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ABSTRACT

DNA-encoded chemical libraries are large collections of small organic molecules, individually coupled to
DNA fragments that serve as amplifiable identification bar codes. The isolation of specific binders requires
a quantitative analysis of the distribution of DNA fragments in the library before and after capture on an
immobilized target protein of interest. Here, we show how Illumina sequencing can be applied to the
analysis of DNA-encoded chemical libraries, yielding over 10 million DNA sequence tags per flow-lane.
The technology can be used in a multiplex format, allowing the encoding and subsequent sequencing
of multiple selections in the same experiment. The sequence distributions in DNA-encoded chemical
library selections were found to be similar to the ones obtained using 454 technology, thus reinforcing
the concept that DNA sequencing is an appropriate avenue for the decoding of library selections. The
large number of sequences obtained with the Illumina method now enables the study of very large

Drug discovery

DNA-encoded chemical libraries (>500,000 compounds) and reduces decoding costs.

© 2010 Elsevier Ltd. All rights reserved.

The identification of small molecules, capable of specific binding
to target proteins of interest, remains one of the most significant
challenges for the discovery of new pharmaceuticals. DNA-encoded
chemical libraries are large collections of small organic molecules,
individually tagged with unique DNA fragments serving as amplifi-
able identification bar codes.!"'° These libraries can be easily panned
on target proteins immobilized on solid support.>>~7 Since the DNA-
code distribution can be analyzed by PCR amplification and subse-
quent high-throughput sequencing before and after protein capture,
DNA-encoded chemistry represents a new tool for the facile discov-
ery of small organic binding molecules,>”°~!! which can be used as
such or can be further optimized by medicinal chemistry
techniques.”'>13

DNA-encoded compound libraries can be constructed by the
stepwise combinatorial assembly of small molecule building blocks
and the parallel extension of the DNA-code for each building
block.>¢® Both single pharmacophore®®® and dual pharmacophore
library designs*! can be considered, and a variety of different meth-
ods can be applied for linking chemical structures to their cognate
DNA sequence tag.!>>6811.15.16

The first DNA-encoded chemical libraries of a few hundred com-
pounds were decoded using DNA-microarray technology or by sub-
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cloning, bacterial amplification and conventional Sanger
sequencing.*®1517 With the availability of novel methods for high-
throughput DNA sequencing, we demonstrated the application of
Roche’s 454-technology for the deconvolution of amplicon mixtures
corresponding to DNA-encoded compound libraries before and after
selection.>”"'® 454 technology, which relies on emulsion PCR and
subsequent pyrosequencing of DNA-coated beads in high-density
picoliter reactors (picotiter plate),!® is increasingly used for the
decoding of single pharmacophore libraries.>~”!! However, while
DNA-encoded libraries of thousands of compounds could be over-
sampled with 20-50,000 sequence tags corresponding to 1/8 of a
454 picotiter plate or >1 million sequence tags corresponding to a
full 454 plate,”'®1° these numbers and the associated costs may be-
come limiting factors when larger libraries are considered and when
oversampling in decoding procedures is desirable.5!!

[llumina sequencing technology relies on the attachment of sin-
gle-stranded DNA fragments to a solid surface (flow cell with eight
flow lanes), bridge amplification of the single-molecule DNA tem-
plates and the subsequent sequencing by synthesis using revers-
ible terminators.’®2® In this study, we compared Illumina and
454 sequencing technologies for the analysis of DNA-encoded
chemical library selections. In addition, we developed a novel sam-
ple preparation scheme, which allowed the mixing of different
samples in the same sequencing experiment. Our results demon-
strate that similar enrichment profiles could be observed with both
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sequencing technologies, thus reinforcing the concept that high-
throughput sequencing is an appropriate method for the analysis
of DNA-encoded chemical library selections. Furthermore, the
large number of sequence tags obtained from Illumina sequencing
allowed the decoding of a 1 million DNA-encoded-compound li-
brary, indicating the general applicability of this sequencing tech-
nology for the analysis of DNA-encoded chemical libraries.
[llumina technology for the decoding of DNA-encoded chemical
libraries was initially tested with a 4000 compound library ob-
tained via Diels-Alder cycloaddition reactions, consisting of two
sets of building blocks A (code 1) and B (code 2) (Fig. 1).”® The li-
brary can be panned on immobilized antigen and the code distri-
bution is subsequently analyzed by high-throughput sequencing
before and after selection (Fig. 1).” When the library is decoded
using 454 technology, specific DNA sequences are introduced by
PCR (Fig. 1).>7® In order to enable Illumina sequencing, we re-
placed the 454 adapter sites with sequences recommended for
the genomic sequencing using Illumina technology (Fig. 1; Supple-
mentary data). The Illumina adapter sites are necessary for immo-
bilization and bridge PCR amplification on solid support,'®?1?3 as
well as for hybridization of the standard Illumina genomic DNA
sequencing primer (Supplementary data). In order to reduce
sequencing time and costs, it may be convenient to tag individual
selections with a short DNA sequence (‘tag’), thus allowing to mix
PCR products corresponding to different selections, while retriev-
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ing all the necessary information by the computerized analysis of
the experimental sequences (Fig. 1).

High-throughput sequencing results of the DNA-encoded chem-
ical library can be visualized in three-dimensional plots, with
20 x 200 code combinations in the xy plane and sequence counts
for individual library codes on the z-axis (Fig. 2). The sequence data
obtained from 454 technology (50,000 sequences for each experi-
ment, 1/8 of a picotiter plate)’ are compared with the correspond-
ing plots generated from the Illumina sequencing experiment
(normalized to 1.3 million sequences for each experiment). The se-
quence count profiles for library selections on streptavidin and
trypsin, chosen as model target proteins for these experiments, re-
vealed strikingly similar distributions for the two sequencing tech-
nologies (Fig. 2).” For the streptavidin selection (Fig. 2A and B), the
enrichment of compounds with building block code 2 =200 indi-
cated the preferential capture of library compounds containing a
D-desthiobiotin moiety, a nanomolar binder to streptavidin.?* In
Fig. 2C and D, the enrichment profiles on trypsin revealed a selec-
tive capture of molecules containing a benzamidine moiety (code
2=6)"

To evaluate the Illumina sequence distribution of the library be-
fore selection, we used as a model a negative binomial distribution,
in analogy to our previous analysis of 454 sequencing data.” As ex-
pected, an excellent agreement was observed between the experi-
mental sequence count distribution of the library before selection
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Figure 1. Scheme of a DNA-encoded chemical library selection and subsequent sample preparation for decoding using 454 or Illumina high-throughput sequencing. A 4000-
member library containing two chemical building blocks linked by a Diels-Alder cycloaddition reaction and coding regions for each building block is panned against a target
protein immobilized on sepharose resin.® Non-binding conjugates are washed away before PCR amplification with 454-fusion primers.® The resulting amplicon mixture is
decoded using 454 high-throughput sequencing.” To compare the decoding results with Illumina high-throughput sequencing, the adapter sites are changed to the Illumina
flanking sites using a two step procedure comprised of (i) an EcoRI restriction and subsequent ligation of a 5’ phosphorylated, partially double stranded Illumina-adpater
oligonucleotide and (ii) a second PCR amplification using Illumina-Fusion primers. The introduction of barcodes (‘tags’) allows the mixing of different PCR-products in the
same Illumina flow lane for parallel sequencing. A 5’ tag is introduced adjacent to the restriction site by ligation and a 3’ tag is added by PCR.
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Figure 2. Sequence count profiles after high-throughput sequencing of a DNA-encoded chemical library using 454 or Illumina technology. The sequence profiles display
20 x 200 code combinations in the xy plane with the sequence counts for individual library codes on the z-axis. Selections were performed against the target proteins
streptavidin (A and B) and trypsin (C and D). The previously described 454 decoding results (A and C, 50,000 sequences evaluated)® can be compared to the decoding by
[llumina technology (B and D, 1.3 million sequences evaluated). Similar sequence count profiles between the two technologies indicate that both technologies can be applied

for the quantification of DNA-codes after selection.

and the fitted negative binomial density function (Fig. 3A).”
A quantile-quantile plot of the experimental and theoretical distri-
butions represented a particularly useful tool for visualizing the
model fit (i.e., equal distribution of all library members in the li-
brary before selection, Fig. 3B), whereas deviations from the diag-
onal indicate enrichment of specific binders after strepatavidin
(Fig. 3C) and trypsin selection (Fig. 3D).” This model can also be
used for the calculation of a one-sided p-value for each of the
4000 library codes, using as a null hypothesis the negative bino-
mial probability density function based on the library PCR before
selection, thus providing a statistical basis for the selection of en-
riched compounds which may deserve further analysis (e.g., resyn-
thesis in the absence of the DNA tag).” For example, all twenty
desthiobiotin conjugates in the streptavidin selection and the high-
est-enriched benzamidine conjugates in the trypsin selection
exhibited p-values smaller than 0.001.

Sequencing power becomes particularly useful when library
size grows (e.g., >100,000 compounds). Figure 4 depicts a pseu-
do-four-dimensional plot of the code distribution after selection
for a library containing 1,000,000 compounds, obtained via
Diels-Alder reactions (Buller et al., manuscript in preparation).?
More than one million tags were analyzed in an inexpensive man-
ner using Illumina technology, while the same task would have re-
quired the use of multiple picotiter plates using 454 technology.

The discovery of small organic molecules capable of specific
binding to target proteins of interest is of fundamental importance
not only for the Pharmaceutical Industry, but also for the growing
field of Chemical Biology, where selective inhibitors can be used to
dissect molecular pathways and interrogate protein function.?®

With advances in genome technologies, new targets become avail-
able, while certain previously known proteins remain ‘undrugga-
ble’ (particularly in the field of protein-protein interactions)
using existing technologies.?®?” The high-throughput screening
of compound libraries is limited by costs and logistics. Major phar-
maceutical companies can individually screen hundreds of thou-
sands organic molecules in specialized assays.?® However, these
procedures are not always successful and hardly accessible for aca-
demic laboratories.

DNA-encoded chemical libraries offer a direct avenue to com-
pound collections of unprecedented size.*~” As organic molecules
are individually tagged by a distinctive DNA sequence, they can be
used as a mixture, with panning procedures analogous to the ones
used for the isolation of monoclonal antibodies from phage display
libraries.?® The use of DNA-encoded chemical libraries, however,
crucially relies on the quantification of the relative abundance of
individual compounds before and after selection on the target pro-
tein of interest. In this Article, we have shown that both 454 and Illu-
mina high-throughput sequencing technologies are suitable for
library decoding. These findings indicate that (i) the use of DNA se-
quence counts is an appropriate method for the quantification of
the individual DNA-compound conjugates, and (ii) the procedure
appears to be independent of the sequencing technology chosen
(Figs. 2 and 3). While for small libraries both 454 and Illumina tech-
nologies provide the sequence information necessary for the identi-
fication of binding compounds, factors such as cost-per-base,
sequence length and error rates influence the choice of a given
sequencing method once library size grows. In our on-going decod-
ing experiments, DNA-encoded chemical libraries (i.e., short
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Figure 3. Statistical analysis of the Illumina high-throughput sequencing. Histogram of the sequence counts (A) obtained from the Illumina high-throughput sequencing of
the DNA-encoded library before selection. The solid curve is the fitted negative-binomial probability density function (NB). The associated quantile-quantile plot (B) of
sample versus theoretical NB quantiles indicates a good fit. Quantile-quantile plots of sample versus theoretical NB quantiles for the streptavidin selection (C) and the trypsin
selection (D) show deviations from the diagonal revealing enriched DNA-codes that do not belong to the background distribution.
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Figure 4. Illumina high-throughput sequencing is used for the decoding of a
1 million DNA-encoded compound library. The DNA-conjugates were prepared in a
three-step split and pool synthesis using Diels-Alder chemistry and three encoding
steps’® (manuscript in preparation). The library was selected against immobilized
antigen (matrixmetalloprotease 1a).>* The pseudo four-dimensional plot displays
the three library codes on the axis and the dots indicate sequence counts (higher
than 20 sequences), while color and dot-size indicate the absolute sequence counts.
The cut-off at 20 sequence counts was chosen arbitrarily to enhance the visual
identification of enriched DNA-codes after selection. For this experiment, 1.4 mil-
lion of sequences were evaluated and 0.55 million different code-combinations
were found.

sequences of <100 bp) sequenced with the [llumina instrument have
typically yielded ~10 millions of sequences of 76 bp length for each
flow-lane (reagent costs per flow-lane: ca. 1100 EUR), while the 454
instrument yielded ~1 million of sequences of 100 bp length per
picotiter plate (reagent costs per plate: ca. 3500 EUR).3° In our hands,

[llumina technology appears to be suitable for the decoding of li-
braries containing one million compounds (Fig. 4). While larger
DNA-encoded chemical libraries can be synthesized (e.g., 800 mil-
lion compounds),® this can only happen at the expense of growing
molecular weights for the individual compounds (i.e., >600 Da).
Molecules for pharmaceutical development properties typically
need to be <500 Da and to fulfill other structural and physical crite-
ria.>!2 Thus, the need for the development of smaller focused DNA-
encoded chemical libraries of drug-like pharmaceutical compounds
remains,’'*2 while larger DNA-encoded chemical libraries with
multiple building blocks can be explored in the context of targeting
extracellular targets (e.g., in the development of injectable protein-
protein interaction inhibitors).2®

In conclusion, we believe that Illlumina sequencing methods are
appropriate for the decoding of DNA-encoded chemical libraries
containing thousands or even millions of compounds. With grow-
ing library sizes and with the need to perform panning selections
in multiple experimental conditions, we anticipate that develop-
ments in this field will be greatly influenced by advances in
sequencing technologies. It will be interesting to see whether
sequencing costs of existing technologies decrease, or whether
alternative DNA-sequencing methodologies (e.g., parallel sequenc-
ing by ligation or single molecule sequencing)!® can be used for the
decoding of chemical libraries.
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