pH and may add favorable
therapeutic features in terms of cellular uptake (Table 1,
entry 8).

Carbocyclic PNAs (ch-PNA and cp-PNA). One of the
earliest PNA modifications was to constrain the flexibility
in the aminoethyl segment by introducing a cyclohexyl
ring (Figure 2, path 10).52 The derived trans-(1S,2S)-
cyclohexyl PNA oligomer hybridized with complementary
DNA as good as the unmodified aeg-PNA, while the
enantiomeric trans-(1R,2R)-cyclohexyl PNA oligomers
lacked such a property. Molecular dynamics simulations
performed on model structures of (1S,2S)- and (1R,2R)-
cyclohexyl PNAs showed the torsion angle â (N-CH2-
CH2-NHCO) to be close to 180°, corresponding to a trans
diaxial disposition of the 1,2-substituents. A comparison
of the structures of PNA2:DNA triplex and PNA:DNA
duplex derived from X-ray crystallography22 and that of a

PNA:RNA/DNA duplex from NMR23 studies is shown in
Table 3 (entry 1-3). The data suggested that the backbone
dihedral angle â could be important in conformationally
distinguishing PNA:DNA duplex (â ≈ 140°) from PNA2:
DNA triplex and PNA:RNA duplex (â ≈ 65-70°). Thus,
designs based on structural tuning of the dihedral angle
â in PNA analogues could be a rational approach for
imparting DNA/RNA binding selectivity. On the basis of
this reasoning we favored the use of cis-(a,e)(1S,2R/1R,2S)-
cyclohexyl PNA oligomers (rather than trans diaxial) since
â would be in the desirable range of 60° (Figure 2, path
10).

Accordingly, we synthesized both enantiomers of cis-
(1S,2R/1R,2S)-cyclohexylthyminyl PNA monomers (Scheme
1, route I), and the crystal structures showed the dihedral
angle â to be -63° for (1S,2R) and 66° for (1R,2S) isomers
(Table 3, entry 4,5),53 close to those found in the structures
of PNA2:DNA triplex and PNA:RNA duplex. These were
incorporated within aeg-PNA-T10 oligomers at chosen
positions to yield cyclohexyl PNA (ch-PNA), and triplex
stabilities were measured against target 16-mer DNA, poly
dA (40-mer), and poly rA.54 In spite of the observed

Scheme 1a

a Reagents: (a) SOCl2, MeOH; (b) BocN3, aqueous Na2CO3; (c) MsCl, DCM, Et3N; (d) NaN3, DMF; (e) TFA, DCM; (f) ClCH2COCl, aqueous Na2CO3; (g)
K2CO3, 18crown-6, DMF; (h) H2, Pd/C, (Boc)2O; (i) BocHNCH2CH2OMs, DIPEA, DMF; (j) DIAD, TPP, B; (k) Ac2O/pyridine; (l) RuCl3, NaIO4, water; (m)
CBzCl, aqueous Na2CO3; (n) NaBH4, LiCl, EtOH, THF; (o) Ra-Ni, H2, (Boc) 2O; (p) H2,Pd/C; (q) BrCH2COOMe, DIPEA, THF; (r) BnBr, K2CO3, DMF; (s)
TBDMSCl, TEA, DMAP, DMF; (t) TFAA, Et3N, NaOH; (u) TBAF, THF; (v) (C4H9CO)2O, TEA, DCM; (w) P. cepacia (Lipase), phosphate buffer, pH 7.2; (x)
NaOMe/MeOH.
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destabilization of the complexes as compared to unmodi-
fied aeg-PNAs, significant stereodifferentiation was no-
ticed. The SR isomer was more destabilizing than the RS
isomer in ch-PNA:DNA complexes. In the case of RNA
complexes a reverse trend was observed, with RS being
more destabilizing than SR. Generally, PNA oligomers with
this modification exhibited a higher affinity toward RNA
compared to DNA (Table 1, entry 9). The stability studies
against DNA oligomer carrying a mismatch indicated that
although ch-PNAs formed less stable complexes, the
specificity was slightly better than the unmodified aeg-
PNAs. In competition binding experiments ch-PNAs were
preferred to form PNA2:DNA triplexes over DNA:DNA
duplex/triplex structures. The overall results supported the
idea that preorganization of the PNA backbone by chemi-
cal modifications such that the torsion angle â is restricted
to a range found by NMR and crystal structure data would
lead to induction of substantial selectivity in DNA/RNA
recognition.

To account for the lower binding affinity for triplex
formation seen with ch-PNA in comparison to unmodified
aeg-PNA we surmised that despite a favorable â, the
substituted cyclohexyl ring is inherently too rigid as it gets
locked in either of the two chair conformations that resist
further retuning during complex formation. A relatively
flexible system would be a cyclopentyl ring (Figure 2, path
11) in which the characteristic endo-exo puckering that
dictates the pseudoaxial/pseudoequatorial dispositions of
substituents may allow better torsional adjustments to
attain the necessary hybridization-competent conforma-
tions. In an attempt to tune the dihedral angle â in this
manner we replaced the cyclohexyl unit with cis-(1S,2R/
1R,2S)-cyclopentyl PNA-T (cp-PNA) monomer (Scheme 1,
route I) synthesized in optically pure forms.55 The crystal
structure data of the monomer indicated that the dihedral
angle â was around 24° (Table 3, entries 6 and 7), on the
low side of the desired value of 60°.

These monomers were incorporated at defined posi-
tions within homothymine aeg-PNA-T10 to obtain the
cyclopentyl PNA (cp-PNA) oligomers. The RS-cp-PNA
enantiomer formed higher affinity complexes with DNA
as compared to SR-cp-PNA isomer. For poly rA this was
reversed. Like ch-PNA, cp-PNA also showed higher affinity
toward complexation with RNA than DNA. The all-
modified homooligomers of both enantiomers exhibited
significant stabilization of their triplexes with DNA and
poly rA (Table 1, entry 10). The cp-PNA modification also
induced a greater destabilization of the mismatched DNA
hybrids than that seen with unmodified aeg-PNA, indicat-
ing that higher affinity was obtained without sacrificing
the base specificity. The rigorousness of complexation of
ch- and cp-PNA oligomers was confirmed jointly by Job’s
plot, gel electrophoresis, and CD spectral data.54,56 While
our work was in progress Appella et al.57 reported the
synthesis and limited studies on monosubstituted trans-
(1S,2S)-cyclopentyl PNA that showed only weak stabiliza-
tion of the derived PNA2:DNA triplex over that of PNA:
RNA duplex.

ch-PNA and cp-PNA-T monomers of both (1S,2R) and
(1R,2S) enantiomers were introduced into mixed se-
quences (Table 2), and their relative Tm of hybrids with
complementary DNA and RNA were measured. In all the
cases PNA:RNA hybrids were more stable than the cor-
responding PNA:DNA hybrids, and significantly, cp-PNA
oligomers showed much higher Tm’s compared to ch-PNA.

Table 1. Summary of Modified PNA Properties

entry PNA modifications and properties

1 aminoprolyl PNA (ap-PNA)27

no binding of homochiral oligomers
monosubstitution stabilizes PNA:DNA duplexes
stereochemistry-dependent parallel/

antiparallel binding preferences
2 aminoethylprolyl PNA (aep-PNA)30,33

cationic, improved solubility
(2R,4R)-T stabilizes PNA2:DNA triplexes
no effect on C2 stereochemistry
DNA duplex binding: antiparallel > parallel
A/G/C/T-base-dependent binding (Figure 3)
single mismatch more destabilizing compared

to control
3 aminoethylpyrrolodinone PNA (aepone-PNA)35,36

mono-, di-, tetra-, and all-modified aepone-PNA
stabilize PNA2:DNA triplexes

destabilize triplexes with poly r(A)
4 pyrrolidine PNA42,43

(2R,4S)-A stabilize both DNA and RNA complexes
(2S,4S)-T destabilize DNA an RNA complexes

5 pyrrolidinyl PNA44,45

(2R,4S)-T in T8 stabilize PNA:DNA duplex
(2S,4S)-T in T8 destabilize PNA:DNA duplex
(2S,4S) and (2R,4R)-T: RNA duplex > DNA duplex
ap duplex is higher binding than parallel duplex

(Figure 4)
6 4/5-amino-pipecolyl-PNA47,50

4-aminopipecolyl PNA: stabilization of PNA2:DNA
triplexes

5-aminopipecolyl PNA: destabilization of
PNA2:DNA triplexes

7 aminoethylpipecolyl-PNA48

marginal stabilization of PNA2:DNA triplexes
8 piperidinyl PNA50

stabilization of PNA2:DNA triplexes
9 cyclohexyl PNA53,54

destabilize PNA2:DNA and PNA2:RNA triplexes
stereochemcal preferences: SR > RS for DNA,

SR < RS for RNA
mixed sequences (Figure 5): RNA . DNA

10 cyclopentyl PNA55,56

stabilize PNA2:DNA and PNA2:RNA triplexes
stereochemical preferences: SR < RS
mixed sequences (Figure 5): stabilize PNA:DNA

and PNA:RNA duplexes

Table 2. PNA, DNA, and RNA Sequences for aep,
Pyrrolidinyl, ch, and cp PNAs (Figures 3-5)a

1 2 3 4 5 6 7 8 9 10 aa

PNA H G T A G A T C A C T X OH
cDNA/RNA (ap) 5′ A G T G A T C T A C 3′
cDNA (p) 5′ C A T C T A G T G A 3′

a Amino acid, X ) â-alanine for aep- and pyrrolidine-PNA,
L-lysine for ch- and cp-PNA.
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Stereochemical differences were expressed better with ch-
PNA oligomers, the (1R,2S) isomer having a higher hybrid
stability than those derived from the (1S,2R) isomer. The
Tm values suggest that (1R,2S)-ch-PNA, having wide dif-
ferences in Tm of its DNA and RNA hybrids (∆Tm ) 50
°C), should be a good lead molecule for discriminating
DNA and RNA. The designs of ch-PNA and cp-PNA are
the outcome of optimized dihedral angles that constrain
the PNA backbone for differential DNA/RNA binding and
discrimination via preorganization mediation. The inher-
ently rigid cis-substituted six-membered ring of ch-PNAs
forbids structural readjustments to bind to DNA (PNA:
DNA â ≈ 140°) and prefers binding to RNA (PNA:RNA).
The flexible (SR/RS)-cp-PNA with a relative ease of con-
formational adjustments in the cis-substituted cyclopentyl
system allows reorganization of the ring puckering and
binding to both DNA and RNA with high affinity with no
selectivity. Further, in ch/cp-PNAs the favorable confor-
mational features of the monomer seem to be coopera-
tively transmitted to the oligomer level even in a chimera.
The results on the strong preferences of (RS)-ch-PNA for
binding to RNA over DNA are in consonance with our
strategy of adjusting the dihedral angle â through chemical
modifications to achieve structure-based selectivity in
PNAs.

Summary and Outlook
This Account describes our integrated approach to the
design, synthesis, and study of biophysical properties of
a variety of conformationally constrained cyclic PNA
analogues using the logic of structural preorganization.
The work has involved exploration of the chemical,
structural, and configurational diversity of the pyrrolidine
and piperidine heterocyclic nucleus and expands the
repertoire of PNA structures. The rationally designed chiral
analogues have been used to address interesting attributes
of PNA:DNA/RNA hybridization such as stability, parallel/
antiparallel preferences, strand invasion and kinetics of
hybridization,58 DNA/RNA hybridization selectivity, etc.
The design evolution is directed toward developing PNAs
to selectively recognize complementary DNA and RNA in
the parallel or antiparallel direction, and some success has
been obtained with cp-PNA and ch-PNA. In most cases
the higher affinities are obtained without sacrificing the
base-pairing specificities since the mismatched complexes
are more destabilizing compared to that with unmodified
PNA. The next logical step in this endeavor is to extend
the work into the biological realm and use some of the
successful modifications in cell uptake and toxicity studies
and for in-vitro/in-vivo targeting of DNA/RNA in antisense
experiments. Modification or conjugation of PNAs with
cell-penetrating ligands may also prompt their nuclear
entry. Hence, induction of binding specificity for DNA/
RNA complement through rational PNA modifications
would be highly desirable and will have potential impor-
tance for newer applications of PNA in therapeutics such
as targeting chromosomal DNA.59 The synthetic efforts
have also added several new structures to the growing
chemo- and stereolibraries of pyrrolidine and piperidine
compounds, which may have utility in other areas of drug
research.
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