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Abstract: The selection of DNA-encoded libraries against
biological targets has become an important discovery method
in chemical biology and drug discovery, but the requirement of
modified and immobilized targets remains a significant dis-
advantage. With a terminal protection strategy and ligand-
induced photo-crosslinking, we show that iterated selections of
DNA-encoded libraries can be realized with unmodified and
non-immobilized protein targets.

In 1992, Brenner and Lerner proposed a visionary concept of
using DNA to encode combinatorial libraries.[1] During the
past two decades, many synthesis, selection, and decoding
strategies for DNA-encoded libraries (DELs) have been
developed.[2] Today, DELs can be prepared with extremely
large numbers of compounds,[2b, 3] and hit decoding can be
feasibly accomplished by reading the DNA tags.[3, 4] Research-
ers have discovered many novel binders from DEL selec-
tions,[2g,h] and pharmaceutical companies have also adopted
DELs in drug discovery.[3,5]

Typically, DELs are selected against immobilized pro-
teins. However, immobilization is not compatible with
proteins that require a native cellular environment, or that
are difficult to purify or modify, such as protein complexes
and membrane proteins. Previously, peptide nucleic acid
(PNA) encoded small-molecule (SM) libraries were used to

profile enzyme activities[6] and select against live cells.[7]

Selections with targets of DNA–protein conjugates have
also been reported.[8] Recently, Liu and co-workers developed
a method called IDUP (interaction determination using
unpurified proteins), which can directly select endogenous
proteins in cell lysates.[9] However, the iterated selection of
DELs against completely non-immobilized and unmodified
proteins has yet to be realized, which would be essential to
enrich low-abundance binders from a large population of
nonbinders in a library.[10]

Recently, we reported a DNA-based protein-labeling
method, the DNA-programmed affinity labeling (DPAL;
Figure 1a),[11] in which a DNA-linked small molecule guides

the capture and identification of its target through photo-
crosslinking in cell lysates. We reason that this concept may be
used conversely to select specific small-molecule binders from
DELs against protein targets. In our design, DNA-encoded
small molecules (SM-DNAs) hybridize at the selection
temperature (4 8C) with a short 8-nt DNA strand that bears
a 5’-azidophenyl group (PC-DNA; Figure 1b). After target
binding and irradiation, a more stable “hairpin” structure is
formed,[8a, 9,12] protecting SM-DNAs from being digested by
exonuclease I (ExoI). For nonbinders, the 8-nt duplex is
denatured and readily degraded at digestion temperature
(37 8C). Surviving SM-DNAs can be decoded or subjected to
iterated selections for further enrichments. Selective nuclease
digestion has been used in terminal protection assays for
protein detection[13] and in selection decoding for PNA-

Figure 1. a) DNA-programmed affinity labeling (DPAL). b) Proposed
selection method. A photo-reactive DNA (PC-DNA) hybridizes with
library DNAs (SM-DNAs) at their 3’ end. PC-DNA is crosslinked to the
target upon small-molecule binding under irradiation, protecting SM-
DNAs from ExoI digestion. Surviving SM-DNAs can be directly
decoded or subjected to iterated selections for further enrichments.
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encoded libraries.[7a] We reasoned that the “hairpin”
formation would strengthen SM–protein interactions so
that moderate and low-affinity binders may also be
protected.

We first tested two SM–protein pairs: GLCBS–CA-II
(Ki = 9 nm;CA-II = carbonic anhydrase II) and CBS–CA-
II (Kd = 3.2 mm). The small molecule (i.e., GLCBS or
CBS) was conjugated to the 3’ end of a 21-nt DNA strand
with a fluorescein (FAM) group at the 5’ end.[11] A 27-nt
DNA strand that was conjugated with CBM, a nonbinding
small molecule (CBM-DNA; Figure S2) was used as the
negative control. After incubating SM-DNA, CBM-DNA,
PC-DNA, and CA-II at 4 8C, the mixture was irradiated
and subjected to ExoI digestion. Figure 2 shows that
GLCBS- and CBS-DNA can be protected in the presence
of CA-II after irradiation (lane 2). No or little protection
was observed for CBM-DNA and in negative control
experiments (lane 3–7), proving that the protection
requires both specific SM–protein interaction and
photo-crosslinking.

Next, several SM–protein pairs of different affinities
were tested and then analyzed by quantitative PCR
(qPCR),[8a,10] as target-bound SM-DNA that survived diges-
tion will be amplified more rapidly to give smaller threshold
cycle value (CT).[8a, 12] As shown in Figure 3 c, the DCT values
clearly indicate that SM-DNAs were amplified more rapidly
in the presence of their targets. Even for the weak interaction
between chymostatin and papain (Ki = 14 mm), a DCT value of
4.7 was observed. Cell lysates spiked with CA-II can also be
used as the “target” to afford large DCT values (Figure 3c,
entry 8 and 9, and Figure S4), indicating the method may be
used for targets that require a more native environment. ExoI
digestions of individual SM-DNAs were tested to show that
ExoI can efficiently digest SM-DNAs with different chemical
structures (Figure S5). Control qPCR experiments again
confirmed the specificity (Figure S6). These results have
demonstrated the generality of the method for various SM–
protein interactions.

The primary goal of a selection is to identify small
numbers of specific binders from a large library population,
which requires multiple rounds of enrichments.[10] To demon-
strate this, we mixed SM-DNA and CBM-DNA with orthog-
onal primer binding sites (PBS) at various ratios (Figure 4a).
After the first round of selection with CA-II, the selected SM-
DNAs were isolated and mixed with a fresh batch of CA-II
and PC-DNA for the second round. The percentage of SM-
DNA after each round of selection was calculated based on
the CT values. Results show that both GLCBS- and CBS-
DNA were significantly enriched after the selections (Fig-
ure 4b). At an initial GLCBS-DNA/CBM-DNA ratio of
1:100, GLCBS-DNA became the major species in the mixture
(70 %) after two rounds of selection. At an initial GLCBS-
DNA/CBM-DNA ratio of 1:1000, GLCBS-DNA was only
enriched by a factor of 7.4 after the first round of selection,
but became 12 % (120-fold increase) of the selected popula-
tion after the second round, showing the importance of
iterated selections. The weaker binder CBS-DNA can also be
enriched from 1% to 31% after two rounds at an initial ratio
of 1:100 of CBS-DNA/CBM-DNA. In comparison, CBS-

DNA was barely detectable in a selection with the immobi-
lized CA-II target (Figure S8).

Next, we prepared a model DEL composed of GLCBS,
CBS, and CBM (each encoded by a 6-base codon) and a pool
of background DNAs of 1024 sequences at equal ratio (for
simplicity, no small molecule was conjugated). After the
addition of PC-DNA, the library was subjected to two rounds

Figure 2. PAGE analysis of SM-DNA protection by CA-II. SM-DNA: 1 mm

each; PC-DNA: 2 mm ; proteins: 2 mm. ExoI: 20 units, 37 8C, 60 min. Lane 1:
SM-DNAs and CA-II; lane 2: digestion of SM-DNA, CBM-DNA, and PC-
DNA with CA-II after hv ; lane 3–7: same as lane 2, but no ExoI, no CA-II,
with BSA, no hv, and with mismatched PC-DNA. LC: a 66-nt 5’-FAM-labeled
control DNA. Asterisks mark surviving SM-DNAs.

Figure 3. a) Structures of SM-DNAs. b) SM-DNA/PC-DNA was sub-
jected to the same selection procedure with respective target as in
Figure 2. c) Table of DCT values from qPCR analysis. DCT = CT

neg�CT.
(CT

neg: from a nonbinding control DNA). All values are averages of
three experiments. PBS = primer-binding site.
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of selections against CA-II. Selected members were amplified
and decoded by high-throughput sequencing. After the first
round, GLCBS and CBS were enriched by factors of 38.4 and
7.2, respectively, while much higher enrichments were
observed (factors of 179.3 and 213.7, respectively) after the
second round (see Figure 5b), again demonstrating the
importance of selection iteration.

As DELs with chemical diversity and sequence complex-
ity would truly test the performance of our method, following
the well-developed strategy for DNA-encoded macrocycle
libraries by Liu and co-workers,[4d, 14] a DEL of 4800 macro-
cycles was prepared (Figure S9). GLCBS-DNA was added as
a positive control (Figure 6a). After adding PC-DNA, the
library was selected against CA-II. Results show that GLCBS
was distinctly enriched by a factor of 98.2 (Figure 6 b). No
noticeable enrichment of any macrocycles was observed,
possibly as a result of the moderate diversity of the library and
the lack of a privileged CA-II-binding structure.[15] When we
selected the same library with immobilized CA-II, we also did
not observe a significant enrichment of macrocycles (Fig-
ure S10). To control for false positives from ExoI resistance,
we also performed a selection without CA-II and observed no
enrichment (Figure S11); this type of control is analogous to
the “beads-only” selection frequently used in immobilization-
based selection.[3, 4d] Finally, a “blank library” without small
molecules was selected to control for DNA–protein inter-
actions, and again no enrichment was observed (Figure S12).
Overall, these results validated the capability of the method
to select low-abundance-specific binders from chemically
diverse DELs with complex sequences.

Figure 4. a) GLCBS- or CBS-DNA were mixed with CBM-DNA at
various ratios. The mixture was subjected to the same selection
procedure as in Figure 2. After the first round, selected SM-DNAs were
isolated for the second round. b) GLCBS- and CBS-DNA percentages
in the mixture before and after each round of selection, deduced from
qPCR. See the Supporting Information for details.

Figure 5. a) A model library was selected against CA-II employing the
same procedure as in Figure 2. An equal amount of PC-DNA was
added before the selection. N denotes either A, T, C, or G. b) Selection
results. Enrichment folds of SM-DNAs are marked. See the Supporting
Information for details. Enrichment fold = (postselection fraction)/
(preselection fraction).[2g]

Figure 6. a) Composition of the macrocycle library. b) Plot of enrich-
ment fold versus post-selection sequence count. Bottom panel: zoom-
in of the lower left portion of the top panel. Enrichment fold = (postse-
lection fraction)/(preselection fraction).[2g] See the Supporting Informa-
tion for details.
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In summary, we have developed a novel DEL selection
strategy and realized iterated selections against unmodified
and non-immobilized protein targets. The selective removal
of nonspecific background by ExoI digestion enables enrich-
ment and iterated selections. 5’-Specific nucleases[16] or ExoIII
may be used for DELs that bear small molecules at the 5’ end
or are encoded by double-stranded DNA. Our strategy
requires little library redesign or resynthesis, as most DELs
already have PBS available for PC-DNA hybridization. This
advantageous feature may enable a rapid utilization of
existing DELs to interrogate previously intractable targets.
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