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input on the hit discovery rate in
DNA-encoded chemical library selections†

Sara Puglioli, a Sebastian Oehler,a Luca Prati, a Jörg Scheuermann, b

Gabriele Bassi,a Samuele Cazzamalli,a Dario Neri*ab and Nicholas Favalli *a

DNA-encoded chemical libraries (DELs) are powerful drug discovery tools, enabling the parallel screening

of millions of DNA-barcoded compounds. We investigated how the DEL input affects the hit discovery rate

in DEL screenings. Evaluation of selection fingerprints revealed that the use of approximately 105 copies of

each librarymember is required for the confident identification of nanomolar hits, using generally applicable

methodologies.
Introduction

The identication of small organic molecules, which speci-
cally interact with a target protein of interest, represents an
important problem in chemical research and a key challenge for
drug discovery.1–3 Over the last few decades, DNA-encoded
chemical libraries (DELs) have emerged as powerful and cost-
effective tools for the discovery of ligands to pharmaceutically
relevant proteins.4–8 DELs are large collections of small mole-
cules that are chemically synthesized and covalently linked to
cognate DNA sequences, serving as distinctive molecular barc-
odes. This encoding procedure enables the identication and
relative quantication of individual compounds within the
library, by means of DNA amplication with the Polymerase
Chain Reaction (PCR) and high-throughput DNA
sequencing.9–11

The applicability of DEL technology as a powerful drug
discovery tool has been demonstrated by recent examples of
lead candidates which progressed into clinical trials for
different pharmaceutical indications.12 Among the most
advanced drug prototypes discovered thanks to the DEL tech-
nology and that are currently studied in phase I or II clinical
trials, it is worth mentioning ligands of Receptor Interacting
Protein Kinase 1 (RIPK1; discovered by GSK),13 of soluble
Epoxide Hydrolase (sEH; discovered by GSK),14 and of autotaxin
(ENPP2; discovered by X-Chem).15

Moreover, a variety of preclinical lead compounds isolated
from DELs are being developed, such as PAR2 (AstraZeneca/X-
Chem),6 Wip1 (GSK),16 BCATm (GSK),17 and DDR1 18 (Roche)
binders, and OncoFAP-11 (Philochem).7
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The success rate of a DEL-based drug discovery screening
campaign is inuenced by multiple factors, including the
library chemical purity, encoding delity and quality of the
protein targets.19–21 Furthermore, affinity capture protocols
should be optimized to guarantee reliable selection outcomes.
The number of copies per library member used during selec-
tions (input) directly impacts on the success rate of DEL
screening campaigns.22–24 The denition of a minimum
number of input copies for each library member (threshold)
represents an important experimental parameter, especially
when libraries of very large dimensions (e.g., those containing
billions of compounds) are used. It is likely that the threshold
for efficient selections may be library-dependent, but only
a few studies have addressed this aspect of DEL
technology.22–24

We had previously reported that an input threshold of 105

copies per library member was required for the efficient
identication of Carbonic Anhydrase IX-binding fragments
(sulfonamide derivatives) in one specic DEL.22 Here we
present a methodology to dene input thresholds on two
different well-characterized DELs: NF-DEL (iodo-
phenylalanine based library) and SO-DEL (4-amino-
pyrrolidine-2-carboxylic acid library).25,26 Both yielded novel
nanomolar hits for Carbonic Anhydrase IX (CAIX), Human
Serum Albumin (HSA) and Non-Structural Protein-14
(NSP14).25,26 NF-DEL and SO-DEL were screened against the
targets at different inputs, ranging from 10 million copies to
100 copies per library member per selection.25,27 A threshold
of approximately 105 copies per library member was required
in order to successfully identify binding fragments (lines in
the ngerprint) and unique building block combinations
(singletons in the selection ngerprint) against all screened
proteins. This nding has an impact on the experimental
design of DEL selection campaigns and may inuence the
screening procedures for very large encoded-compound
collections.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc03688j&domain=pdf&date_stamp=2023-11-06
http://orcid.org/0000-0002-4795-7331
http://orcid.org/0000-0002-0044-6526
http://orcid.org/0000-0001-7746-4717
http://orcid.org/0000-0002-6538-7379
https://doi.org/10.1039/d3sc03688j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc03688j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014043


Fig. 1 (A) Chemical structure, encoding strategy and library size of SO-DEL and NF-DEL. (B) Serial dilution scheme applied on SO-DEL and NF-
DEL. The two DELs were serially diluted (with a dilution factor of 1 : 10) from 107 copies per library member to 100 copies per library member per
selection. (C) High-throughput sequencing results represented as three-dimensional matrices (fingerprints), showing two exemplary fingerprints
obtained using high (107 copies) and low (102 copies) input of NF-DEL against HSA. The x–y plane displays all the Code A/Code B combinations,
and the z-axis shows the number of counts for each combination. The number of counts is also represented by a color-code “jet scale”, with blue
and red indicating low and high counts respectively.
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Results and discussion
Library design and experimental strategy

The chemical structures of members of the SO-DEL26 and NF-
DEL25 libraries, which were used to study the correlation
Table 1 Chemical structures and dissociation constants (KD) of the to
performed against CAIX, HSA and NSP14. The full chemical structures, in

BBs Library Structure

A173/B667 SO-DEL

A676/B642 SO-DEL

A206/B811 SO-DEL

A160/B475 NF-DEL

A505/B323 NF-DEL

© 2023 The Author(s). Published by the Royal Society of Chemistry
between selection inputs and hit discovery rate and were con-
structed based on the combinatorial assembly of two sets of
building blocks, are depicted in Fig. 1A. The synthesis and
validation of the two libraries has been previously reported.25,26

SO-DEL and NF-DEL were constructed using chiral 4-amino-
p enriched hit compounds from SO-DEL26 and NF-DEL25 selections,
cluding linkers (R1–R5), are reported in the ESI, Section 6

Target KD

CAIX 6 � 2 nM (ref. 26)

HSA 3 � 1 nM (ref. 26)

NSP-14 25 � 3 nM (ref. 26)

CAIX 7.2 � 0.3 nM (ref. 25)

HSA n.a.

Chem. Sci., 2023, 14, 12026–12033 | 12027
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proline or iodo-phenylalanine as central scaffolds, comprising
3 735 936 and 670 752 compounds, respectively. Previous
screening campaigns performed with both libraries had resul-
ted in the identication of hit compounds for a variety of
pharmaceutically relevant target proteins (Table 1).25,26
Fig. 2 High-throughput sequencing results of affinity selections perfor
against (A) Carbonic Anhydrase IX (CAIX), (B) Human Serum Albumin (HSA
three-dimensional matrices (fingerprints) as described in Fig. 1. Enriched
Average counts for each selection as well as the number of counts for ea
30 counts.

12028 | Chem. Sci., 2023, 14, 12026–12033
The two DELs were diluted to a concentration of 10 million
copies per compound dissolved in 10 mL (the “selection input”,
see also the ESI, Section 3†), and serially diluted to a nal
concentration of approximately 100 copies of each compound
per selection (Fig. 1B).
med with different inputs (from 107 copies to 100 copies) of SO-DEL
) and (C) Non-Structural Protein 14 (NSP14). The data are presented as
combinations which have been validated are highlighted with an arrow.
ch enriched combination are reported in the ESI (Section 5†), cut-off =

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, libraries were screened at different selection
inputs (from 107 to 102 copies per compound) in duplicate
experiments (ESI, Section 5†) performed against a panel of
immobilized target proteins, such as Carbonic Anhydrase IX
(CAIX), Human Serum Albumin (HSA) and the SARS-CoV-2 Non-
Structural Protein 14 (NSP14).27 The high-throughput
sequencing results are presented as three-dimensional
matrices, referred to as “ngerprints” (Fig. 1C). In such nger-
prints, two dimensions are used to represent the pairs of
building blocks which unambiguously determine the chemical
structure of each library member, while the third dimension
indicates the number of counts for each compound at the end
of the DNA-sequencing procedure.

Selections performed using the SO-DEL

Fig. 2 shows the results of high-throughput sequencing for
affinity selections performed with different serial dilutions of
the SO-DEL library against three target proteins: CAIX (Fig. 2A),
HSA (Fig. 2B), and NSP14 (Fig. 2C). When using 107 copies of
SO-DEL for selections against CAIX, the combination A173/B667
(which corresponds to a ligand with KD = 6 ± 2 nM towards
Fig. 3 High-throughput sequencing results of affinity selections perform
against (A) CAIX and (B) HSA. The data are presented as three-dimens
combinations are indicated with an arrow. Average counts of each sele
(Section 5†), cut-off = 30 counts.

© 2023 The Author(s). Published by the Royal Society of Chemistry
CAIX as measured by uorescence polarization) was highly
enriched in comparison to the background (1000 counts for the
A173/B667 combination against a background of approximately
1 count; Table 1 and ESI Table S4†). Additionally, several
aromatic and heteroaromatic sulfonamides included in the
library as building blocks A or B (binding fragments) were
enriched, yielding characteristic lines in the ngerprint. As the
number of input copies of SO-DEL members used in the selec-
tions decreased to 106 and 105, the number of counts for the top
enriched combination A173/B667 and other sulfonamides
progressively decreased, with the top-enriched combination
becoming barely visible at 105 copies. When selections were
performed with 104 copies or less, no preferential enrichment of
specic building block combinations (singletons) or individual
building blocks (lines) was detected (Fig. 2A).

In selection campaigns against HSA (Fig. 2B), the highest
enriched combination corresponded to A676/B642. This
compound displayed a dissociation constant of 3 ± 1 nM
against the target (Table 1 and ESI Table S4†). HSA ngerprints
were characterized by the enrichment of singletons (e.g., A676/
B642), indicating the requirement for the presence of both
ed with different inputs of NF-DEL (ranging from 107 to 100 copies)
ional matrices (fingerprints) as described in Fig. 1. The top enriched
ction and counts for enriched combinations can be found in the ESI

Chem. Sci., 2023, 14, 12026–12033 | 12029
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building blocks in the molecule, in order to yield a high-affinity
interaction with the cognate target. Also in this case, a selection
input of at least 105 copies of SO-DEL members was required in
order to obtain high-quality ngerprints.

The results of SO-DEL screening on NSP14 (depicted in
Fig. 2C) yielded one singleton (building block combination
A206/B811) at selection inputs of 105 copies per compound or
higher (Table 1 and ESI Table S4†). The compound had been
previously validated for its high-affinity binding to NSP14 (KD =

25 ± 3 nM).26 When DEL selections were performed with inputs
of 10 000 copies of compound or lower, no distinct enrichment
patterns could be detected over the background signal.

For all three targets (CAIX, HSA and NSP14), additional
building block combinations were visible when higher selection
inputs were used (i.e., 107 or 106 million copies of SO-DEL).

Selections performed using the NF-DEL

In order to study whether the dependence of selection perfor-
mance on the number of copies of input changed with different
Fig. 4 High-throughput sequencing results of affinity selections perfo
copies of library per selection) against (A) CAIX and (B) NSP14. The data are
Fig. 1. The top enriched combinations are indicated with an arrow. Avera
be found in the ESI (Section 5†), cut-off = 30 counts.

12030 | Chem. Sci., 2023, 14, 12026–12033
libraries, we repeated CAIX and HSA selections using the NF-DEL
library. Ligands to NSP14 could not be found when screening this
compound collection. Fig. 3 illustrates the screening results
against CAIX (Fig. 3A) and HSA (Fig. 3B). The library contained
fragments (several aromatic sulfonamides as building blocks A or
B) capable of specic interaction with target protein, with KD

values in the single-digit micromolar or even nanomolar range, as
well as high-affinity combinations (e.g., A160/B475, Table 1 and
ESI Table S4†). When NF-DEL selections were performed against
immobilized CAIX at high inputs (107 and 106 copies of the
library), the A160/B475 combination was clearly enriched, but the
structure–activity information could also be seen in ngerprints
corresponding to a selection input of 105 copies of the NF-DEL
library. Experiments conducted with selection inputs of 10 000
copies per selection or lower did not produce informative
ngerprints (i.e., no hit detected with a sufficiently high enrich-
ment over the background).

In HSA selections with NF-DEL (Fig. 3B), the A502/B323
singleton was highly enriched at selection inputs of 10 million
rmed with different inputs of SO-DEL-long (ranging from 107 to 100
presented as three-dimensional matrices (fingerprints) as described in

ge counts of each selection and counts for enriched combinations can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and 1 million copies of libraries (Table 1 and ESI Table S4†).
When screening experiments were performed at 105 copies, the
singleton was still detectable, but with lower counts.

Thus, in various selections performed using two libraries
(NF-DEL and SO-DEL) against different targets, a minimum
threshold of approximately 105 copies of each library member
appeared to be required for a reliable detection of hits in affinity
capture experiments. When using lower amounts of library
copies (i.e., lower than the 105 threshold), singletons (dots) and
binding fragments (lines) start to be indistinguishable from the
background noise.
Oligonucleotide elongation and selection results

In order to study the impact of the DNA length on the selection
output, the annealing region in SO-DEL was extended from 12
to 21 base pairs (bp) at the 3′ extremity (ESI, Section 3.2†). This
modication led to a substantial increase in melting tempera-
ture (TM,3′, from 42 °C to 63 °C that matches the corresponding
TM at the 5′ extremity, TM,5′ = 65 °C) and in an enhanced PCR1
ampliability of the library (ESI, Fig. S3†). The resulting SO-
DEL-long was screened against CAIX (Fig. 4A) and NSP14
(Fig. 4B), following the selection protocol already employed for
the experiments presented in Fig. 2. The selection ngerprints
did not show signicant differences compared to the selection
results obtained with the short version of SO-DEL. Also in this
case, the previously described hit compound for CAIX (A173/
B667) was only identied when a selection input of 105 or
more DEL copies was utilized. The NSP14 hit (A206/B881) was
slightly enriched in the selection experiment performed at 104

DEL copies, but a higher background noise was observed for
selections performed with 103 or lower library copies.
Conclusion

DEL technology has become a frequently used methodology for
ligand discovery both in industry and in academia, but the
impact of experimental procedures on selection success is rarely
described in the literature. It has previously been noted that
several aspects of the affinity capture procedure (e.g., method of
protein immobilization, number of compound copies) and of
the subsequent DNA amplication and sequencing may have
a substantial impact on the ability to reproducibly detect
binding compounds, which are then conrmed as “real”
binders upon resynthesis.11,22,24

Even within well-established technology such as Phage
Display, the achievement of 100% recovery efficiency remains
a challenge.28 The success rate of hit discovery in DEL screen-
ings is highly inuenced by affinity capture, PCR, and Next
Generation Sequencing (NGS) procedures. We have recently
demonstrated that high-affinity binders (e.g., acetazolamide
against Carbonic Anhydrase IX) can be efficiently captured with
a yield close to 30%, unlike micromolar binders (e.g., m-
SABA).22,24 The PCR efficiency of the rst PCR amplication step
aer affinity capture is crucial, especially for selections
involving library inputs lower than 105 copies.29 Indeed, results
of model PCR experiments performed with growing library
© 2023 The Author(s). Published by the Royal Society of Chemistry
inputs (using NF-DEL, SO-DEL and SO-DEL-long) show the need
for approximately 106–107 DNA molecules to achieve successful
barcode amplication (see the ESI, Section 8†). Further wors-
ening of the hit discovery rate happens during the nal next-
generation sequencing (NGS) step. Modern NGS procedures
still suffer from a “count loss” effect, which however equally
affects all library members due to PCR normalization normally
performed prior to sequencing.

We investigated the impact of library input on the success
rate of DEL selections using two high-quality libraries (SO-DEL
and NF-DEL) previously described by our laboratory, which had
yielded high-affinity hits against various proteins of pharma-
ceutical interest.25,26 Parallel selection experiments were per-
formed with serially diluted libraries, ranging from 10 million
copies to 100 copies per library member. The resulting nger-
prints unambiguously revealed that an input threshold of
approximately 105 copies of each compound were needed in
order to condently identify potent ligands. Higher input values
(e.g., more than 106 copies per library member) may allow the
identication of additional binders and further improvement of
the signal-to-noise ratio, but this choice depends on the amount
of the library which is available for selection experiments. The
length of oligonucleotides used for PCR amplication did not
appear to have a strong impact on selection performance. In
theory, large amounts of DELs can be synthesized, but at some
stage the costs for oligonucleotides and building blocks become
prohibitively expensive. This limitation underlines the need for
a quantitative characterization of input threshold for efficient
selections. The correlation between discovery rates at distinct
DEL inputs is further discussed in the ESI, Section 7.†

The ndings of this study may not only be relevant for the
correct execution of DEL selections, but also for the design and
use of very large libraries (i.e., those containing billions of
compounds). An effective screening (using 106 copies per DEL
as selection input) of a library containing 10 billion compounds
would require the total use of 16.6 nmoles of total DEL per
selection.22,24

In practical terms, this implies that micromoles of nal
library DNA are needed for realistic screening campaigns, which
are performed in at least 100 experiments. Considering a total
yield in the range of 1–4% for 2 building blocks DELs25,26 and
0.1–0.2% for 3 building blocks DELs30,31 in relation to the
starting DNA material for DEL construction, millimoles of total
DNA would be needed, leading to costs which are excessive for
most laboratories. In addition, the cost of expensive building
blocks would also have to be considered.

As an illustrative example, considering a budget of approxi-
mately 25 000 euros equally distributed between the purchase of
DNA codes (oligonucleotides) and small organic building
blocks, we can secure approximately 16 nmol of a 3 building-
blocks library (factoring in a 20% yield for each coupling step,
with a nal yield of ∼0.2% 30,31 (see also the ESI, Section 9†). In
the context of 100 selections, each performed with 105 DEL
copies (considered as the limit of detection based on the nding
reported in this article), our calculations suggest that the library
could theoretically comprise up to 109 compounds.
Chem. Sci., 2023, 14, 12026–12033 | 12031
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Since library size has been shown to substantially impact on
the probability that high-affinity ligands are discovered in
selection campaigns,32–35 the ndings described in this article
highlight the importance to accurately document experimental
parameters in DEL publications and to continue performing
research in this area. Discoveries leading to the use of lower
copy numbers for individual library members will not only
facilitate the efficient use of laboratory resources, but also
enable the productive screening of very large DELs.

Our ndings indicate that a careful optimization of affinity-
capture conditions22 and of decoding methodologies is crucially
required if DEL technology is to be productively applied with
libraries containing billions of compounds. This aspect is
particularly important for the condent detection of singletons
(i.e., library members that are found to be enriched only when
all building blocks simultaneously contribute to a productive
binding interaction). The use of very large libraries, yielding
only lines or planes in the selection ngerprints (corresponding
to fragments of a molecular structure), is de facto equivalent to
the screening of much smaller compound collections and may
not allow the full advantage of the potential of DEL technology
to be taken.
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