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This tutorial review serves as an introduction to the use of oligonucleotides and in particular

peptide nucleic acids (PNAs) to encode function beyond heredity. Applications in chemical
biology are reviewed starting with the use of nucleic acid tags to program self-assembled
microarrays of small and macromolecules, followed by the use of nucleic acid templated reactions
for the purpose of DNA or RNA sensing and finally, the use of nucleic acid templates to display

ligands.

1 Introduction

Following the landmark publication of the structure of DNA
by Watson and Crick, generations of scientists have been
inspired by the programmable nature of nucleic acid hybridi-
zation and have sought to apply these principles beyond their
natural function. From a supramolecular perspective, oligo-
nucleotides of just 11 residues assembled with the basic four
letter alphabet offer over 1 million unique sequences that can
be used to tag or barcode small- or macro-molecules. The tags
can be used to organize mixtures of labeled entities based on
hybridization with applications ranging from material science
and nanotechnology to chemical biology.! The binding
strength of oligonucleotide complexes can be conveniently
tuned by varying the type of nucleic acids and the lengths of
the oligomers. The tagged components can then be positioned
on surfaces, assembled as dimers or higher order structures
based on the complementarity of their tags with nucleic acid
templates. Conversely, the supramolecular organization can
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be used to bring reactive species within the proper alignment
to induce a reaction. The capacity of natural or unnatural
oligonucleotides to program assemblies has important appli-
cations at the frontiers of chemistry and biology which will be
reviewed herein.

2 Peptide nucleic acids (PNAs)

PNAs are functional analogues of the natural oligonucleotides
where the ribose—phosphate backbone has been replaced by an
N-(2-aminoethyl)glycine unit (Fig. 1).* Despite the additional
conformational flexibility of the backbone, Nielsen and co-
workers demonstrated in the early 1990s that PNAs hybridize
similarly to DNA or RNA following the same Watson and
Crick base pairing rules as for natural oligonucleotides and
that PNAs hybridize preferentially in the antiparallel mode
(amino terminus of the PNA facing the 3’-end of the oligo-
nucleotide). Impressively, PNA-DNA complexes were found
to be more stable than the corresponding DNA duplexes and
the deleterious impact of a base-pairing mismatch on the
complex’s stability was higher for PNA-DNA than for
DNA-DNA (a single mismatch within the sequence typically
reduces the thermal stability (7},,) of a PNA-DNA complex by
8-20 °C). The increased thermal stability of PNA-DNA or
PNA-RNA complexes compared to DNA or RNA duplexes is
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Fig. 1 Structure of PNA and DNA oligomers.

attributed to the lack of negative charges on the PNA back-
bone thus avoiding the inherent electrostatic repulsive inter-
action of natural oligonucleotide duplexes. Accordingly, the
PNA-DNA interaction is less sensitive to the presence of salts
which can dissipate the charge of the phosphate groups and
attenuate the repulsive interaction in natural oligonucleotide
(the thermal stability of DNA duplexes increases significantly
in a 1 M NaCl solution relatively to 0.1 M NaCl). The
enhanced recognition properties have brought tremendous
attention to PNAs and their application in diagnostics and
as biochemical reagents. From a chemistry perspective, while
the automated synthesis of DNA is exquisitely well optimized,
the sensitivity of the purine—glycoside bond to acidic condi-
tions limits tremendously the protecting group combinations
which may be used for DNA or RNA synthesis. On the other
hand, the oligomerization of PNA relies on a simple peptide
bond formation (Fig. 2) and the chemical stability of the
PNAs to strong acids and bases allows a diversity of protect-
ing group for the terminal nitrogen (including Fmoc and Boc)
and nucleobase (amides, Cbz or acid labile protecting groups)
to be used. Thus PNA synthesis is more prone to be compa-
tible with other chemistries for the tagging or co-synthesis of
small- or macro-molecules. Last but not least, despite the
peptidic structure of the PNA backbone, PNAs are not prone
to enzymatic degradation by proteases and, contrarily to
DNA or RNA, have been found to be stable in vivo and in
cell extracts. However, cellular permeability of oligonucleo-
tides including PNA remains a significant hurdle for any
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Fig. 2 Solid-phase synthesis of PNA: PNA monomers with different
protecting group combinations on the terminal nitrogen (PG') and
nucleobase nitrogen (PG?) are oligomerized under a standard peptide
synthesis protocol using HBTU or other condensing agents and
released from the resin under acidic or basic treatment (the nucleobase
protecting groups are typically removed simultaneously).

cellular application. A solution is to temporarily disrupt the
cellular membrane by electroporation or pore forming agents
to allow penetration of the oligonucleotides. While these
techniques have enabled important experiments, their utility
is limited to cells in cultures and results in significant cellular
stress which may bias experiments. For natural oligonucleo-
tides, cationic polymers can complex to the phosphoribose
backbone and enhance their cellular permeability. This tech-
nique has been found effective to introduce the DNA or RNA
inside cells* however, it does not work for PNAs due to their
uncharged backbone. Much effort has been devoted to im-
prove the cellular permeability of PNAs by appending cell
penetrating peptides or small molecules which are actively
taken up by cells with moderate success. Alternatively, a
number of modifications in PNA structure were investigated,
of which GPNA (a PNA analogue containing an arginine
residue rather than a glycine residue—Fig. 3) was shown to be
effectively internalized by cells and able to repress the tran-
scription of mRNA.> Most importantly, GPNAs were found
not to be toxic at concentrations up to 10 uM thus raising the
possibility that this modification could offer a viable platform
for other applications requiring cellular penetration without
the use of additional reagents. On the other hand, a limitation
of PNAs relative to natural oligonucleotide is the fact that
they are not substrates for polymerases and thus cannot be

This journal is © The Royal Society of Chemistry 2008
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amplified by the polymerase chain reaction (PCR). A more
practical limitation is that PNA oligomers are not commer-
cially available and their synthesis is not as streamlined as
DNA, thus currently limiting their use to laboratories with
PNA (or peptide) synthesis capabilities.

3 Tagging small- and macro-molecules for
self-microarraying

Microarrays are typically prepared by immobilizing small
amounts of sample on a glass surface at a density of 10000
analytes cm ™2 for contact printing to >100000 cm ™2 for
photolithographic preparations which can be screened with
50 to 300 pL of sample.® This format emerged as a highly
attractive solution in response to the increasing pressure to
boost screening throughput and reduce sample requirement
following advances in genomics. The microarray enables the
parallel detection of thousands of analytes in a few microliters
and as such represents at least a thousand-fold miniaturization
relatively to the classical 384-well microtiter plate format. It
was widely embraced in the late 1990s to measure the quantity
of cellular extract of mRINA and its success enticed researchers
from other disciplines to embrace it for small molecules,
carbohydrates, antibodies and other proteins.® The homoge-
neous physicochemical characteristics of oligonucleotides are
well suited for a generic immobilization method, however the
diversity amongst small molecules and proteins required de-
velopment of novel immobilization strategies. Several elegant
solutions exploiting bio-orthogonal reactions (oxime forma-
tion, Staudinger ligation, Huisgen cycloaddition, Fig. 4) and
more indiscriminate reactions based on carbene formation
were reported. Aside from the additional immobilization
challenges, the detection of interactions involving proteins
on microarrays revealed itself to be more complicated than
with oligonucleotides, again in part due to the more diverse
properties of proteins and the tendency of certain proteins to
be unspecifically adsorbed onto surfaces.

Alternatively, small molecules or proteins can be tagged
with oligonucleotides and microarrayed by simple hybridiza-
tion to readily available DNA microarrays (Fig. 4). This
strategy has been successfully implemented for antibodies
and proteins, carbohydrates and small molecules. The possi-
bility of arraying protein libraries tagged with DNA by
hybridization was first demonstrated by Niemeyer er al.” This
strategy was later refined with the use of PNAs which could be
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Fig. 4 Immobilization to a microarray by chemoselective coupling or
hybridization.

readily derivatized with a terminal cysteine residue. This
cysteine enabled the use of the native chemical ligation, which
relies on a fast transthioesterification of the terminal cysteine
with the protein thioester followed by a S to N migration, thus
yielding a native peptide bond. Using intein-fusion proteins
(proteins that spontaneously convert to thioesters) which can
be readily expressed, the PNA could be chemoselectively
coupled to the C-terminus of the proteins and effectively
purified in the hybridization step.® The utility of oligonucleo-
tide-tagged antibodies was recently extended by Heath and co-
workers who showed that a mixture of different cell types
could be resolved on a microarray by incubating the cell
culture with oligonucleotide-tag antibodies specific to each
cell type.® As a proof of principle, two cell lines expressing a
green fluorescent protein and a red fluorescent protein respec-
tively were separated on the microarray (Fig. 5).
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Fig. 5 Two different cell populations expressing a red and a green
fluorophore, respectively are incubated with specific antibodies tagged
with oligonucleotides. Upon hybridization of a mixture to a DNA
microarray, the cells are separated in the respective populations.

For the purpose of small molecule microarrays, we have
shown that PNA-encoding offers significant advantages.'® The
flexibility of the PNA synthesis can accommodate most reac-
tions used in combinatorial synthesis. The library can thus be
synthesized using the powerful mix-and-split technique with a
unique three to four letter codon for every building block in
the library. At the end of the synthesis, the library is cleaved
from the polymeric support affording a mixture in solution
where every library member is covalently linked to a PNA tag
which encodes its synthetic history, hence, its structure
(Fig. 6). By hybridizing this library to readily available
DNA microarrays, every compound is immobilized at a
programmed location based on the PNA tag. An advantage
of this immobilization strategy is that the library can be
screened in solution prior to the immobilization thus avoiding
potential problems associated with the display of ligands on
surfaces (non-specific interaction of proteins with the surface
and high local concentration of a given ligand or substrate at
its site of immobilization). A second advantage is that it offers
a detection method which is simply not possible with small
molecules covalently immobilized on the microarray. As
shown in Fig. 6, the library of PNA-encoded small molecules
can be separated from macromolecules either by size exclusion
filtration (filtration through membranes with defined pore size)
or by gel electrophoresis. Thus, inhibitors or ligands to
proteins of interest can be separated from the inactive com-
pounds prior to hybridization. This technique has been used to
discover a selective inhibitor against a dust mite protease from
crude dust mite extract!' and to identify selective inhibitors
against closely related proteases.'? This technique was also
used to measure the activity of proteases in complex mixtures
such as crude cell lysates'® or to measure kinase specificity.'*

—c

Cleavage from
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PNA-encoded split - mix
combinatorial synthesis

Orth agmmi‘
profecting groups

incubation

separation \B

hybridization

Fig. 6 Synthesis and screening of PNA-encoded libraries. Starting
from a resin bearing a linker with two orthogonal protecting groups,
the library can be synthesized on one arm of the linker while the other
arm is used for the PNA synthesis. Cleavage of the library from the
resin affords the library as a mixture in solution (top). The library can
be incubated with proteins as a mixture and the compounds that are
not bound to proteins are separated by size exclusion or gel electro-
phoresis. Hybridization then reveals the structure of the ligand
(bottom).

The utility of nucleic acid tagged small molecules was further
extended by Niemeyer and co-workers to immobilize live cells
in a microarray format based on the interaction of cell surface
receptors with small molecules immobilized on the microarray
through hybridization."

4 Templated reactions and nucleic acid sensing

Reactions accelerated by the preorganization of two reactive
species on a nucleic acid template have a long history in
prebiotic chemistry.'® However, applications of this concept
beyond the questions related to nucleic acid amplification are
more recent.!” A useful and interesting application is the design
of reactions that yield fluorescent products for the detection of
specific nucleic acid sequences.'® While imaging technologies
have had a tremendous impact on our understanding of protein
function and dynamics,'® there does not exists a general
solution to image messenger, ribosomal or micro RNA in
intact non-engineered cells. A particularly attractive feature
of nucleic acid templated reactions is the fact that the template
could act catalytically (if the product of the reaction does not
compete unfavorably with the starting materials) thus provid-
ing a highly sensitive detection method. In an elegant demon-
stration of this concept, Ma and Taylor showed that short

This journal is © The Royal Society of Chemistry 2008
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Fig. 7 DNA-templated hydrolysis of nitrophenol.

DNA fragments bearing an imidazole on the 5’-end of a 15-
mer could hydrolyze a nitrophenol ester on a second DNA
probe (9-mer) upon exposure to a complementary template
(Fig. 7).%° The authors showed that the template turned over
leading to a higher concentration of nitrophenol than template
and suggested that this concept could be used to release
chemotherapeutic agents in response to specific genetic infor-
mation. While the labile ester required for imidazole-catalyzed
release may not be compatible with cellular chemistry, the
Taylor group reported a second generation leveraged on the
reactivity of the aza-ylide generated in a Staudinger ligation
between two PNA strands to hydrolyze a quenched fluorescein-
ester (Fig. 8).>! The reaction proceeded under physiological
conditions and with good mismatch selectivity (over 30-fold
difference in reaction rate for a single mismatch) using 1 M
template. However, partial phosphine oxidation was noted to
limit the yield and applicability of this particular system. Kool
and co-workers developed an alternative strategy based on
nucleophilic thiophosphonate from one DNA strand displa-

Fig. 8 DNA-templated unmasking of fluorescein via a Staudinger
reaction.

\ quenched fluorophore

Fig. 9 DNA-templated displacement of a fluorophore quencher
(Dabsyl) from a fluorescently labeled strand.

cing a fluorophore quencher (Dabsyl) from a second DNA
strand upon hybridization to a nucleic acid template (Fig. 9).%
While their early efforts yielded ligated products with higher
affinity for the template than either starting material resulting
in product inhibition, this issue has been resolved by introdu-
cing a three-atom spacer in the ligation site.* This additional
spacer affords a distorted product which favours dissociation
and template turnover thus enabling 17-100 fold signal ampli-
fication. Most impressively, this system was successfully used
to detect ribosomal RNA in human cells. For this purpose,
modified RNA were used to enhance cellular stability and
pore-forming peptides added to the cell culture to enable
cellular delivery of the probes.?* Seitz and co-workers have
also recently developed two systems capable of high turnover,
both being inspired by the native chemical ligation. In the first
one, two PNA segments are ligated through a transthioester-
ification to yield a product which rapidly rearranges thus
yielding a less stable duplex which facilitates dissociation of
the template and turnover (not shown).”>* The second and
more recent system is based on the transfer of a fluorophore
quencher from one PNA strand to another, each strand
bearing a different fluorophore (Fig. 10).2*” This system is also
based on a templated transthioesterification however it leads to
the transfer a quencher rather than a ligation. The subsequent
rapid S to N acyl migration yields a stable amide bond thus
making the transfer irreversible. The progress of the reaction
can be measured by both the increase in intensity of one colour
and decrease of the second colour thus providing a particularly
sensitive detection (albeit partial thioester hydrolysis is difficult
to avoid).

We have recently introduced a system combining the virtues
of the bioorthogonal Staudinger reaction with catalytic tem-
plate turnover based on an azide-quenched coumarin fluoro-
phore.?® Upon hybridization to the template the phosphine
reduces the azide leading to a highly fluorescent coumarin
product. For the purpose of diagnostics, we noted that the
reaction performance could be increased with the use of
formamide as a co-solvent thus resulting in extremely fast
conversion (over 20% conversion using low nM concentration
of the template within 30 min) and single nucleotide resolution
(Fig. 11).

5 Ligand presentation and conformation control

The prospect of using supramolecular assemblies programmed
by hybridization to display multiple ligands or controlling a
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Fig. 10 DNA-templated transfer of fluorophore quencher (Dabsyl,
black ball) from one PNA strand labeled with a yellow fluorophore
(fluorescein) to a green fluorophore (rhodamine).

ligand conformation has also been explored. In the first case,
the work was carried out with DNA tags to capitalize on tag
amplification by PCR.?’ As a proof of principle, Neri and co-
workers demonstrated that starting with a known small
pharmacophore, the affinity for its target could be increased
by a factor >40 fold in an analogous process to phage display
maturation. The two proteins used in this first pilot experiment
were human serum albumin and bovine carbonic anhydrase.
Thus, starting with a library of a sulfonamides coupled to the
3’-end of one strand, which was hybridized to 137 oligonu-
cleotides bearing a small molecule at the 5'-end as well as a
6-mer overhang on the 3’-end encoding the structure of the
small molecule (Fig. 12) led in each case to the identification of
a small molecule which, once covalently linked to the phar-
macophore with the appropriate linker (three lengths were

O
/

Fig. 11 DNA-templated reduction of azidocoumarin.
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Fig. 12 Affinity maturation for small molecule by DNA-mediated
dimerization with a small molecule library.

tested), resulted in a 40-fold increase in affinity (from 146 uM
to 4 uM for human serum albumin and from 1 uM to 25 nM
for bovine carbonic anhydrase) (Fig. 13).

To control the conformation of a flexible peptide, Seitz and
co-workers used a known ligand for the SH2 domain flanked
by two PNA sequences. They demonstrated that they could
tune the affinity of this peptide for its target by biasing its
conformation through hybridization to nine different oligonu-
cleotides bearing inserts from 0 to 9 nucleotides between the
hybridization sites thus leading to a restricted conformational
landscape for each complex.?® It was shown that the confor-
mationally fittest complex had at least 10-fold higher activity
than the least fit complex. The authors noted that in this case,
the use of PNA was deemed important as their cellular
stability raises the possibility of controlling a ligand confor-
mation in response to specific genomic information within a
cell. Additionally, the conformation could be switched in a
reversible manner by the addition of competing oligonucleo-
tide strands.

Fig. 13 Control of ligand conformation and topology by hybridiza-
tion to different templates.
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6 Outlook

It is safe to predict that nucleic acid-based programmed
supramolecular assemblies to achieve new biological functions
whether by controlling dimerization, conformation or the
position of a ligand on a surface or nanostructure will
continue to find new applications. PNAs are an attractive
platform in this endeavour owing to their biological stability,
flexible chemistry and high affinity. Furthermore, the ability of
PNA to form triplexes or quadruplexes under some circum-
stances could be beneficial. While several important proofs of
concept have been reported regarding templated reactions and
ligand display, the ability to carry out these experiments in
cells or whole organisms without recourse to membrane
permeabilization techniques will open new horizons.

Abbreviations

Alloc  Allyloxycarbonyl

Boc tert-Butyloxycarbonyl

Cbz Benzyloxycarbonyl

Fmoc  9-Fluorenyloxymethyl carbonyl
PNA  Peptide Nucleic Acid

PCR Polymerase chain reaction
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