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ABSTRACT: We report a DNA-templated synthesis
method that allows construction of the entire DNA-
encoded library with a single DNA template. Taking
advantage of deoxyinosine’s indiscriminate base-pairing
property, we designed a “universal template” that is
capable of directing chemical reactions with multiple
reactant DNAs with different sequences. In combination
with other design features including photocleavable linkers
and direct encoding by the reactant DNA, we demon-
strated the capabilities of the universal template in library
synthesis, target selection, and hit decoding. Our method
can be generally and straightforwardly applied to prepare a
variety of chemically diverse DNA-encoded libraries.

Originally in 1992, Brenner and Lerner proposed the
concept of using DNA as tags to encode chemical

reactions in combinatorial library synthesis.1 During the past
two decades, a variety of strategies of DNA-encoded libraries
(DEL) have been developed.2 Benefiting from the high
encoding capacity of DNA molecules, today’s DELs can be
prepared with an extremely large number of compounds.3

Selections of DELs against biological targets can be
accomplished using highly sensitive PCR amplification and
ultra-high-throughput DNA sequencing technology.3,4 Selec-
tions of DELs have already generated many novel ligands
against biological targets and have become a new discovery
modality for researchers in both academia and pharmaceutical
industry.2e,h,i

Despite technological variations, all DEL synthesis strategies
share the common goal of creating compound collections in
which each compound is conjugated to a unique encoding
DNA tag. Initially developed by Liu and co-workers, DNA-
templated synthesis (DTS) is an important method for DEL
synthesis;2h,5 it has also become a versatile approach in
controlling chemical reactions and molecular interactions.2f,6 In
DTS-based library synthesis, each template has a unique
sequence containing several “codons” (Figure 1a). An
individual codon directs hybridization with a complementary
“reagent DNA”, enabling the DNA-templated reaction and
delivering a building block from the specific reagent DNA
encoded for by the template. A DNA-encoded library thus can
be constructed with a large pool of templates of many different
sequences through multistep DTS. For example, a pool of
templates with m × n × l different sequences (m, n, and l are
the numbers of different codons in each reaction step)
generates a library of m × n × l compounds by a 3-step DTS

(Figure 1a).5b,c However, this “one-template, one-compound”
strategy presents certain challenges and limitations, especially
for DELs containing large numbers of compounds. First, a
template pool corresponding to every single compound has to
be prepared as the starting material (e.g., a 1-million compound
library requires 1 million unique DNA templates). Even with
automated DNA synthesis and combinatorial “split-and-pool”
strategy,7 it is still a tedious and laborious process to synthesize
and purify large numbers of DNAs. More importantly, template
sequences need to be carefully designed and experimentally
validated in order to avoid mismatched reactions and to ensure
encoding fidelity. This “codon design” is not a trivial task and
often requires sophisticated computation and iterated opti-
mization.5c,8 Recently, two strategies that do not require a
template pool have been reported: the ESAC library by the
Neri group9 and the YoctoReactor system by Vipergen.10 ESAC
is specific for fragment-based libraries, whereas the YoctoR-
eactor is a proximity-based approach that assembles com-
pounds within the tight spaces of multiway DNA junctions. It is
still highly desired to develop a more general approach that is
compatible with typical DTS but that also does not require a
large pool of templates.
Here we report such a method that replaces the complex

template pool with just a single DNA template. We designed a
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Figure 1. Synthesis of DNA-encoded library (DEL) by (a) regular
DTS strategy with a pool of templates of many different sequences (m
× n × l), and by (b) a single “universal” DNA template. A typical 3-
step synthesis with 3 sets of “reagent DNAs” is shown. m, n, and l
indicate the numbers of reagent DNAs with different codons encoding
different building blocks (R1, R2, R3) in each step.

Communication

pubs.acs.org/JACS

© 2013 American Chemical Society 17727 dx.doi.org/10.1021/ja409936r | J. Am. Chem. Soc. 2013, 135, 17727−17730

pubs.acs.org/JACS


novel “universal template” that can hybridize with not a specific
one but multiple reagent DNAs with different sequences
(Figure 1b). With this approach, library synthesis is significantly
simplified as only one DNA template is necessary. More
importantly, sophisticated codon design is no longer necessary
as the universal template is designed to hybridize with multiple
DNAs.
In the “universal template” (UT, Figure 2a), we incorporated

three deoxyinosines as “anticodons” (“III”). Deoxyinosine can

pair indiscriminately with each of the four standard bases;11

therefore, the “III” anticodon can hybridize with multiple
DNAs composed of different codon sequences. In regular DTS,
chemical synthesis is pre-encoded within individual templates
and reagent DNAs are removed after delivering the building
block. In our system, we ligate reagent DNAs to the template to
directly encode the synthesis (Figure 1b). To achieve this, we
designed a 5′-hairpin structure with a 5′-phosphate group on
the UT; thus, the template can be enzymatically ligated to the
3′-hydroxyl group of reagent DNAs to record the synthesis.
Ligation forms a native DNA backbone fully compatible with
the postselection PCR amplification and DNA sequencing.
Figure 2b shows the architecture of the reagent DNAs. Each

building block in the reagent DNA is encoded by a 3-base
codon. Bases flanking the codon are unique and comple-
mentary to the ones flanking the respective “III” site on the
UT. This important feature ensures the correct positioning of
reagent DNAs at each step. In RD1 and RD2, a constant 5-base

sequence is included to form an “omega” structure upon
hybridization, a feature known to improve DTS reaction
yields.12 We incorporated two photocleavable linkers13 which
serve a dual purpose. Unlike other linkers used in DTS,14

photocleavage by irradiation is more convenient and milder
because no cleavage reagent is necessary (e.g., strong base or
strong oxidant).13c More importantly, linker cleavage regener-
ates both the 5′-phosphate group and the 3′-amino group on
the UT (Figure 2c), which are necessary for further ligation and
chemical reaction. Enabled by these features, after three cycles
of DNA hybridization, ligation, templated reaction, and
photocleavage, the final product can be synthesized at the 3′-
terminus of the template, directly encoded by the original
reagent DNA strands delivering the building blocks (Figure 2c).
First, we prepared template UT and reagent DNAs. UT can

be straightforwardly synthesized via automated DNA synthesis
using commercially available modifiers. We confirmed that I-
containing duplexes are sufficiently stable for DTS reactions
(Figure S1). Photocleavable linkers in reagent DNAs were
incorporated with two special phosphoramidites based on a
report by Taylor and co-workers (Figure S2).13a,b We
confirmed that the UT can direct reactions with multiple
reagent DNAs made of different sequences (Figure S3). These
reagent DNAs could only hybridize at the site with
complementary flanking bases on the template (Figure S4).
These results demonstrated the specificity in positioning
reagent DNAs by the universal template. In addition, T4-
mediated ligation is highly sensitive to mismatches at the
ligation site and it provides high encoding fidelity in library
synthesis (Figure S5). Finally, we verified the regeneration of
the 5′-phosphate and 3′-amino groups by photocleavage
(Figure S6 and S7).
Next, we performed a multistep synthesis with the template

UT and RD1−RD3 (Figure 2c). The reactions can be followed
with denaturing electrophoresis (Figure 3a). With the linear
template used in DTS, the template/reagent DNA duplex can
be denatured and analyzed based on DNA lengths; however, we
observed more severe band smearing in our reactions than for
regular DTS. We reason it may be due to the hairpin structure
of the UT and the cyclic nature of the reaction intermediates
(iii in Figure 2c; iv-3, and v-3 in Figure S8), which may not
fully denature and can form various secondary structures. We
gel-purified the cyclic intermediates (iii, iv-3 and v-3) before
irradiation in order to isolate them from unligated and/or
unreacted template/reagents. After irradiation, band smearing
was significantly reduced, suggesting a cyclic to linear structural
change. Intermediates (iv and v) and the final product (vi)
were also gel-purified. After Af lII digestion to remove the bulk
of the DNA, we were able to characterize the intermediates and
the product by MALDI-MS (Figure 3b). This data has
demonstrated the capability of the universal template in
directing multistep DTS. It is important to note while a very
low DNA concentration is required to minimize mismatched
reactions (<120 nM/codon) in standard DTS,2j,5c,10 with the
universal template, much higher DNA concentrations may be
employed (∼1 μM; Figure S9), a highly advantageous feature
for large-scale DEL synthesis.
Lastly, we prepared a model “64 × 28 × 64” library with a

universal template (UT1) and 3 sets of reagent DNAs (RD4,
RD5, RD6; Figure 4). There were 64 different 3-base codons in
RD4 and RD6. For simplicity, they only encoded one amino
acid (Leu in RD4 and Phe in RD6). In RD5, a single 3-base
sequence (“CCC”) encoded a special biotinyl-labeled lysine

Figure 2. (a) Sequence and structure of the universal template (UT).
Reagent DNA hybridization sites are underlined. III indicates 3
deoxyinosines. (b) Structures and sequences of the reagent DNAs
(RD1, RD2, RD3). Building blocks are encoded by 3-base codons
(underlined). c) Reaction scheme of a 3-step templated synthesis with
the UT. After hybridization, T4 DNA ligase ligates the reagent DNAs
to the UT before amidation reaction. EDC, 1-ethyl-3-(3-dimethyl-
aminopro-pyl) carbodiimide hydrochloride, 200 mM; NHS, N-
hydroxy succinimide, 30 mM. After capping unreacted amines with
Ac2O, photocleavage regenerates the 5′-phosphate and 3′-amine for
the next cycle. UT, 1 μM; each reagent DNA, 1.2 μM; T4 DNA ligase,
350 units at 16 °C for 15 h. Irradiation: 365 nm at 0 °C for 10 min.
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(bio-Lys, RD5-1), while the 27 other codons (“DDD”, D = A,
G, or T; RD5-2) encoded ε-Ahx (6-aminohexanoic acid). We
intentionally mixed the bio-Lys-containing RD5-1 with a large
excess of RD5-2 (1:100) as the “RD5”. After library synthesis
with UT1 and reagent DNAs following the procedure shown in
Figure 2c, we performed a selection against immobilized
streptavidin as the target, which should only pull-down library
compounds containing bio-Lys encoded by the “CCC” codon.
The selected compounds were eluted, digested by HindIII (for
hairpin removal; Figure S13), PCR-amplified and analyzed by
DNA sequencing (Figure S14). As shown in Figure 4c, before
selection, the sequences detected at all three codon positions
were scrambled. After selection, the encoding sequence CCC
for bio-Lys at codon 2 was significantly enriched (85.6-fold, see
the Supporting Information) and distinctly identified (as
“GGG” of the complementary strand). This result is
corroborated by the sequencing result of the opposite strand
(Figure S15). As expected, sequences at the other two codon
sites remained scrambled after the selection. To further
demonstrate the generality and performance of our method,
we prepared a similar “64 × 64 × 28” library containing a
phenyl sulfonamide, a known specific binder for carbonic
anhydrase II (CA-II; Ki = 9.0 nM),15 at the codon 3 position.
This library was selected against immobilized CA-II and 94.7-
fold enrichment of the sulfonamide was obtained (Figure S16).
Again, no sequence enrichment was observed at the other two
codon positions. Collectively, these data have demonstrated the
encoding fidelity of our method and also its capability in DEL
library synthesis, selection and hit identification.
In summary, we have developed a novel DNA-templated

synthesis strategy. Taking advantage of deoxyinosine’s indis-
criminate base-pairing property, we have shown a single DNA
template is capable of directing DNA-templated reactions with
multiple reagent DNAs composed of different sequences. Along

with other design features, such as the photocleavable linkers
and ligation-based encoding, an entire DNA-encoded library
can be prepared with a single universal template regardless of
the size of the library. Our approach significantly simplifies
template preparation and codon design. This method directs
the synthesis of library compounds at the DNA terminus;
therefore, most previously reported DTS reactions,6h linker
designs,14 selection strategies and decoding methods2h,4a can be
straightforwardly utilized in our method to prepare a variety of
chemically diverse DNA-encoded libraries. Certainly, more
deoxyinosines can be used in anticodons to increase the
encoding capacity. Currently, our laboratory is actively
implementing this method in DEL synthesis and selections
against biological targets.

■ ASSOCIATED CONTENT
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Figure 3. (a) Reactions in Figure 2c were analyzed by denaturing
electrophoresis. Lane 1, UT; lane 2, UT/RD1 after ligation; lane 3,
lane 2 after amidation; lane 4, lane 3 after irradiation; lanes 5−7 and
8−10, 2nd and 3rd reaction cycles with RD2 and RD3. Presumed
structures of i, ii, iii, and iv are shown in Figure 2, and structures of iv-
2, iv-3, v-2, and v-3 are shown in Figure S8. (b) MALDI-MS
characterizations of iv, v, and vi after Af Ill digestion. See Figures S10−
S12 for full spectra. Ethanol precipitation was performed after T4
ligation and amidation. Cyclic intermediates in lanes 3, 6, and 9 were
gel-purified before irradiation and the next reaction cycle.

Figure 4. (a) The universal template UT1. (b) Reagent DNAs (RD4,
RD5, and RD6) used for the model library. Amino acids in RD4 and
RD6 are encoded by a scrambled 3-base codon. Bio-Lys is encoded by
“CCC” (RD5-1) and ε-Ahx is encoded by “DDD” (RD5-2). (c) The
model library was selected against immobilized streptavidin. Bound
molecules were eluted, digested by HindIII, amplified, and sequenced.
Sequencing results at 3 codon sites before and after the selection were
compared as marked in the figure.
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