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Introduction

There is a long-standing interest in
the discovery of peptidic ligands and in-
hibitors for biomedical research. Phage
display[1] offers an elegant solution for
interrogating a large library of peptides
(typically 106–109) and has enabled the dis-
covery of a number of peptidic ligands.[2]
Chemical modifications through chemose-
lective derivatization of cysteines has fur-
ther broadened the scope of this powerful
technology.[3,4] Alternatively, ribosomal
display technologies have also been used
to interrogate large libraries of peptides
(>1012).[5,6] The ability to include tRNA
loaded with modified amino acids has also
broadened this technology beyond the 20
canonical amino acids.[7,8] Technologies
based on cell-free translation of RNA into
peptidic libraries have also yielded numer-
ous ligands.[9] In parallel, the development
of combinatorial peptidic libraries synthe-
sized bymix and split techniques[10,11] have
facilitated access to modified peptides or
peptoids but analysis of the fittest ligand
from a large synthetic library is compara-
tively complicated by the fact that it is not
genetically encoded. Over the past decade,

several technologies that facilitate the gen-
eration of nucleic acid-tagged peptidic li-
braries by chemical synthesis or templated
synthesis have been reported. This review
summarizes these recent developments
and discusses additional use of nucleic ac-
id tags for dimerizing (or oligomerizing)
ligands to capitalize on the synergy of their
interactions with a target or to control their
conformation.

Synthesis of Nucleic Acid-tagged
Libraries

Four different approaches have been
described to chemically synthesize nucleic
acid-encoded peptide or peptoid libraries,
with the first libraries reported in 2004 (Fig.
1). The method developed by the group of
D. Liu utilizes DNA-tagged reagents that
are engaged in a reaction with appropri-
ate DNA-tagged substrates based on their
complementarity (Fig. 1A).[12–14] This
DNA-templated synthesis (DTS) allows a
library to be synthesized in a single reac-
tion vessel since the reagents sort them-
selves on the appropriate template based
on their complementarity. This technology
effectively enables researchers to translate
aDNA sequence into an artificial oligomer.
The method developed by our group utiliz-
es peptide nucleic acids (PNAs)[15] as the
encoding element.[16,17] PNA synthesis is
essentially peptide chemistry that bypasses
the requirement of an oxidation step pres-
ent in DNA synthesis as well as the liabil-
ity of depurination under acidic conditions
typically employed in peptide synthesis.
Thus, PNA encoding can be performed by
chemical synthesis in parallel with library
synthesis (Fig. 1B). Several protecting
group strategies have been reported that
enable co-synthesis of PNA with standard
Fmoc-based strategies for the peptide,
making PNA-encoded synthesis (PES)

compatible with standard solid-phase
synthesis techniques.[18,19] The third strat-
egy was reported by the group of Harbury
and utilizes immobilized anti-codons to
isolate and route the different members
within a library of ssDNA (Fig. 1C).[20–22]
Once separated, each strand is chemically
derivatized using DNA-compatible chem-
istry.As for DTS, this technique effectively
enables the translation of a DNA sequence
into an artificial oligomer. The fourth strat-
egy was pioneered by the group of Neri
(Fig. 1D) and makes use of stepwise enzy-
matic DNA-tagging.[23,24] With this meth-
od, pools of different oligonucleotides that
contain an encoding segment flanked by
primer-binding segments are chemically
derivatized, mixed, and split (and deprot-
ected if necessary) to introduce the second
synthon of diversity. The encoding DNA
for this second synthon of diversity is in-
troduced by hybridization to the primer
region of the oligonucleotide encoding
the first step, followed by Klenow-assisted
DNA polymerase.

While all four strategies have proven
to be robust and enable the synthesis of
peptide-based libraries, there are impor-
tant technical differences in the chemistry
that can be performed and in the nature
of the tag. In the first case, DTS has been
shown to be exceptionally versatile in the
type of chemistry that can be performed.[13]
A 13,000-member library of peptidic
macrocycles was prepared using three se-
quential DNA-templated peptide coupling
(NHS activation of the acids) followed by
stabilized Wittig macrocyclization.[14] The
synthesis was performed using a library
of templates bearing primers on both ends
with three 10-nucleobase sections used for
each step. This library was used to identify
an Src kinase inhibitor (Fig. 2).[14,25] For
PES, codons of 3 to 4 nucleobases are used
at each encoding step, affording a PNA of
12–16mer. Several PNA-encoded peptidic
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ogy.[33]A conceptually related strategy was
used to encode a 108 member heterocyclic
library.[34]

Screening and Decoding

Screening of nucleic acid-encoded li-
braries is generally performed by selecting
the fittest member and then decoding its
sequence (Fig. 3). Using a PNA-encoded
library of mechanism-based inhibitors tar-
geting cysteine proteases, it was shown

libraries of up to 10,000 members have
been reported, yielding protease inhibi-
tors,[26–28] GPCR ligands, and cell-specific
targeting peptides.[29–31] For DNA-routing,
20-nucleobase coding regions are used for
each synthon of diversity flanked by 20-nu-
cleobase constant regions.[20–22] A peptoid
library involving reiterative coupling of
DMT-activated chloroacetic acid followed
by nucleophilic displacement using pri-
mary amines was prepared. Remarkably,
this procedure was found to be sufficiently
robust to perform up to six iterations, thus

making use of a 340-nucleotide DNA tag.
This library was used to identify a ligand
for the Crk-SH3 binding site (Fig. 2) out
of 108 peptoids.[32] For Klenow-assisted
DNA polymerase, a 6-nucelobase coding
region was used with a 18-mer constant
region serving a primer binding sites. This
method was used to assemble two dif-
ferent 4,000 to 30,000-member peptidic
libraries using an amide coupling to join
the two elements of diversity.[23,24] Other
libraries based on cycloaddition chemistry
have also been reported using this technol-
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Fig. 1. Synthesis of nucleic acid-tagged peptidic libraries. The methods are also applicable to other biologically relevant libraries (heterocycles, glycan).
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Fig. 2. Selected examples of peptidic inhibitors discovered from nucleic acid-encoded libraries.
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ty purification of the best binder. For DNA-
encoded libraries, PCR amplification and
sequencing of the tag afford the identity
of the selected compounds.[12,32,38,39] The
power of next-generation sequencing to
provide a quantitative readout (current
technology provides a sequence output of
>107 sequence reads) was rapidly recog-
nized.[23,34]

While PNA tags cannot be amplified
by PCR or directly sequenced, a comple-
mentary DNA strand can be used for this
purpose, thus providing a way around this
limitation. This has been implemented in
two different formats. In the first, a DNA
template is used to pair two sets of PNA-
encoded fragment (Fig. 5). Following se-
lection, the encoding DNA can be ampli-
fied by PCR to decode the optimal frag-
ment combination. It was further shown
that the amplified DNA template recovered
from a first selection could be used to re-
assemble the library of selected fragments
(unselected fragments do not hybridize and
are washed away). The selection and DNA
amplification/reassembly can be reiterated
to refine an optimal fragment combination.
The DNA-encoded approach was used to
identify ligands binding to carbonic anhy-
drase[40] and DC-SIGN[41] (see discussion
belowonDNAdisplay).The second format
using a complementary DNA sequence to
amplify the result of PNA-encoded selec-
tion was applied to identify cell surface
receptor ligands. Following affinity selec-
tion of the PNA-encoded peptide library on
whole cells over-expressing a cell surface

that size-exclusion filtration (30 KDa spin
filter) could be used to select for the best
binders (out of a 4,000-member library)
that remained covalently linked to their
target.[26] Alternatively, gel electrophore-
sis has also been used to separate prote-
ase-inhibitor adducts from the rest of the
library.[27] Hybridization of the selected
fraction onto a microarray revealed the
identity of the best binders. This selection
was possible because of the significant
difference in molecular weight between
the unbound PNA-inhibitors (4–6 KDa)
and the adduct with a target protein (>30
KDa). A fluorophore was appended to the
end of the PNA for detection on the mi-
croarray. This microarray-based decoding
provides a rapid and practical decoding
solution. However, because of the limited
oligonucleotide length in most microarray
formats, this decoding lends itself more
readily to PNA-encoded libraries with
shorter oligonucleotide encoding schemes.
Commercial custom microarrays continue
to improve the length and density of DNA

and are currently available with up to 1
million sequences and oligonucleotides
of 60 nucleobases. However, parallel de-
velopment of next-generation sequencing
(discussed below) is providing a compel-
ling alternative for large-scale decoding.
The microarray decoding was also used to
profile the preferred substrates for prote-
ases and kinases.[17,19,35,36] Quantification
of enzymatic activity from complex pro-
teomes including crude cell lysates is one
of the major targets of current research.[37]
For proteases, PNA-encoded libraries of
substrate (either fluorogenic substrates[35]
or substrates flanked by a fluorophore and
a quencher,[19] Fig. 4) were treated with a
protease, and the fittest substrate was iden-
tified following hybridization. For kinase
substrates, the phosphorylated peptides
were identified using a specific anti-phos-
photyrosine antibody.[17,36]

Aside from the aforementioned size-
exclusion separation, selections are more
generally performed by immobilization of
the target onto a matrix, followed by affini-

N
H

O
OO

N
H

HN

O
H
N

N
H

O

R1 O

R2
H
N

NHAc

O

R3 O

R4

H
N

N
H

O

R1 O

R2
H
N

NHAc

O

R3 O

R4

NH

H
N

N
H

O

R1 O

R2

N
H

NHAc

O

R3 O

R4

H
N

O

HO

N
H

N
H

H
N

N
H

O

R1 O

R2
H
N

N
H

O

R3 O

R4

1. protease

2. microarray
hybridization

1. kinase

2. microarray
hybridization

O

F1

F2

F
antiphosphotyrosine

Protease substrate library

Kinase substrate library

1. protease

2. microarray
hybridization

Fig. 4. Substrate profiling for proteases and kinases.

Fig. 5. DNA display of paired ligands. Following
selection, the DNA-templating strand can be
amplified by PCR and sequenced or used to
reassemble the library of selected fragment
pairs.

Library of
nucleic acid
tagged
molecules
(PNA, ssDNA or
dsDNA)

Decoding (microarray hybridization, Sanger sequencing,
Next-generation sequencing)

Selection:
affinity purification
(immobilized target or cell
overexpressing a receptor),
size exclusion filtration, SDS
PAGE

PCR amplification
and "translation"
into the correspon-
ding molecule

Fig. 3. Schematic
representation of se-
lection and decoding.



908 CHIMIA 2013, 67, Nr. 12 PePtide Science in Switzerland

receptor (integrins or CCR6), the recov-
ered PNA tags were exposed to a library
of complementary DNA and the mixture
was subjected to S1 nuclease to degrade
all ssDNA corresponding to unselected
compounds.[30] A subsequent PCR ampli-
fication revealed the sequence of DNA
complementary to the selected PNA.

DNA Display: Hybridization to
Control Ligand Pairing, Distance,
and Valency

The programmability of oligonucle-
otide hybridization and the ensuing self-
organization have also been harnessed to
display nucleic acid-tagged ligands. In
addition to the combinatorial pairing dis-
cussed above, this strategy can be used to
control spacing between ligands, the order
of ligands and linker flexibility as well as
geometry (Fig. 6). Pioneering examples of
this concept were reported by Kobayashi
and coworkers using two half-sliding com-
plementary DNA fragments derivatized
with galactose to construct a glyco-cluster

(Fig. 7A);[42] Neri and coworkers used the
self-assembly to pair drug fragments with
complementary tags (Fig. 7B).[38] Due to
the fact that double-stranded nucleic acids
are fairly rigid over short distances (<60
bp), hybridization can be used to control
the inter-ligand distance. With the aim of
emulating the epitope of HIV, which is
made up of multiple branched oligosac-
charides terminating with mannose, a
library of PNA-encoded oligomannose
was prepared using different peptide link-
ers between mannose oligosaccharides in
combination with different hybridization
distances (Fig. 7C).[43] Evaluation of the
affinity by SPR revealed a clear distance
affinity correlation. Interestingly, a lysine
branch mimicked the 3,6-manose branch
on the natural epitope. In parallel work,
Chaput and coworkers used hybridiza-
tion to pair two DNA-tagged 12mer pep-
tides[44] (coupled to amine-modified DNA
using standard amine coupling chemistry),
each having moderate affinity (µM) for
a selected protein, Gal89, a yeast regula-
tory protein (Fig. 7E). Screening 24 dif-
ferent assemblies with defined distances

and orientations between the two peptides
revealed an assembly (termed synbody)
with 5 nM affinity which corresponds to
~1000-fold improvement in affinity over
the individual peptides, comparable to
the affinity of conventional antibodies.
The same strategy was used to discover a
high-affinity capture reagent for Grb2, a
growth factor receptor.[45] Receptor dimer-
ization or oligomerization is an important
mechanism for signal transduction across
membranes. In an effort to find the optimal
geometry and distance to dimerize a mac-
rocyclic peptide ligand of DR5 (Fig. 7D), a
member of the TRAIL family, an assembly
was discovered with a 20-fold longer dis-
sociation half-life.[46] In a further refine-
ment of DNA display, Seitz and coworkers
used DNA template to control the distance
between the ligand, and compared the re-
sults with template having uncomplement-
ed segments to introduce flexibility. This
proved important for bridging binding sites
that are on geometrically opposed faces of
a protein.[47] A DNA-tagged hexapeptide
incorporating a phosphotyrosine was used
to interrogate the optimal distance in a
tandem SH2 domain interaction with Syk
kinase (Fig. 7F). Unpaired spacer nucleo-
tides between double-stranded segments in
assemblies were found to relieve the tor-
sion constraints imposed by dsDNA.[48]

More recently, Appella and coworkers
demonstrated that DNA-displayed ligands
can be functional in vivo.[49] In this case,
DNA-templated assemblies of cyclic RGD
motif tagged with PNA were used to an-
tagonize integrins, which mediate cell at-
tachment through multivalent binding. The
impact of multivalency was studied across
a wide range of ligand numbers (up to 45),
densities, and three-dimensional arrange-
ments. The optimal assembly improved
inhibitory activity by 100-fold and, when
applied in vivo, reduced tumor colonies by
50%.

Aside from controlling oligomer order
and geometry, hybridization of nucleic ac-
id–peptide conjugates has also been used
to control the conformation of peptides.
In pioneering work, Seitz and coworkers
used an SH2-binding peptide sequence
that was flanked by PNA tags (Fig. 8A).
Hybridization with different alignments
of the PNA tags should have a strong im-
pact on the conformation of the peptide.[50]
Indeed, it was found that the affinity of the
assemblies for the SH2 domain varied by
10-fold depending on the number of abasic
sites (0–10 nucleotides tested) present be-
tween the hybridization sites. In an elegant
extension of this concept, Ly and cowork-
ers used complementary nucleobase hy-
bridization within a peptidic macrocycle
to recapitulate the conformational bias
imposed by a series of disulfide brides.[51]
There are numerous examples of biologi-

Fig. 6. DNA display of
ligands with control
over inter-ligand dis-
tance, ligand valency,
linker rigidity, and
geometry of presen-
tation (relative angle
between the ligands).

Fig 7. Cartoon representation of DNA display for selected examples.
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cally active macrocyclic peptides contain-
ing disulfide bonds that restrict the con-
formational flexibility of the macrocycle.
As a proof of principle, a member of the
θ-defensin family of antibiotic peptides
was modified with three complementary
PNA monomers in lieu of the disulfides
(Fig. 8B). This supramolecularly con-
strained macrocycle showed comparable
biological activities to the natural product
(Fig. 8B). Moreover, it was efficient for
killing both Gram-positive and Gram-
negative bacterial strains.

Summary and Outlook

Impressive developments have been
reported over the past 10 years in the
synthesis and application of nucleic ac-
id-tagged peptides and their derivatives.
From a synthetic perspective, the reper-
toire of technologies available to conju-
gate or synthesize biologically relevant
and functional molecules has significantly
increased. Several landmark studies have
demonstrated the selection of synthetic li-
gands from nucleic acid-encoded libraries.
Beyond encoding, a series of studies have
established that nucleic acid hybridization
can be harnessed to control the geometry
(distance and directionality) of multiple li-
gands and capitalize on the synergy of their
binding to a macromolecule. Likewise,
hybridization has also been exploited to

constrain the conformation of peptides.
It is well recognized that controlling the
conformation of peptides is important not
only to improve their affinity to a target (by
reducing the entropic cost of binding) and
their selectivity, but also to reduce their
susceptibility to proteases. It can be antici-
pated that libraries combining the different
assets of nucleic acid tags will continue to
improve our ability to identify ligands for
biomedical research.
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Fig. 8. Schematic representation of hybridiza-
tion-controlled conformation. (A) SH2 domain
ligand and (B) the θ-defensin RTD-1 (in RTD-
1M, the disulfide bonds of the cyclic RTD-1
peptides are replaced by C-G base pairs).


