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Modular assembly and encoding strategies for
dual-display DNA-encoded chemical libraries†
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DNA-encoded chemical libraries (DELs) are increasingly being used

for the discovery of protein ligands and can be constructed dis-

playing either one or two molecules at the extremities of the two

complementary DNA strands. Here, we describe that DELs, featur-

ing the simultaneous display of two molecules, can be encoded

using various types of DNA structures, which go beyond the use of

conventional double-stranded DNA fragments. Specifically, we

compared dual-display methodologies in hairpin, circular or linear

formats in terms of polymerase chain reaction (PCR) amplifiability

and performance in affinity capture selections. The methods

reported in this article highlight the feasibility and modularity of

the described encoding strategies and may thus further expand the

scope of DNA-encoded chemistry, particularly for the identification

of compounds which recognize adjacent epitopes on the surface of

target proteins of interest.

DNA-encoded chemical libraries (DELs) are pools of small organic
molecules individually linked to DNA tags which serve as amplifiable
identification barcodes.1–4 In many cases, DELs are produced in a
step-wise fashion (e.g. by split & pool methods5), assembling two or
more building blocks into a single nascent molecule at the extremity
of the DNA tag, which can be either in single- or double-stranded
format.6–8 Alternatively, two different molecules can be displayed at
the two strands of a DNA heteroduplex. Such a strategy enables the
construction of very large molecular repertoires by the self-assembly
of complementary sublibraries, constructed in single-stranded DNA
format.9–12 This approach, which is referred to as encoded self-
assembling chemical (ESAC) libraries, has been expanded to the use
of peptide nucleic acid (PNA) structures13–15 and even to the
construction and screening of DNA-encoded dynamic libraries.16–19

ESAC technology has been used to affinity mature protein ligands by
coupling them to synergistic complementary fragments.

For example, carbonic anhydrase IX (CAIX) binders with affinity in
the sub-nanomolar dissociation range have been discovered using
ESAC technology and have successfully been used in tumor targeting
applications.10 Alternatively, large combinatorial ESAC libraries facili-
tated the de novo discovery of synergistic ligand pairs (which can be
coupled together), yielding high affinity ligands to targets such as
AGP,10 JNK-111 and HSA.20 Similarly, DNA-templated PNA libraries
and dynamic libraries in dual-display format led, amongst others, to
the discovery of new ligands against carbonic anhydrases,14,19 the
phosphatase PTP1B13 and sirtuin3.18 The strategies reported here
enable the pairing of partial and non-complementary single-
stranded DELs of varying sizes and will eventually allow the con-
struction of very large and diverse dual-pharmacophore libraries.

Here, we describe the design and implementation of three
dual-display methodologies as alternative to the conventional
display of molecule pairs at the extremities of complementary
DNA strands. In particular, we focused on a hairpin design, on
a circular construct and on a linear format which incorporates
two molecules in the middle of a DNA fragment (Fig. 1). The
latter approach had previously been reported for PNA
libraries14,21 and for model studies using DNA as a molecular
ruler.22,23

We designed 30-modified oligonucleotides with short coding
regions which are compatible (i.e., that do not form unwanted
self- or hetero-dimers) with previously described single-
stranded DELs or sublibraries.9,10,20,24 Using a hairpin design
approach, we connected the new oligonucleotides to the exist-
ing sublibraries by performing a splint ligation, which yielded
structures containing a 16-base pair stem (to which two differ-
ent molecules were attached) and a connecting loop (compris-
ing coding regions for the corresponding molecules). Thus,
partial complementary sublibraries assembled as hairpin struc-
tures (Fig. 1A). During hairpin construction, formation of
dimeric structures was observed which could be reversed to
hairpins by a fast heat-cool cycle (see Fig. S1, ESI†).

An alternative strategy for dual-display DEL construction
consists in creating circular DNA structures (Fig. 1B). In this
setting, two non-complementary sublibraries (each comprising
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molecules attached to the extremity of single-stranded DNA
fragments containing a coding region), could be converted into
a circular structure by the use of two relay primers. One of the
two components of the circular structure consists of an intact
circular DNA moiety (inner circle in Fig. 1B). Formation of the
intact circle resulted in a stable complex with the sublibraries
for the dual-display of building blocks while functioning as
template to encode the respective library pairs.

A linear design can also be implemented by anchoring two
sets of chemically modified single-stranded DNA fragments
onto a complementary DNA template. The linear template
could be formed by the use of one relay and one terminal
primer so that the molecule pairs are presented in the middle
of the linear construct (Fig. 1C).

The construction of hairpin formats by pairing partial
complementary sublibraries or circular and linear constructs
with non-complementary sublibraries was developed in a one-
pot procedure which could be followed by agarose gel (see
Fig. 1). Construct formation could also be observed by LC–MS
analysis (see Fig. S2–S6, ESI†). Furthermore, the circular and
linear templates comprised one EcoRI restriction site each. In
theory, the single cleavage of circular constructs should yield
one linear product while the linear template should be cleaved
into two parts. Indeed, EcoRI digestion led to the predicted
cleavage patterns as visualised by agarose gel (see Fig. S7, ESI†).

The described encoding strategies are based on a code-
region independent assembly. This should allow not only
combining libraries with different sequences but also with
different numbers of coding regions, thus expanding the com-
binatorial scope to the use of sublibraries encoding more than
one building block. For the hairpin structure, pairing of a
30-modified sublibrary comprising one code with a partial
complementary 50-modified sublibrary with two (‘‘1 + 2’’) cod-
ing regions revealed the expected ligation product by LC–MS
analysis (see Fig. S9, ESI†). The 30-modified non-
complementary sublibrary could be expanded via splint liga-
tion with a second coding region (see Fig. S10, ESI†). Therefore,
one-pot assembly and formation of the circular and linear
constructs could be tested in ‘‘1 + 2’’, ‘‘2 + 1’’ and ‘‘2 + 2’’
formats. Agarose gel analysis, EcoRI digestion and LC–MS
analysis revealed the expected products (see Fig. S11–S25, ESI†).

We characterized the possibility to PCR amplify the different
dual-display DEL formats by using different amounts of DNA
input, ranging from 1010 to 0 molecules. Fig. 2 shows that the
hairpin structure (A) revealed a higher threshold at around 105

DNA molecules as input while circular (B) and linear (C)
constructs could be amplified down to 103 DNA molecules.

PCR amplifiability (10 to 100-fold) decreased for constructs
consisting of pairs of sublibraries with more than one code (see
Fig. S26–S28, ESI†). Notably, the productive amplification at

Fig. 1 Modular encoding strategies for the one-pot construction of dual-pharmacophore libraries. Assembly of partially complementary libraries led to
hairpin structures (A). Non-complementary sublibraries were assembled with two relay primers to yield circular constructs (B) while the use of one relay
primer and one terminal primer resulted in linear formats (C). The formation of the library constructs could be followed on agarose gel as shown on the
right. bp = base pairs.
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low DNA inputs as observed in Fig. 2 is an important feature to
allow encoding and ensure readability on a real library scale.

In order to demonstrate that the dual-display formats were
compatible with library construction and affinity selection
procedures, we generated small molecular assemblies consist-
ing of five encoded building blocks on the 30-modified sub-
libraries which were assembled with a previously described 50-
modified DEL comprising 553 members.10,24 Screening of this
particular 50-modified sublibrary in dual-display ESAC format
had previously led to the identification of an affinity-matured
CAIX ligand of acetazolamide, ‘‘AAZ+’’, and an AGP ligand
pair.10 The respective 30-coupled counterparts, acetazolamide
and a furan derivative (AGP ligand fragment), were encoded on
the 30-sublibraries including two additional molecules and also
acetylated DNA, which was used at 100 times excess, serving as
artificial selection background (building block structures see
Fig. S29, ESI†). Thereby, the 100-fold presence of 553 library
members (50-sublibrary paired with 30-acetylated DNA) enabled
to emulate a library size of 570512 members with only 20765
individual pharmacophore pairs. Prior knowledge of the com-
prised binder pairs allowed us to compare the performance of
the three described dual-display formats with the classical
ESAC approach. The ESAC library was constructed via Klenow
polymerization as reported previously.10

Fig. 3 shows that screening of ESAC, hairpin, circular and
linear library constructs against CAIX led to the preferential
enrichment of acetazolamide comprising library members
(CodeA:2). With acetazolamide as constant 30-coupled building
block (Fig. 3, framed plane CodeA:2), enriched dots represent-
ing individual library members could reveal potential binder
pairs. Only in ESAC and hairpin format, the known bisphenol
fragment (CodeB:493) which led to ‘‘AAZ+’’ was identified.
Selection of circular and linear constructs resulted in the

preferential enrichment of unrelated ligand pairs which could
derive from synergistic binding events with different sites on
the protein in comparison to fragments identified with ESAC or
hairpin libraries. Off-DNA hit resynthesis or focussed libraries
will be necessary to validate these findings.15 The AGP ligand
pair (A3/B117) was highly enriched for the ESAC library, at
lower level also for the hairpin construct but not for circular or
linear library formats (see Fig. 3). Decreased enrichments of
expected ligands leads to higher background, visible as
CodeA:1 plane due to the 100-fold spike-in of the respective
30-acetylated DNA. As expected, the CodeA:1 plane can also be
observed in the fingerprints of the libraries before selections
and after selections against ‘‘empty’’ beads (no protein immo-
bilized, see Fig. S30, S33, S36 and S39, ESI†).

The presentation of two molecules at the extremity of a DNA
heteroduplex for ESAC and hairpin formats implies similar
dual-display geometries which might be reflected by the

Fig. 2 PCR amplifiability of the dual-display libraries in hairpin (A), circular
(B) and linear (C) format. The PCR amplification thresholds are highlighted
by dashed lines.

Fig. 3 Comparison of different dual-pharmacophore library formats:
ESAC, hairpin, circular and linear constructs. Fingerprints of the libraries
(553 � 5 building blocks with acetylated DNA = CodeA:1 in 100-fold
excess) after selection against CAIX (left) and AGP (right). Each library
member is represented by a dot for which the z-axis and color illustrates
the normalized sequence count. Preferentially enriched library members
were identified as CAIX binders (acetazolamide (AAZ) = CodeA:2 and
‘‘AAZ+’’ = A2/B493) and AGP ligand pair (A3/B117). Building block structures
and fingerprints of selection duplicates are given in Fig. S29–S41 (ESI†).
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coinciding fingerprints shown in Fig. 3. For both, expected
pharmacophore pairs were enriched with lower signal-to-noise
ratio for the hairpin construct. In contrast, fingerprints of
circular and linear libraries revealed enrichment of CAIX
ligands but not CAIX and AGP ligand pairs (see Fig. 3). Different
enrichment patterns might reflect different binding interac-
tions or encoding artefacts. To address this issue, we imple-
mented an electrophoretic mobility shift assay with the AGP
ligand pair (A3/B117) assembled in ESAC, hairpin, circular and
linear format (see Fig. S42, ESI†). Titration of AGP resulted in
detectable binding events for the ESAC and hairpin format with
an apparent dissociation constant (KD) around 160 nM, while
no binding could be observed for ligand presentation in
circular or linear format. Thus, decreased signal-to-noise ratio
with the hairpin library might derive from assembly or sequen-
cing artefacts. Circular and linear libraries did not reveal an
enrichment of the known AGP ligand pair, which is in line with
the respective absence of a band-shift in the electrophoretic
mobility shift assay, indicating a low affinity of these display
formats (Fig. S42, ESI†). Reduced affinity might derive from
different spatial arrangements. The topography of building
block presentation at the extremity of a DNA heteroduplex in
comparison to templated assemblies remains to be investi-
gated. For both, spatial proximity as well as avidity or synergis-
tic binding effects have been exploited in the background of
DNA-templated chemistry, DNA-controlled distancing and
DNA- or PNA-encoded chemical libraries.9,14,15,22,25,26 Notably,
templated assembly of sublibraries might introduce additional
flexibility between building block presenting sublibraries.22 In
consequence, one problem could be spatial distortion or coil-
ing effects so that the building blocks face different directions.
Furthermore, libraries were constructed at a fixed distance of
two nucleotides in the bridging region between the
pharmacophore-carrying sublibrary ends. As previously
reported, the affinity of fragment pairs that bind to adjacent
pockets on a target protein of interest depends on the use of
suitable linkers15,27 for which optimal distancing may be an
important factor. In theory, modular pairing of non-
complementary libraries in circular and linear format could
be exploited to identify distance-dependent binder pairs on
DNA-encoded library level by varying the number of nucleotides
within the bridging region.

We describe three dual-display strategies which allow to pair
different sublibraries in hairpin, circular and linear formats.
One-pot assembly and encoding yielded dual-pharmacophore
libraries which could efficiently be amplified via PCR. Selection
of small libraries against AGP and CAIX in comparison to the
classical ESAC approach revealed similarities between ESAC
and hairpin libraries with a lower signal-to-noise ratio for the
latter. For the circular and linear libraries, individual CAIX
ligands could be enriched but not previously identified syner-
gistic AGP or CAIX fragment pairs, suggesting a different ligand
display geometry. The modularity and structural diversity of the
new encoding strategies might provide useful tools for the

combinatorial pairing of different sublibraries, to identify
new dual-pharmacophore ligands.
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