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CONSPECTUS: The programmability of oligonucleotide
hybridization offers an attractive platform for the design of
assemblies with emergent properties or functions. Develop-
ments in DNA nanotechnologies have transformed our
thinking about the applications of nucleic acids. Progress
from designed assemblies to functional outputs will continue
to benefit from functionalities added to the nucleic acids that
can participate in reactions or interactions beyond hybrid-
ization. In that respect, peptide nucleic acids (PNAs) are
interesting because they combine the hybridization properties
of DNA with the modularity of peptides. In fact, PNAs form
more stable duplexes with DNA or RNA than the
corresponding natural homoduplexes. The high stability achieved with shorter oligomers (an 8-mer is sufficient for a stable
duplex at room temperature) typically results in very high sequence fidelity in the hybridization with negligible impact of the
ionic strength of the buffer due to the lack of electrostatic repulsion between the duplex strands. The simple peptidic backbone of
PNA has been shown to be tolerant of modifications with substitutions that further enhance the duplex stability while providing
opportunities for functionalization. Moreover, the metabolic stability of PNAs facilitates their integration into systems that
interface with biology. Over the past decade, there has been a growing interest in using PNAs as biosupramolecular tags to
program assemblies and reactions. A series of robust templated reactions have been developed with functionalized PNA. These
reactions can be used to translate DNA templates into functional polymers of unprecedented complexity, fluorescent outputs, or
bioactive small molecules. Furthermore, cellular nucleic acids (mRNA or miRNA) have been harnessed to promote assemblies
and reactions in live cells. The tolerance of PNA synthesis also lends itself to the encoding of small molecules that can be further
assembled on the basis of their nucleic acid sequences. It is now well-established that hybridization-based assemblies displaying
two or more ligands can interact synergistically with a target biomolecule. These assemblies have now been shown to be
functional in vivo. Similarly, PNA-tagged macromolecules have been used to prepare bioactive assemblies and three-dimensional
nanostructures. Several technologies based on DNA-templated synthesis of sequence-defined polymers or DNA-templated
display of ligands have been shown to be compatible with reiterative cycles of selection/amplification starting with large libraries
of DNA templates, bringing the power of in vitro evolution to synthetic molecules and offering the possibility of exploring
uncharted molecular diversity space with unprecedented scope and speed.

■ PNA SYNTHESIS, MODIFICATION, AND
CONJUGATION

The success of peptide nucleic acid (PNA)1,2 has stimulated
many studies exploring the effect of modifications or
substitutions on the original N-(2-aminoethyl)glycine (aeg)
backbone. Several modifications are well-tolerated and even
enhance duplex formation, providing further opportunities for
modulation of PNA properties (e.g., duplex stability, electrostatic
charge, cell permeability, and derivatization with functional
molecules).3 Substitution at the α position (replacement of
glycine with other amino acids)4 was shown to be tolerated,
preferably with D-amino acids. Importantly, an arginine at this
position (with a guanidinium group, giving guanidinium PNA
(GPNA); Figure 1A) was shown to significantly improve the
cellular permeability while slightly enhancing the duplex
stability.5 While achiral aeg-PNAs do not have well-defined
conformational folds, an (S)-γ substituent (defined on the basis
of a methyl substituent; Figure 1A) generates a steric bias that

favors right-handed helicity with base stacking, resulting in
enhanced duplex stability with DNA.6−8 The introduction of a
short poly(ethylene glycol) (PEG) at this position (MPEG-
PNA; Figure 1A) dramatically improves the solubility and
reduces aggregation compared with unmodified PNA while
maintaining the uncharged state of the oligomer.9 A lysine7,10,11

or cysteine12 side chain at the γ position has also proven useful for
the conjugation of small molecules (Figure 1A). The
combination of chirality at the α and γ positions within a single
PNA unit provides additive duplex stability with an overriding
influence of the γ stereochemistry.13 Alternate linkages between
the PNA units have also been investigated (Figure 1B). Amine
linkages resulting from reductive amination14 and triazole
linkages resulting from Cu-catalyzed azide−alkyne cycloaddition
(CuAAC) have been reported to have minimal effects on the
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hybridization of the oligomer.15 A modified PNA backbone
linking the nucleobases via thioesters was used to create dynamic
PNA (tPNA; Figure 1B) that can exchange nucleobases via
transthioesterification reactions.16

In addition to modifications to the PNA backbone, many
alternative nucleobases beyond the canonical A, C, G, and T have
been designed and can provide valuable benefits in biosupra-
molecular assemblies (Figure 1C). For example, replacement of
adenine by 2,6-diaminopurine was shown to increase DNA
binding and sequence discrimination.17 Thiouracil hybridizes to
the complementary A but not to 2,6-diaminopurine because of
steric clash.18 This latter point could also be important to bias a
given secondary structure within PNA. Analogues of thymine (7-
Cl-bT)19 and cytosine (G-clamp)20 have been shown to increase
the duplex stability by increasing the base-pair stacking.
Conversely, indiscriminate behavior can also be engineered
with hypoxanthine, which can pair with any nucleobase.21 A
fluorescent base (thiazole orange) has also been reported as a
universal base pair; this base exhibits enhanced fluorescence
upon duplex formation.22

PNA is typically synthesized by iterative cycles of coupling/
deprotection with monomers protected orthogonally on the
nucleobases and N-terminus (Figure 1D). As an alternative
synthetic strategy for oligomerization, a cyclic PNA monomer
with a reactive amide (activated via the sulfonamide BTS; Figure
1D) has been shown to yield high-purity oligomers.23 However,
the synthetic hurdles to access modified PNA monomers have
limited their implementation and, regrettably, curtailed their full

potential. Clearly, innovative synthetic technologies that
facilitate access to substituted PNA would be empowering.
The compatibility of PNA synthesis with traditional solid-

phase peptide synthesis and combinatorial chemistry makes it an
appealing tag to encode small molecules (Figure 2). For peptide
synthesis, this process can be performed via linear synthesis
combining reiterative amino acid couplings with PNA couplings.
Illustrating the efficiency of the chemistry, 16-mer macrocyclic
peptides with 10-mer PNA tags were prepared by automated
linear solid-phase synthesis.24 For small-molecule conjugation,
amines and acids can be coupled through standard amide
formation. As a more general strategy, nitrophenyl carbamate has
been used to couple hydroxyl- or amine-functionalized small
molecules, including anilines and phenols (Figure 2A).25 The use
of an α or γ substitution within a PNA provides the opportunity
for conjugation at different positions within the oligomer. An
alternative to the use of nitrophenyl carbamate for the
conjugation of amine-functionalized molecules has been
reported with squaric esters (Figure 2A).11,26 For glycan
conjugation, nucleophilic substitution of a chloroacetamide
with readily available glycosyl thiols provided high yields with
diverse oligosaccharides.27,28 Glycans have also been conjugated
onto PNA−peptide adducts by CuAAC.29,30 In addition, PNA
can be designed to contain a single functionality addressable with
chemoselective conjugation methods for derivatization in
solution post cleavage, as is most often done with DNA;
however, this process is generally more laborious.
Clearly, an advantage of PNA synthesis relative to DNA is the

flexibility of the protecting group strategy and its compatibility

Figure 1. Modifications and synthesis of PNA.
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with the cosynthesis of biologically relevant small mole-
cules.31−35 This asset is best exemplified by the use of PNA in
split and mix combinatorial synthesis, in which each diverse
synthon used in the small-molecule synthesis is encoded by a
PNA codon.36−38 Reiteration of this process yields a library in
which the synthetic history and hence the structure of each
molecule are encoded in the PNA tag (see Figure 2B for a
representative example of a divergent synthesis of hetero-
cycles25). This PNA-encoded synthesis (PES) has been
successfully used to prepare peptide-based libraries35,39−45 and
peptidoglycans29,30 as well as heterocycles25 or other druglike
small molecules.46,47

In addition to small-molecule encoding, PNAs have also been
used to tag proteins to direct assemblies of macromolecules,
paralleling advances with DNA tagging (Figure 2C).48 Seitz and
co-workers used native chemical ligation (NCL) to achieve
conjugation between an intein fusion protein and a cysteine-
derivatized PNA, yielding a conjugate at the C-terminal position
of the protein.49 In the context of self-assemblies, a tag at a

predefined position in the protein may be desirable. Site-specific
conjugation of PNA has been accomplished via chemoselective
oxime formation50 using a protein containing a genetically
encoded ketone-functionalized unnatural amino acid (p-
acetylphenylalanine).51 It should be noted that this conjugation
proved to be significantly more efficient with GPNA than with
unmodified PNA because of GPNA’s higher solubility. Protein−
PNA conjugates have also been prepared using the SNAP tag
technology.52 SNAP is a widely used self-labeling protein that
operates under physiological conditions. Finally, proteins with a
unique or engineered cysteine can be tagged with a PNA−
maleimide adduct.53

■ PNA-BASED REACTIONS TEMPLATED BY
HYBRIDIZATION

Nucleic acid-templated reactions are accelerated by the
preorganization and high effective concentration of the reactive
moieties achieved upon hybridization (Figure 3). Shortly after

the discovery of PNA, it was shown that DNA could template the
condensation of PNA fragments (Figure 3).54 Although this pilot
experiment demonstrated information transfer from DNA to
PNA, its applicability was not further studied. Other reactions
that closely mimic the linkage of native PNA were developed,
such as reductive amination,14 CuAAC,15 and NCL55 (Figure 3).
Liu and co-workers ingeniously harnessed a DNA-templated
reductive amination to translate a DNA sequence into a polymer
of modified PNA.56,57 PNA aldehyde tetramer or pentamer units
functionalized with one or multiple side chains at various

Figure 2. PNA conjugation and PNA-encoded synthesis (PES).

Figure 3. Templated ligations with PNA.
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positions within the PNA fragments were condensed onto DNA
templates (Figure 3). Impressively, this reaction was used to
ligate eight PNA fragments, affording 66−90% yields of 40-mer
PNAs, a length that would be challenging to obtain via chemical
synthesis.56 It was further demonstrated that a DNA library could
be translated into diverse PNA oligomers for iterative cycles of
translation/selection (Figure 4A). When a hairpin architecture is
used in the DNA template, the PNA oligomer remains covalently
linked to its template. DNA polymerization can be used to
displace the PNA oligomer, allowing it to adopt a folded
structure. The ability to cycle through the translation of DNA
into a PNA oligomer, selection, and amplification, was
demonstrated using a PNA fragment derivatized with biotin,
thus establishing a precedent for the evolution of synthetic
polymers.57 This general concept was further developed for an
enzyme-free translation of DNA into sequence-defined synthetic
polymers that are structurally unrelated to nucleic acids (Figure
4B).58 For this purpose, sequence-defined polymer fragments
were transiently tethered to each end of a PNA codon (5-mer)
via disulfides and coupled by templated CuAAC, enabling
ligation of up to 16 fragments with >60% conversion of the full-
length product. Reduction of the disulfides yielded the DNA-
encoded polymer. This methodology was used to prepare a 26
kDa oligomer composed of 90 β-amino acid residues, thus
demonstrating the viability of the technology for the fabrication
of synthetic polymer products with molecular weights
comparable to those of biological origin. It was further shown

that following translation into a synthetic polymer, the DNA
template could be amplified using polymerase chain reaction
(PCR) to regenerate the synthetic polymer, again demonstrating
that DNA-templated translation can support the laboratory
evolution of a range of synthetic polymers and macromolecules
beyond the reach of previous technologies.
DNA-templated NCL has also proven valuable (Figure 5).

Seitz and co-workers used the high duplex stability of PNA−
DNA to achieve a templated reaction starting with double-
stranded DNA (dsDNA). Through the use of auxiliary PNA
fragments flanking the sequence employed in the templated
ligation, it was shown that the NCL reaction could be achieved
following a thermal denaturation.55 However, turnover in
templated ligation is difficult because of product inhibition. An
ingenious solution to this problem was to use an isocysteine in
the NCL, which yields a destabilizing ligation product, thus
reducing the product inhibition.59 More recently, Roloff and
Seitz60 used a postligation reaction to cyclize the ligated product,
thus preventing it from annealing to the template. It was shown
that the ligation−cyclization sequence (NCL followed by
iodoacetamide thiol reaction) on a substoichiometric template
provided higher yields in shorter times than a ligation-only
reaction.
Ladame and co-workers pioneered another interesting

templated ligation that yields diverse fluorophores (Figure 6).
The templated synthesis of a series of cyanine dyes through
aldolization−elimination reactions affords fluorophores that

Figure 4. Translation of DNA into synthetic polymers.
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emit from 550 to 645 nm from nonfluorescent starting
materials.61−63 This reaction was useful for the detection of
different DNA folds (G-quadruplex or hairpin) that affect the
proximity of the PNA probes and hence the kinetics and yield of
the fluorophore formation.
An alternative reaction design is to use templated trans-

formations that do not lead to ligation, thus alleviating product
inhibition. The inherent advantage of this strategy in terms of
signal amplification through higher turnover renders it an
appealing choice for nucleic acid sensing.64,65 Through a simple
modification of the reaction architecture, Seitz and co-workers
used NCL to achieve a templated transfer rather than a ligation
(Figure 7).66,67 Attesting to the achievable signal amplification, a
>400-fold turnover was calculated for a reaction performed at an
extremely low template concentration (10 pM; 0.01% template
loading) after 24 h. This reaction was also used for the templated
transfer of a biotin group from one PNA strand to another strand
bearing a His6 tag, thus enabling the use of an enzyme-linked
immunosorbent assay (ELISA) readout.67 The double amplifi-
cation (templated reaction/ELISA) enabled the detection of
HIV-I RNA in amounts as low as 500 amol (1 amol = 10−18 mol).
A second strategy for the consecutive amplification of the signal
output from a templated reaction was also reported. It uses a

templated Wittig olefination to yield a product that participates
in a fluorescence-enhancing host−guest interaction.68 In
addition to nucleic acid sensing, the templated NCL transfer
reaction was used to synthesize a bioactive peptide in response to
a template harboring an oncogenic mutation.69 Tumor cells
frequently overexpress a protein called X-linked inhibitor of
apoptosis protein (XIAP) that confers resistance to apoptotic
signals by inhibiting caspase-9. The templated reaction was
designed to yield a tetrapeptide ligand that outcompetes this
interaction and restores the apoptotic cascade in lysates.
The bioorthogonality of an azide reduction makes this

transformation a compelling choice for templated reactions
leveraged on cellular nucleic acids. Accordingly, coupling of an
azide reduction to a fluorescent output has attracted significant
attention. Although efforts using DNA and PNA probes have
been pursued,70−75 this discussion is restricted to recent
reactions with PNA. We have pursued two strategies to translate
nucleic acid-templated azide reduction into a functional output
(fluorescence or bioactivity): the reduction of azide-based
fluorogenic substrates and cleavage of an immolative linker
(Figure 8). The biological stability of PNA coupled with the fact
that modified PNAs (GPNAs) are cell-permeable lends itself to
imaging of cellular nucleic acids in live cells. This process was first
demonstrated using a templated Staudinger reduction of
azidorhodamine in response to an mRNA coding for MGMT76

or microRNAs (miRs).77 The same reaction manifold was
applied to the cleavage of an azide-based immolative linker used
to mask a fluorophore (rhodamine) or a bioactive molecule
(estradiol or doxorubicin).78 However, a limitation of the
Staudinger reduction is the propensity of fortuitous phosphine
oxidation. Inspired by the discovery that Ru(bpy)3Cl2 can
photocatalytically reduce azides,79 this reaction was adapted for
templated cleavage of the azide-based immolative linker or
reduction of the azide-quenched profluorophore.80 Compared
with the Staudinger reaction, this ruthenium-catalyzed version
benefits from the fact that only the azide component must be
exchanged on the template to achieve reaction turnover, thus
reducing competing hybridization with spent reagent. This
reaction proceeded with high signal amplification (>4000
turnovers at 0.002% template loading; 5 pM).81 Importantly,
the reaction is compatible with live-cell imaging, suggesting that
the redox cycle of the ruthenium catalyst is aligned with the
cellular redox buffer. We have extended the scope of this
templated reaction to detect protein dimerization or oligome-
rization using specific small-molecule ligands rather than nucleic
acids as a means to increase the effective concentration of the
reagents through biosupramolecular interactions.82

The combination of strand displacement and templated
reactions offers unique opportunities to engineer nonlinear
responses and logic gate operations. Using PNA derivatized with
a photolabile group that does not cleave upon exposure to light
with wavelengths above 350 nm and a complementary strand
with a sensitizer that is excited at 405 nm, we demonstrated that
the templated energy transfer could be used to cleave the photo
labile group and unmask a fluorophore (rhodamine, λex = 490
nm, λem = 530 nm). The templated sensitization of a nitrobenzyl
photolabile group was used to investigate the behavior of a
system with up to four components competing for mutual
interactions (Figure 9). By adjusting the hierarchy of the
interactions among the different duplexes through the number of
base pairs, we obtained a system that responds positively and
then negatively to increasing amounts of input. The unique

Figure 5. Templated native chemical ligations (NCL).

Figure 6. Templated formation of cyanine dyes.
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behavior of this system makes it amenable to diverse logic
operations (AND, NOT, XNOR, and NOR).

■ PNA-BASED ASSEMBLIES WITH SMALL
MOLECULES AND PROTEINS

The PNA tags provide a simple platform to “barcode” small
molecules or macromolecules and program their assembly
through self-complementarity or hybridization to a template.
These assemblies offer the opportunity to capitalize on the
synergy of the interactions between multiple ligands and a target
(Figure 10). A compelling advantage of a hybridization-based
dimerization or oligomerization relative to a covalent approach is
that a double-stranded nucleic acid presents a relatively rigid
scaffold with well-defined nucleobase spacing (3.4 Å). The
interligand distance can be tailored through the positioning of
multiple ligands along a single strand, which is rigidified upon
duplex formation (the relative orientation of the ligands will
depend on the position along the helix). Conversely, the
interligand distance can be controlled by the pairing of
disconnected sequences hybridizing at different positions of a
template. In the latter case, a flexible region in the linker can be
engineered using a single strand stretch in the template.
Pioneering work by Kobayashi and co-workers demonstrated

that the oligomerization of half-slide complementary DNA
fragments derivatized with galactose could be used to generate
periodic glycoclusters.83 Neri and co-workers used complemen-
tary strands to pair a library of small-molecule fragments.84 Using
a nucleic acid template to pair ligands rather than complementary
sequences offers the advantage of modulating the interligand
distance or ligand combination via template instructions. We first
implemented this concept to recapitulate the epitope of HIV,
which is composed of multiple copies of a high-mannose glycan
on the surface of gp120. A pilot library of 14 PNA-tagged

glycoconjugates that included mannose disaccharides joined by
linkers with different lengths were paired through hybridization,
varying the ligand combinations and interligand distances.27

Measuring the affinity of 32 different assemblies against 2G12, an
antibody directed at the glycan epitope, revealed a clear
distance−affinity relationship that was consistent with the
proposed binding of 2G12 with gp120 (Figure 11A). Notably,
neither of the PNA-tagged fragments had measurable affinities
for 2G12, thus demonstrating clear synergy of the templated
fragments. The same strategy was used to gain insight into the
optimal dimerization geometry for macrocyclic peptides
targeting DR5, an oligomeric TRAIL receptor.24 Concurrently,
Chaput and co-workers reported a hybridization-based pairing of
DNA-tagged peptide ligands (12-mers) to create high-affinity
bivalent reagents85 with a 1000-fold enhancement in affinity over
the individual peptides. Seitz and co-workers further extended
the scope of this approach by bridging binding sites on opposite
faces of a lectin (65 Å apart) using a 100 Å DNA linker with an
unpaired region to accommodate bending around the protein
(Figure 11B).12,86 Other examples include dimerization of
ligands targeting the SH2 domain87 and the estrogen receptor.88

Although PNA and DNA have been used for hybridization-
directed assemblies of small-molecule ligands, the high density of
negative charges on DNA can affect the interaction of the
assembly with the target. In two cases, a PNA-templated
assembly had superior affinity compared with the corresponding
DNA-templated assembly.24,26 Appella and co-workers further
demonstrated that hybridization-based assemblies targeting the
αvβ3 integrin receptor with a PNA-tagged cyclic RGD motif are
functional in vivo.11 Optimal efficacy was obtained by screening a
library of 52 different DNA-templated assemblies that system-
atically varied valences and geometries. When PNA−DNA
duplexes derivatized with one to three ligands were compared, a

Figure 7. Applications of templated transfer reactions via native chemical ligation.
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progressive improvement in the IC50 was observed, which was
consistent with the model of three ligands simultaneously
binding the trimeric integrin receptor (Figure 11C). The activity
also increased with the number of consensus sequence repeats
along longer DNA templates, suggesting that longer templates
can span multiple receptor clusters. The assembly displaying five
repeats of the trisubstituted RGD−PNA adduct was found to
yield a 100-fold enhancement in binding compared with the

cyclic peptide alone and to afford a 50% reduction in tumor
colonies in a mouse model. More recently, the same approach
was used to dissect the multivalent effects of ligand binding to the
A2A adenosine receptor (a drug target for neurodegenerative
conditions belonging to the G-protein-coupled receptor
family).26

An attractive opportunity presented by templated displays is
the combinatorial pairing of ligands from PNA-encoded libraries

Figure 8. Templated azide reduction to unmask a fluorophore or bioactive molecule.

Figure 9. Four-component system based on template photo-deprotection.
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using DNA templates in solution or in a microarray format
(Figure 12). From a molecular diversity standpoint, the ability to
combine different pharmacophore fragments affords a rapid
entry into a large molecular diversity space. Since the templates
corresponding to the fittest assemblies (fragment pairs) can be
enriched following an affinity selection against a target of interest
and amplified via PCR, the process can be used for reiterative
cycles of selection/amplification (Figure 12A). We demon-
strated this process with a screen against carbonic anhydrase.25 It
was shown that reiteration of the selection/amplification cycle
starting with a library of 62500 assemblies provided convergence

toward a fragment set that upon resynthesis as a covalent adduct
had an affinity of 87 nM for carbonic anhydrase (neither
fragment had an affinity below the micromolar level). The same
strategy was used to optimize binders to DC-SIGN using a glycan
library.89 DC-SIGN is a tetrameric lectin implicated in
interactions with a broad array of pathogens, including HIV. In
this example, screening a library of over 37000 members led to
the identification of an assembly with 30-fold-improved binding
over the unmodified mannose assembly (neither fragment had
measurable affinity individually). Notably, a dendrimer derivat-
ized with the identified ligand was shown to outcompete the
interaction of HIV’s gp120 with dendritic cells at 10 μM. These
examples demonstrate that templated display extends the scope
of reiterative selection/amplification technologies to glycans and
small molecules broadly recognized as versatile pharmacophores.
Alternatively, the combinatorial pairing can be performed on a

DNA microarray to afford spatially resolved assemblies (Figure
12B). The fittest ligand pair is then identified via incubation of
the array with a tagged protein. We used this approach to
assemble a diverse array of glycans from simpler libraries28,30 or
small-molecule fragments. The fittest fragment pairs can then be
incorporated into a focused library, covalently pairing them
through diverse likers. The focused library can be further
enriched with closely related analogues to the selected fragments.
This screening strategy led to the discovery of the lowest-affinity

Figure 10. Hybridization-based assemblies to display small molecules.

Figure 11. Selected examples of hybridization-based small molecule displays.
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ligands for Hsp70,46 the first covalent inhibitor of bromodo-
mains,47 and a potent ligand of LecA.29

Tagging of macromolecules with DNA is well-established,90

but the unique chemistry, duplex stability, and metabolic
robustness of PNA can be advantageous. The compatibility of
PNA with expressed protein ligation (EPL) tagging was
exploited for DNA-directed immobilization of proteins in a
microarray format (Figure 13A).49 PNA tags have also been used
to program the assembly of antibody fragments (Figure 13B).50

On the basis of the interest in bispecific antibodies, a strategy to
rapidly access and evaluate heterodimers (bispecific) or higher-
order oligomers should facilitate the discovery of the optimal
pairing, geometry, and valency. As a model system, site-
selectively tagged Fab (oxime ligation) directed at Her2, a
receptor overexpressed in several cancers, was self-assembled
into well-defined multimeric complexes. A 12-mer PNA tag
afforded sufficient duplex stability for the assembly to be analyzed
by sodium dodecyl sulfate (SDS) polyacrylamide gel electro-
phoresis and to withstand long incubation times in serum
without degradation. The PNA-based αHer2 homodimer
exhibited cellular activity comparable to that of trastuzumab
(an FDA-approved antibody) and was more effective than the
comparable DNA-based dimer. A higher-order oligomer (αHer2
tetramer) further enhanced the efficacy, achieving an EC50 of 4.6
nM in a cellular assay, which is 6 times more effective than

trastuzumab. The generality of this approach was applied to the
generation of bifunctional heterodimers with αCD3 Fab
(αHer2−αCD3 and αCD20−αCD3) that were shown to direct
T-cell-mediated cytotoxicity to tumor cells in vitro (the
unconjugated Fab fragment had marginal activity). These
examples illustrate the fact the multimeric constructs can be
rapidly generated by mixing the relevant Fab−PNA subunits
combining “binders” and “effectors”. Hybridization-based
protein assembly was also used to direct the assembly of
multiple PNA-tagged monomeric teal fluorescent protein
(mTFP). Fluorescence resonance energy transfer (FRET) across
the different fluorescent proteins was evaluated by anisotropy
and showed a clear decrease from the monomeric unit to the four
adjacent units (Figure 13C), which is consistent with homo-
FRET.91

■ PNA IN DNA-BASED NANOSTRUCTURES
A straightforward strategy to direct molecules to discrete
locations within a DNA-based assembly is to capitalize on
hybridization.92 To ensure sufficient thermal stability at room
temperature, sequences of 15−20 nucleotides are typically used,
which form 5−6.5 nm long dsDNA helices. However, this length
can be prohibitive in smaller structures, such as tetrahedral DNA
nanocages.93 Fromme and co-workers demonstrated that such
DNA nanocages can be assembled leaving a short unpaired

Figure 12. Hybridization-based combinatorial pairing of ligands and selection.
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region (eight nucleotides) that was sufficient to hybridize PNA
derivatized with peptides, fluorophores, or proteins (Figure
14A), clearly benefiting from the high duplex stability of
PNA.53,94 The ability to introduce various proteins into a
defined position within a 3D structure offers a robust approach
for studying functional interactions of different proteins.
Komiyama and co-workers constructed DNA origami forceps

that can be imaged using atomic force microscopy (AFM),
enabling its use in the visualization of various binding events
between biochemical targets (biotin−streptavidin, antigen−
antibody, metal ions interacting with DNA) through the motion
in the forceps (Figure 14B).95 It was shown that actuation of the
forceps could be achieved by outcompeting a DNA duplex
interaction with the formation of a PNA−DNA triplex, triggering
a drastic shape transition. AFM imaging and gel electrophoresis
provided a clear observation of PNA invasion using nano-
mechanical DNA origami devices.96

■ CONCLUSION

It is safe to predict that the use of nucleic acid-based
supramolecular assemblies will continue to yield novel
applications and advances. Although DNA has been at the
center of most assemblies and enjoys a greater economy of scale
than PNA, there are a growing number of examples in which the
unique properties of PNA have been empowering. The fact that
PNA-based templated processes can be interfaced with biology
for in cellulo or in vivo applications paves the way to new
developments in therapeutic and diagnostic applications. Several
PNA-based technologies are compatible with reiterative cycles of
selection/amplification, extending the scope of in vitro evolution
to synthetic molecules.
We hope that the examples presented in this Account will

encourage practitioners in supramolecular chemistry, systems
chemistry, and DNA nanotechnologies to embrace and further
develop the use of PNA as programmable supramolecular tags.

Figure 13. Hybridization-based assemblies of macromolecules.

Figure 14. PNA in DNA-based nanostructures.
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