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ABSTRACT: A synthetic strategy for the production of
polyfunctional PNAs bearing substituent groups both on the
nucleobase and on the backbone C5 carbon of the same
monomer is described; this is based on the use of a tris-
orthogonally protected monomer and subsequent solid-phase
selective functionalization. This strategy can be used for
synthesizing PNAs that are not readily accessible by use of
preformed modified monomers. As an example, a PNA-based
probe that undergoes a switch in its fluorescence emission upon
hybridization with a target oligonucleotide, induced by tailor-made movement of two pyrene substituent groups, was synthesized.

The basic structure of the peptide nucleic acid (PNA),1 due
to its excellent ability to hybridize with complementary

target sequences and its high chemical and biological stability,
can serve as a robust model scaffold for the synthesis of novel
compounds, with applications in diagnostics, gene therapy, and
assembly of nanostructured materials.2 Chemical modification of
PNA has emerged as a good strategy for overcoming innate
drawbacks of the original structure3 or for introducing additional
groups with specific functions,4 allowing for the development of
increasingly efficient tools.5

PNAs with modified backbones have been reported, and
modification either at C2 (α) or at C5 (γ) carbons of the
aminoethylglycine unit has been largely exploited. Appropriate
choice of stereochemistry allows for obtaining better performing
PNAs with an increase in affinity and in sequence selectivity.6 Of
these, substitution at the C5 position shows some advantages
because it provides a strategy to obtain preorganization,7 to link
the PNA to reporter or functional groups,8 or to tether the probe
to surfaces.9 Nucleobase-modified PNAs have also been
described,10 and modifications with functional and reporter
groups are especially used to improve the properties of PNAs as
diagnostic molecular probes.11

Multifunctional systems in which different modifications are
inserted into a single PNA strand to confer multiple properties
can also be designed and synthesized. The main approach
proposed for the synthesis of a polyfunctional PNA has been the
preparation of modified monomers already bearing the desired
functional group, followed by their insertion at the appropriate
position along the strand.2a The advantage of this strategy is the
use of standard protocols and fully automated peptide synthesis.
However, this strategy is not convenient for generatingmolecular
diversity and libraries. Additionally, it is possible that bulky
substituents decrease the coupling yields in proximity of the
modified monomers. As an alternative straightforward option,

onemight preform orthogonally protected monomers as “hidden
reactive spots” that can be selectively deprotected during the
solid-phase synthesis (SPS) of the PNA strand. This allows the
reactive groups that are intended for the chemical introduction of
the selected functional moieties and pro-reactive groups to be
unleashed.8,12 Recently, we reported a similar approach
consisting of the introduction of an orthogonal function into a
PNA thymine nucleobase.13 Herein, we report the development
of a SPS protocol based on a doubly modified PNA monomer
that enables the selective introduction of functional residues both
at the backbone and at the nucleobase side of the samemonomer.
This design has the advantage to (i) introduce a variety of
moieties on the PNA which are difficult to introduce on the
monomeric units; (ii) avoid solubility and reactivity problems for
heavily substituted monomers during the SPS; and (iii) easily
introduce two functional groups which can be positioned very
close to each other and eventually interact.
A rational design of a doubly modified monomer that can be

easily modified during SPS relies on carefully choosing
orthogonal protective groups. These must be independently
and selectively deprotected in order to avoid the formation of
side products and must be compatible with the linker group
connecting the PNA with the solid support. We focused on a
Boc-based peptide synthesis strategy so that the Fmoc group
could be used as an orthogonal protective function of a lysine side
chain linked to the γ position of the PNAmonomer. This enables
the use of the commercially available Boc-L-Lys(Fmoc)−OH as
starting material. Furthermore, modifications on this position
were shown to lead to an enhancement of DNA binding strength,
as preorganization is induced.7a,14 The azide group of 5-
azidomethyluracil was chosen as a second orthogonal function
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because of its efficient “unmasking” (i.e., transformation into an
amine) under mild Staudinger conditions. The azide group may
also be useful to carry out 1,3-dipolar cycloadditions under
Huisgen’s conditions.13,15 Monomer 1 was thus synthesized as
described in the Supporting Information. Briefly, the carboxylic
group of Boc-L-Lys(Fmoc)−OH was reduced to aldehyde using
Weinreb amide reduction strategy; the product was then reacted
with glycine methyl ester under reductive amination conditions.
The backbone thus obtained was linked to 2-(5-azidomethylur-
acil-1-yl)acetic acid13 using EDC/DhBtOH coupling. Selective
deprotection of the methyl ester under basic conditions gave the
monomer 1.
Monomer 1 was inserted into a growing PNA strand using

standard SPS protocols with HBTU/DIPEA as activating
mixture, giving the modified PNA1. The PNA1-carrying resin
was then split into three aliquots in order to assess the effective
orthogonality of the different deprotection conditions (Scheme
1). Acetylation was carried out (i) after the preliminary reduction

of the azide function (0.33 M trimethylphosphine in a 1:1 THF/
H2O mixture, 10 min, 2 cycles; Scheme 1, path (i)) to yield
PNA2; (ii) after deprotection of the terminal Boc-protected
amino function using standard Boc-based SPS protocol (5% m-
cresol in TFA, 4 min, 2 cycles; Scheme 1, path (ii)), thus giving
PNA3; and (iii) after the Fmoc group on the lysine side chain was
removed (20% piperidine in DMF, 8 min, 2 cycles; Scheme 1,
path (iii)), resulting in PNA4.
Using Boc chemistry, the azide function should be converted

into derivatives on the solid support because cleavage of azide-
containing PNA generates a series of degradations products (e.g.,
with reduced azide), with a characteristic pattern of mass changes
(Figures S7−S9).16 In all cases, absence of starting material and
of polyfunctionalized side products due to unwanted depro-
tections was confirmed by ESI-MS analysis after cleavage from
the solid support.
A series of modified PNAs was then synthesized using one or

two distant units of the doubly modified monomer 1 (Table 1).
These PNAs feature two or four groups available for further
substitution. PNA5 was first synthesized, with a sequence
complementary to that of a segment of miR-221, which is a
micro-RNA particularly relevant in gene regulation and overex-
pressed in several types of cancers.17 To further prove the mutual
orthogonality of azide and Fmoc groups, independently from the
order of reactions and the possibility to efficiently introduce

different groups in the middle of the strand, the resin bearing
PNA5 was split in two different batches and subjected to
different orders of functionalization of the lateral protective
groups, that is, on the nucleobase at first (leading to PNA6) and
next on the backbone or, vice versa, first on the backbone side
chain (leading to PNA7) and then on the nucleobase, to obtain
the same doubly functionalized PNA8 (Figure S8). In both cases,
we obtained complete conversions without the presence of side
products and with similar purity of the final PNA8 (see
Supporting Information), which confirms and strengthens the
previous experiments conducted on PNA1 of complete
reciprocal independence of the orthogonal reactions and the
lack of interference by the elongated PNA chain. We further
tested the generality of this strategy for producing multifunc-
tional PNA, together with the possibility to functionalize two
positions at the same time, by synthesizing a series of PNAs
(PNA9−13, Table 1) with a different sequence, previously used
by us in combination with pyrene-containing nucleobase-
modified monomers.18 After insertion of the first monomer 1
unit, deprotection of the Fmoc group (PNA9) and subsequent
derivatization with fluorescein (PNA10) were carried out.
Elongation of the PNA chain and insertion of a second unit of
monomer 1 led to PNA11, and at this step, the two azide
functions of this PNA were simultaneously reduced and then
coupled with 1-pyreneacetic acid to yield the triply functionalized
PNA12. This latter could be deprotected and further function-
alized using rhodamine, giving PNA13. A key point of this
approach is that, using the doubly modified PNA monomers and
harnessing the flexibility offered by the on-resin modification, it is
possible to obtain systems in which the mutual position of the
two units on the same monomer can be changed upon
interaction with DNA.

Scheme 1. Summary of the Three Possible Reactive Pathways
for Selective PNA Functionalization

Table 1. General Scheme of PNA Synthesized, Bearing One or
Two Doubly Functionalized PNA Monomers with Different
Modifications and Sequencesa

PNA sequence FG1 FG2 FG3 FG4

PNA1 SEQ1 N3 Ac
PNA2 SEQ1 Ac Fmoc
PNA3 SEQ2 N3 Ac
PNA4 SEQ1 N3 Fmoc-AEEA
PNA5 SEQ3 N3 Fmoc
PNA6 SEQ3 Fl-NH Fmoc
PNA7 SEQ3 N3 Fmoc-AEEA
PNA8 SEQ3 Fl-NH Fmoc-AEEA
PNA9 SEQ4 N3 Fmoc
PNA10 SEQ4 N3 Fl
PNA11 SEQ5 N3 Fl N3 Fmoc
PNA12 SEQ5 Py-NH Fl Py-NH Fmoc
PNA13 SEQ5 Py-NH Fl Py-NH Rh
PNA14 SEQ6 Py-NH Py-NH

aFl, 5(6)-fluoresceincarbonyl; AEEA, 2-(2-aminoethoxy)ethoxyacetyl;
Rh, B-Rhodaminyl; Py, 1-pyrenylacetyl.
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In fact, in the flexible single-stranded PNA, the two moieties
on the same monomer can interact with each other, whereas in a
PNA:DNA duplex (as illustrated in Figure 1A, using a model

derived from one of the available crystal structures19), it is
predicted that a nucleobase-linked group would protrude into
themajor groove, while a substituent on the (C5) γ position, with
the stereochemistry derived from L-amino acids, would be
directed either outward or toward the minor groove, thus forcing
the two groups to be separated. This model and the newly
developed method were used to obtain PNA14, which bears two
pyrene moieties on the same monomer in tweezers-like fashion.
Unmodified PNA15 (H-GCAGACAATGTAGCT-Gly-NH2)
was also synthesized for comparison. PNA14 was designed to
exploit the vicinity of the two pyrenes, which, combined with the
high flexibility of the single-stranded PNA, allows the interaction
of the aromatic moieties. The high stability of the PNA:DNA and
PNA:RNA duplexes can then force the two residues to adopt the
conformation of the duplex and thus to be parted (also see
models in Figure S26), which allows to take advantage of the
switching between the excimer and monomer fluorescent states
of the pyrene couple induced by the interaction with DNA.
Attempts to synthesize this PNA using a doubly pyrene-modified
monomer failed due to its lower solubility and steric hindrance
(data not shown). In this case, we focused on a sequence fully
complementary to a longer tract of miR-221 because this is an
interesting target for cancer diagnostics and for anti-miR
therapy.17 SPS of the PNA probe was carried out following the
above-reported procedure, except for the subsequent release of
both the amino groups before the coupling with 1-pyreneacetic
acid (Supporting Information). PNA14 exhibited the typical
pyrene excimer band in solution (broad band at 464 nm, Figures
2 and S13−S15), suggesting that the two pyrene units are able to
interact in aqueous solution; this can be attributed to the PNA
flexibility, and it is driven by hydrophobic effect and π−π stacking
interactions. We then investigated the ability of PNA14 to
hybridize with the target sequence and to give a detectable
fluorescent response. A DNA strand (DNA-FM: 5′-AGCTAC-
ATTGTCTGC-3′) with a sequence homologous to that of miR-
221 was used as the model target.

Figure 2a reports the trend of fluorescence emission spectra at
different incubation times (here at 25 °C; see also Supporting
Information for the same phenomenon investigated at different
concentration and temperatures) upon addition of the
complementary target DNA to the PNA14 solution. The
formation of a PNA/DNA duplex led to a drastic drop of the
excimer band and a simultaneous increase of the monomer bands
(Figure S14). The observed switching effect was due to the
specific recognition of the DNA counterpart, as shown by the
hybridization of the mismatched sequence DNA-MM (5′-
AGCTACGTTGTCTGC-3′), which also caused a decrease of
the excimer/monomer emission ratio but with slower kinetics
and with a less pronounced final effect (Figure S14). Melting
experiments revealed a hysteresis profile (results not shown),
confirming a slow kinetics of the association process. These
kinetics meaurements were affected by temperature, strand
concentrations, ionic strength, and percentages of acetonitrile
(Figures S14−S17). We found that by being annealed at 90 °C
with fluorescence measurements at 50 °C, the process was
sufficiently fast to allow the comparison of final intensities
without the bias of kinetic effects. DNA-FM and, to a slightly
lesser extent, DNA-MM showed a net decrease of the excimer/
monomer fluorescent intensity ratio (Figure 2b and Figure S17).
A comparable decrease was observed for complementary RNA-
FM (5′-AGCUACAUUGUCUGC-3′).
A noncomplementary random sequence (DNA-RDM, 5′-

GGTGAATGAGTAAC-3′) was used to make the sequence
dependence of the process more evident. The results reported in
Figure 2b show an almost negligible switch from the excimer to
monomer emission state for the DNA-RDM, with this very
minute effect likely ascribed to nonspecific interactions. This
demonstrates that the disruption of the pyrene−pyrene stacking
is mediated by the sequence-selective interaction of the PNA
with the DNA, in accordance with the model depicted in Figure
1. Circular dichroism spectra (Figures S18−S24) revealed that
the PNA14:DNA-FM duplex conformation is similar to that
obtained for unmodified PNA15 and is formed both at 25 °C and
at 50 °C. The same was observed for DNA-MM and for RNA-
FM.
Analysis of the melting temperatures of the PNA14:DNA

hybrids (Table S1) indicated a Tm of 69.3 °C for the DNA-FM,
70.6 °C for RNA-FM, and 65.9 °C for the DNA-MM; thus both
are still formed, though to a different extent, at 50 °C.

Figure 1. (a) Position of C5 (γ) and uracil substituents in the
PNA:DNA duplex, directed toward the minor and major grooves,
respectively, according to the structure reported in ref 19. (b) Structure
of PNA14. (c) Scheme of induced-fit movement observed for PNA14
upon interaction with complementary DNA (see Figure S26 for a static
3D model).

Figure 2. (a) Normalized fluorescence emission spectra of a 5 μM
solution of PNA14 hybridizing with the target DNA sequence (T = 25
°C, at different incubation times: top to bottom 0−120min, time gaps of
10 min). (b) Excimer/monomer emission intensity ratio for PNA14 (1
μM) at 50 °C (after annealing at 90 °C) in the presence of full match
(FM), single mismatch (MM), and random (RDM) DNA sequences,
and full match RNA. Measurements were in PBS with 0.7% acetonitrile
at pH 7.0.
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Comparison with the Tm obtained for PNA15 allows one to
conclude that the pyrene units destabilize the complex with
DNA-FM and do not affect that of DNA-MM, thus slightly
decreasing the sequence selectivity.
In conclusion, the proposed strategy for the synthesis of

polyfunctional PNAs, based on the use of a modified monomer
equipped with three orthogonal protective groups, allowed us to
perform the successive introduction of desired functional
moieties directly on solid phase and to produce multifunctional
PNAs. We believe this method may serve as a robust and efficient
way to produce tools both for diagnostics and nanofabrication
purposes. As an example, the novel pyrene-based PNA14
switching probe able to undergo a detectable and programmed
conformational change upon hybridization with DNA could be
easily obtained.
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