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Abstract: Dynamic combinatorial chemistry (DCC) explores
the thermodynamic equilibrium of reversible reactions. Its
application in the discovery of protein binders is largely limited
by difficulties in the analysis of complex reaction mixtures.
DNA-encoded chemical library (DECL) technology allows
the selection of binders from a mixture of up to billions of
different compounds; however, experimental results often
show low a signal-to-noise ratio and poor correlation between
enrichment factor and binding affinity. Herein we describe the
design and application of DNA-encoded dynamic combinato-
rial chemical libraries (EDCCLs). Our experiments have
shown that the EDCCL approach can be used not only to
convert monovalent binders into high-affinity bivalent binders,
but also to cause remarkably enhanced enrichment of potent
bivalent binders by driving their in situ synthesis. We also
demonstrate the application of EDCCLs in DNA-templated
chemical reactions.

Dynamic combinatorial chemistry (DCC) involves the
application of reversible chemical reactions between mono-
meric building blocks to generate a mixture of products under
thermodynamic equilibrium.!"! Under selection pressure from
a protein target, the high-affinity constituent(s) are stabilized,
and the equilibrium will shift, thus causing an increase in the
formation of the binding molecules. However, as the size of
a DCClibrary increases, each individual binder will inevitably
become a smaller fraction of the entire mixture. The lack of an
efficient analytical method to identify the enriched com-
pounds poses one of the largest challenges for large DCC
libraries, as well as other drug-discovery methods based on
the use of a mixture of compounds.'*? In comparison, one of
the most attractive features of DNA-encoded chemical
library (DECL) technology is its high sensitivity in the hit-
identification process, which involves DNA amplification
followed by sequencing. DECL technology is compatible with
mixtures of millions to billions of DNA-encoded com-
pounds.”! Numerous strategies have been developed.!! In
one approach, one strand of a DNA duplex is used to
construct the library (single-pharmacophore libraries),F>l
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and in another, both strands are conjugated to library
members (dual-pharmacophore libraries).’**! The latter
approach, also known as encoded self-assembling chemical
library technology, explores the combinatorial assembly of
complementary sublibraries by DNA hybridization. It has
advantages for the construction of large libraries of high
purity. For example, it is practically impossible to purify every
compound in a single-pharmacophore library with 1 million
members, whereas the assembly of two 1000-membered
DNA-encoded sublibraries that have been purified by
HPLC and characterized by MS can also result in a library
with 1 million members.

Although selection experiments with large DECLs often
result in many hit compounds, one of the major challenges for
the use of such libraries is to enhance the enrichment factors
of potent binders relative to those of weak binders and
background noise.”*® For example, parallel selection experi-
ments with different selection stringencies have been used to
optimize selection conditions against a given protein target.”!
However, a more general method is urgently needed. In this
study, we applied the concept of DCC in DECL design and
selection.

The principle of a DNA-encoded dynamic combinatorial
chemical library (EDCCL) is described in Figure 1. It uses the
advantages of both DECL technology, that is, sensitive hit
identification from a myriad of compounds, and DCC, that is,
enhancement of enrichment through shifting of the equilib-
rium towards the generation of potent binders. To demon-
strate the feasibility of an EDCCL approach to identify
a bidentate protein/ligand interaction, we used iminobiotin
and homotetrameric straptavidin as a model system. A DNA
duplex with two iminobiotin molecules binding to streptavi-
din was previously used to illustrate a bidentate interaction
mediated by DNA self-assembly.®®! Given that the binding of
iminobiotin to streptavidin is pH-dependent, we can use this
system to investigate multivalent protein/ligand interactions
with a range of monovalent affinities by altering the
pH value.”! Tminobiotin binds to streptavidin with a sub-/
low-micromolar K, value at high pH values, whereas the
affinity is reduced to the high-micromolar range at a neutral
pH value owing to the protonation of the iminobiotin
guanidinium group. Given that low- to high-micromolar
affinities are expected for most de novo selection experiments
with DECLs, the iminobiotin/streptavidin interaction pro-
vides not only a proof-of-principle model for the establish-
ment of an EDCCL, but also a tunable system to cover the
range of interactions most common in de novo drug-discovery
campaigns.

Iminobiotin was coupled to the 5-amino DNA strand 1’
and 3-amino DNA strand 1, which also possessed a 5’
modification with the dye Cy5, thus resulting in Im-1" and
Cy5-1-Im, respectively. Fluorescently labeled Cy5-1-Im was
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Figure 1. The principles of DNA-encoded dynamic combinatorial chemical library (EDCCL) technology and
heat-induced DNA-encoded dynamic combinatorial chemical library (hi-EDCCL) technology. In the EDCCL
method, thermodynamic instability causes pair reshuffling. Under selection pressure from a protein target,
the constituents are shifted to the generation of potent bidentate binders. This shift results in an increase in
the high-affinity-ligand signal and a decrease in noise from low-affinity ligands. In the hi-EDCCL method, full
benefit is made of the oligonucleotide stability. The principle comes from the presence in the supernatant of
low-affinity binders containing one of the building blocks of the high-affinity binders. When the oligonucle-
otides in the supernatant are melted, the two sublibraries are reformed, and the building blocks are free to
self-assemble again to give the high-affinity binders. We defined this concept as pair reshuffling. After some
cycles of reshuffling and incubation in the resin, the high-affinity binders can be eluted and give a higher
signal as compared to that after a single cycle of incubation as in the standard dual-pharmacophore
selection. Pair reshuffling and resin incubation are space- and time-separated. The relative abundances of
high- and low-affinity bivalent ligands, under dynamic and nondynamic conditions, are shown as the
probability of their occurrence in the library before and after the addition of the target protein. Circles
indicate the “correct pairs” (potent binders) of pharmacophores in the library, whereas arrows indicate
pharmacophores “wrongly paired” in the library.
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used to evaluate the capture
and enrichment of the imino-
biotin-modified DNA strand.
The enrichment factor is
defined by the ratio between
the amounts of the bound
fraction (eluted by biotin)
and the unbound fraction
(supernatant), both in pico-
mols (Figure 2; see also the
Supporting Information).

An EDCCL is a thermo-
dynamic system controlled by
individual protein/ligand
interactions, the stability of
DNA duplexes, and the rela-
tive abundance of strong-,
weak-, and nonbinding mole-
cules. We started with an
affinity maturation library,>!
with 1 equivalent of Cy5-1-
Im, 1 equivalent of Im-1’, and
N equivalents of strand 1. A
large excess of unmodified
strand 1 was used to mimic
the nonbinding compounds
in a library (Figure?2, N=
300, N=10000). The pres-
ence of a limited amount of
one strand is the prerequisite
for establishing a dynamic
affinity maturation library,
which enables the recombi-
nation of strands to be driven
to the formation of high-
affinity bidentate binders. To
find the optimal conditions
for generating a dynamic
library, we investigated dif-
ferent numbers of hybridiza-
tion base pairs between
sequences 1 and 1" (m=4, 5,
6, 8, or 21; Figure 2a). When
the value of m is high, the
formation of a stabilized
duplex can result in a strong

bidentate interaction
between two iminobiotin
groups and streptavidin,

whereas the rate of chain
recombination is low. In con-
trast, when the value of m is
low, no stable duplex can be
formed, and thus the biden-
tate effect may be dimin-
ished, although such systems
could possess a high rate of
recombination. Under non-
dynamic conditions (m=
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Figure 2. Selection of an EDCCL containing iminobiotin by the use of streptavidin sepharose resin under various conditions. b) Cy5-1-Im or a 1:1
mixture of Cy5-1-Im and Im-1" with m=6, 8, or 21 was incubated with streptavidin resin at pH 9.2, 8.6, or 7.2. ¢) Cy5-1-Im or a 1:1 mixture of Cy5-
1-Im and Im-1" with m=6, &, or 21 in the presence of a 300-fold excess of strand 1 was incubated with streptavidin resin at pH 9.2, 8.6, or 7.2.

d) Cy5-1-Im or a 1:1 mixture of Cy5-1-Im and Im-1" with a 10000-fold excess of strand 1 and with m=6, 8, and 21 was incubated with streptavidin
sepharose resin at pH 9.2. €) Cy5-1-Im or a 1:1 mixture of Cy5-1-Im and Im-1" with a 300-fold excess of strand 1 and a 300-fold excess of strand 1’
and with m=6, 8, and 21 was incubated with streptavidin sepharose resin at pH 9.2. f) Cy5-1-Im or a 1:1 mixture of Cy5-1-Im and Im-1" with a 30-
fold excess of strand 1 and a 30-fold excess of strand 1" and with m =18 was incubated with streptavidin sepharose resin at pH 9.2 and subjected
to one or five cycles of heat-induced dynamics. The data in graphs (a—f) were obtained by measuring the ratio of fluorescently labeled DNA in the

supernatant and in the final elution buffer containing biotin. N and N’ indicate the fold excess of strands 1 and 1’, respectively. The value of m
indicates the number of hybridization base pairs used to investigate the dynamic library properties. Error bars indicate the standard deviation

(n>3).

21), the annealing temperature of the duplexes is much higher
than room temperature, whereas for m=4, 5, 6, and 8§,
libraries with different dynamic properties are created. At all
pH values tested (pH 9.2, 8.6, and 7.2) and N =0, nondynamic
conditions (m=21) led to the highest enrichment (Fig-
ure 2b). Because duplexes with m =6 or 8 are not as stable
as those with m =21, their enrichment is not as high as that of
Cy5-1-Im/Im-1" with m=21. When the number of hybrid-
ization base pairs was further decreased (m =4 and 5), no
significant enrichment was observed (Figure 2a). However, in
a library setup with m =21, for example, N is 300 (Figure 2c¢)
or 10000 (Figure 2d), the enrichment factors were similar to
those for one-arm control. Although the bidentate binding
with m =21 is strong, the bidentate compound is diluted by
a factor of (N+1) because of the formation of the stable
monovalent binder Cy5-1-Im/1". When the number of hybrid-
ization base pairs was decreased to allow dynamic recombi-
nation (m =6 and 8), the equilibrium could be shifted to the
formation of Cy5-1-Im/Im-1" in the presence of streptavidin.
We then performed the selection experiment with a 1:1
mixture 1-Im (without the fluorescent label) and Im-1' (m =8
or 21) at pH 9.2 in the presence of a 1000-fold excess of strand
1 (N=1000). We subjected the selected compounds to qPCR
to determine the threshold-cycle (C;) values."”! As compared
to the one-arm control 1-Im, the nondynamic construct led to
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only a minor decrease in C; from 13.05 to 12.20, whereas the
use of the dynamic construct resulted in a significant change
in the C value from 13.05 to 9.67 (see Tables S2 and S3).
We used the pH-dependent streptavidin—-iminobiotin
interaction as a model system to illustrate how these factors
contribute to the enrichment of potent bidentate binders
under different selection conditions. The binding of Cy5-1-Im
to streptavidin decreased remarkably as the pH value
decreased from 9.2 or 8.6 to 7.2 (Figure2b; see also
Table S1). With N =300 at pH 9.2, a 2.8- and 4.3-fold increase
in the enrichment factor relative to one-arm control was
observed for m =6 and 8, respectively (Figure 2c). Remark-
ably, at pH 8.6, a five- and tenfold increase in the enrichment
factor was observed for m =6 and 8, respectively (Figure 2c¢).
Interestingly, at pH 7.2, the dynamic library with eight base
pairs showed a fivefold increase in the enrichment factor,
whereas the enrichment was completely diminished for m =6
(Figure 2c¢). Therefore, when the monovalent binding is very
weak, the stability of the DNA duplexes in a dynamic library
becomes essential for the chelation effect. If potent mono-
valent binders are not expected in a denovo selection
experiment, a relatively high m number should be used,
although such experiments will take longer (see Figure S4 in
the Supporting Information). Moreover, under dynamic
conditions, a nonsignificant variation in enrichment between
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N =0and N =300 is observed when the bivalent interaction is
strong. However, when the bivalent interaction is not very
strong, a large excess of the nonbinding strands can shift the
equilibrium and lead to a low degree of enrichment. For
example, in the presence of a 300-fold excess of strand 1, the
enrichment factor (m=28) at 7.2 was only a quarter of that
found with N =0 (Figure 2b,c).

The EDCCL technology was further validated in dual-
pharmacophore formats. We tested the system with a 90601-
member (301 x301) dual-pharmacophore library for which
Cy5-1-Im and Im-1" were premixed with a 300-fold excess of
DNA strands 1 and 1’, respectively. A 2.5- and 4.5-fold
increase in the enrichment factor was observed for m =6 and
8, respectively (Figure 2¢).

To demonstrate that the EDCCL approach can also be
used for in-solution selection experiments,'’* 'l we performed
exonuclease-coupled selections (see Figure S9) by using the
iminobiotin/streptavidin system and a bidentate binder
against alpha-1-acid glycoprotein (AGP).” When the “cor-
rect” pair of compounds binds to the target protein, DNA
strands would be protected from exonuclease digestion both
by the stabilized double helix and by blocking of the 3" end by
a protein/ligand interac-

result in relatively low affinity of the bidentate interaction, as
compared to a stable DNA duplex (Figure 2a). To take
advantage of both stably assembled dual-pharmacophore
libraries and EDCCLs, we extended the concept of EDCCLs
to heat-induced EDCCLs (hi-EDCCLs), in which the heat-
induced recombination process of stable DNA duplexes and
affinity capture are carried out separately (Figure 1). The
selection experiment consists of: 1) library incubation with
the protein resin at room temperature; 2) after centrifugation
and the elution of non-binding compounds, reannealing from
90 to 25°C (duplex recombination); 3) repetition of steps (1)
and (2) as necessary. We tested a library with 31 x 31 members
by using an encoded self-assembled chemical library design
and the hi-DECCL procedure. A remarkable increase in
enrichment was observed after five cycles (Figure 2 f), in good
agreement with the simulation (see Figure S7). Similar results
were also obtained by qPCR analysis (see Table S4). Impor-
tantly, this procedure is compatible with the different formats
of existing encoded self-assembled chemical libraries.”"
DCC is a general concept in many fields of chemistry. To
demonstrate that EDCCL technology can be used not only
for drug discovery, but also for other applications, such as

tion.'""™"] Given that the @)
exonuclease-coupled
method for in-solution ‘T’ ‘_’72’
selection  requires an +

unstable DNA duplex,
this method is not compat-
ible with nondynamic
dual-pharmacophore 2s Al-2s’ 2s-Az 28’
libraries. As quantified by N1 1N

Alkyne Azide

m=18 n m
—>

Click product (b)

Alkyne Azide Click product

m=6
—_>

«=> I «=>

2d A2’ 2d-Az 28’
N 1 1 : N

gqPCR, in the presence of
2 uM streptavidin in solu- (c)
tion, an eightfold increase
in the amount of the imi-

nobiotin-conjugated DNA -

strand was detected, as
compared to the experi-
ment without the protein.
Although both monova-
lent compounds have no
detectable binding affinity
for AGPPY a twofold
increase in the amount of
the furan building block N
was detected when AGP m

(2 um) and the sulfonyl T(°C)
derivative were present in
the solution. Unlike previ-
ously reported in-solution
selection methods, the new
selection approach avoids
any chemical modification
of the target protein.

The library dynamics
are caused by the weak
interactions between the
DNA strands, which also
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Figure 3. DNA-templated chemical reaction based on EDCC. a) The DNA-alkyne conjugate Al-2s’ premixed with
2s (fivefold excess) was mixed with the DNA-azide conjugate 2s-Az premixed with 2s’ (fivefold excess) with
m=18. b) Al-2s" premixed with double-stranded 2d (fivefold excess) was mixed with double-stranded 2d-Az
premixed with single-stranded 2s’ (fivefold excess) with m=6. c) The resulting mixtures were incubated at 25,
50, or 60°C for 1 h, followed by treatment with tris(2-carboxyethyl) phosphine (TCEP) to quench all reactive
azide groups. The mixtures were then separated on a denaturing gel. The migration of the click product could
be observed on the gel when m=18 (lane 7) and m=6 (lane 8) after the incubation of the reacting
oligonucleotides overnight at room temperature and 4°C, respectively, without any unreactive competing
oligonucleotide. In the presence of competing species, the reaction became temperature-dependent: When
m=18, an increase in the temperature destabilized the double strand, thus permitting the reaction to take
place (lanes 1, 2, and 3). On the other hand, when m =6, the reaction was only possible at 25°C (lane 4)
because an increase in the temperature further melted the DNA duplex (lanes 5 and 6).
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DNA-templated chemical reactions™ we designed an
EDCCL for the copper-free click reaction."! An alkyne
group was conjugated to a 5-amino DNA molecule (Al-2s'),
and an azide group was conjugated to a 3-amino DNA
molecule (2s-Az). Strands 2s" and 2s are partially comple-
mentary to each other with m =6 or 18. For m =6, to prevent
other interactions between the two strands from influencing
the dynamics, 2s-Az was annealed to a sequence comple-
mentary to the region not involved in the dynamic assembly,
thus resulting in the construct 2d-Az. The DNA-templated
reaction led to the conjugation of two strands (Figure 3).
When Al-2s' and 2s-Az were premixed with 2s and 2s/,
respectively, in a 1:5 ratio under nondynamic conditions with
m =18, the conjugation reaction did not occur at room
temperature (Figure 3). However, when Al-2s’ and 2d-Az
were premixed with 2d and 2s’ in fivefold excess under
dynamic conditions with m =6, a clear conjugation product
was detected at room temperature (Figure 3). The dynamic
conditions at room temperature were also demonstrated by
the use of a competing unreactive species in 15- and 30-fold
excess (see Figure S14). Given that the dynamics are asso-
ciated with the annealing temperature, we investigated the
influence of the temperature on the DNA-templated chem-
ical reaction.

Interestingly, when m =6 and N=35, an increase in the
temperature led to a decrease in the reaction yield, because
the duplex was not stable enough to allow the DNA-
templated click reaction to occur. However, when m =18,
an increase in temperature caused the recombination of DNA
strands and induced the templated reaction. When the
temperature was above the annealing temperature (60°C),
a dramatically increased reaction yield was observed.

In summary, we have described a method to transform
DECLs into dynamic combinatorial libraries and to generate
such libraries with unprecedented sizes. Under conditions
allowing the dynamic recombination of complementary DNA
strands, potent bidentate binders can be evolved by shifting
the thermodynamic equilibrium. Moreover, this method can
also be used in applications such as DNA-templated reaction
discovery. We have extended the concept of EDCCL
technology to hi-EDCCL technology, which can be applied
to existing dual-pharmacophore libraries. However, as the hi-
EDCCL procedure is very cumbersome, it is practically
impossible to carry out more than 10 cycles manually.
Therefore, we have designed an automated continuous
selection system based on microfluidics (see Figure S8),
which will be tested with large libraries in the future.

Keywords: DNA-encoded chemical libraries -
DNA-templated reactions - drug discovery -
dynamic combinatorial chemistry - protein-ligand interactions
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