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s in DNA populations revealed by
split–combine selection†

Olga Plückthun,a Julia Siegl,a Laura Lledo Bryanta and Günter Mayer *ab

Clickmers are chemically modified aptamers representing an innovative reagent class for developing

binders for biomolecules with great impact on therapeutic and diagnostic applications. To establish

a novel layer for screening various chemical entities, we developed a split–combine selection strategy

simultaneously enriching for clickmers having different modifications. Due to the inherent design of this

strategy, dynamic changes of DNA populations are traceable at an individual sequence level. Besides off-

rate guided enrichment, the process makes the survival of the sequences most adapted to the applied

selection condition observable. The underlying strategy provides unprecedented molecular insight into

the selection process, based on which more sophisticated procedures will become pliable in the future.
Introduction

The selection of nucleic acid ligands for dened target mole-
cules using modied nucleobases, novel backbone modica-
tions or an extended nucleotide alphabet has emerged in the
past decade.1–8 For example, so-called SOMAmers bearing
hydrophobic amino acid side-chain like modications have
been identied for numerous plasma proteins and used in
proteomic approaches to study differences in disease vs. normal
organismic states. SOMAmers reveal novel structural features,
e.g., so-called benzyl-zipper motifs that form hydrophobic
interaction networks.3 Likewise, the Hirao and Benner groups
established two additional base pairs and subjected DNA
libraries that have these base pairs to in vitro selection schemes,
yielding aptamers for specic protein targets.4,5 These extended
alphabet aptamers have been shown to have high affinities
compared to previously reported non-modied DNA aptamers
for the same protein targets. Overall, modied DNA aptamers
reveal superior characteristics compared to those solely built
from canonical nucleotides, e.g., slower off-rates and higher
affinity. Most previous examples of nucleobase-modications
make use of one or two6 for selection experiments or three
different functionalities, exemplied by the selection of deoxy-
ribozymes.7,8 Recently, we and others established a so-called
click-SELEX procedure, in which Cu(I)-catalyzed azide alkyne-
coupling (CuAAC) is used to introduce chemical modications
into DNA libraries at the C5-position of uridine or the 20-
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position of the deoxyribose position.4–6,9,10 Aptamers obtained by
click-SELEX are termed clickmers. Here, we extended this
approach towards a split–combine procedure enabling the
simultaneous screening of ve or even more different modi-
cations, permitting the rapid identication of chemical modi-
cations that best mediate binding to a target molecule. We
applied next-generation sequencing (NGS) to analyze the DNA
populations along with bioinformatic analysis.11–13 Correlating
these data with interaction analysis, the enrichment process
was found to be not only driven by specic modications but
also by off-rate kinetic terms. Clickmers having slow off-rates
outcompete fast off-rate binders in the population. Notwith-
standing, the latter species can be rescued by changing the
selection criteria, e.g., limiting availability of modications.
Individual sequence-modication pairs can be traced back in
the DNA libraries shedding light on dynamic changes of DNA
populations during in vitro selection experiments, correlated
with selection conditions.

We synthesized a series of azides with distinct properties,
e.g., polar, hydrophobic, charged, and/or aromatic (Scheme
1a). These azides were used to separately functionalize a C5-
ethynyl-20-deoxy uridine modied DNA library.12,13 The prod-
ucts of the click reaction were analyzed by nuclease digest
followed by liquid chromatography and mass spectrom-
etry.14–17 These analyses reveal a near quantitative modica-
tion of the DNA (see ESI†). Subsequently, the ve libraries
were mixed at equimolar concentrations and subjected to
a split–combine click-SELEX procedure (Scheme 1b).9,15 Aer
incubation, separation and the recovery of bound species, the
single-stranded DNA of the amplied library was produced
and divided into ve samples (Scheme 1b, split). Each of them
was modied with one of the ve azides, separately, and aer
pooling (Scheme 1b, combine), this library was subjected to
the next selection cycle.
Chem. Sci., 2020, 11, 9577–9583 | 9577
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Scheme 1 The split–combine click-SELEX procedure. (a) Chemical structure of the click-modified uridine nucleotide. The blue pentagon in (b)
refers to this structure. Chemical structures of the azides used in this study. (1) 3-(2-azidoethyl)-1H-indole, (2) 3-(2-azidoethyl)-benzofuran, (3) 3
4-(2-azido-ethyl)-phenol, (4) 1-(azidomethyl)-4-chlorobenzene, (5) 1-(azidomethyl)-benzene, (6) 1-azido-2-methylpropane, (7) 2-azidoe-
thanamine, and (8) N-(2-azido-ethyl)-guanidine. (b) Schematic representation of the split–combine SELEX process. An alkyne-modified single-
stranded (ss) DNA library is divided into a number of aliquots (here 5, split), each aliquot is functionalized with an azide (a) by click-chemistry
(CuAAC) and afterwards the libraries are recombined (combine). After incubation with the target molecule, the non-bound sequences are
removed and the bound sequences are recovered (selection) and amplified by PCR using 5-ethynyl-20-deoxyuridine (EdU) instead of thymidine.
In the next step, the ssDNA is generated by l-exonuclease digestion of the 50-phosphorylated antisense strand (SSD). The resultant ssDNA is
again divided into adequate batches, functionalized by CuAAC, recombined and subjected to the next selection cycle.
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We applied this split–combine SELEX procedure to two
different target proteins and started using C3-GFP.15 Besides
indole (In), we used benzofuran (BF), benzyl (Bn), 4-chloro-
benzyl (ClBn), and ethylamine (Ea), as modications (ESI
Table 1, ESI Fig. 1a and b†). An increase in C3-GFP binding was
observed aer eight selection cycles only when the DNA was
modied with In or BF, whereas neither of the other three
modications (Bn, ClBn, Ea) nor the unmodied library (E)
showed C3-GFP binding (Fig. 1a). An additional ninth selection
cycle was performed, dubbed deconvolution cycle, in which the
‘combine’-step of the libraries (Scheme 1b) was omitted.
Instead, each modied library was subjected separately to
a click-SELEX cycle. The purpose of introducing this
9578 | Chem. Sci., 2020, 11, 9577–9583
deconvolution cycle was to increase the copy numbers of
sequences that bind to C3-GFP when modied with a specic
residue. This procedure would simplify the identication of
individual clickmers and assigning them to the specic azide.
All obtained libraries were analyzed by next-generation
sequencing (NGS), which revealed a reduction of unique
sequences in the DNA libraries obtained from cycles 4, 6, and 8
(Fig. 1b). The ve DNA libraries obtained from the deconvolu-
tion cycle (i.e., selection cycle 9) reveal either a further decrease
(when using In or BF) or an increase of the number of unique
sequences (when using Bn, ClBn, or Ea) (Fig. 1b). Likewise, the
distribution of nucleotides in the 44-nucleotide random region
changed strongly from the starting to the enriched libraries of
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Split–combine SELEX targeting C3-GFP. (a) Flow cytometer-based interaction assay in which Cy-5 labelled DNA (500 nM) from the
starting library (SL) and the DNA from selection cycle 8 (C8) were incubated with C3-GFP immobilized on magnetic beads. DNA was unmodified
(E-dU) or click-modified with indole (In), benzofuran (BF), benzyl (Bn), chlorobenzyl (ClBn) or ethylamine (Ea) (n ¼ 2, mean �, SD, normalized to
the highest value). (b) NGS analysis of the selection cycles 4–8 and the deconvolution cycle 9. The number of unique sequences of the DNA
population from the indicated selection cycle is shown. (c–f) Frequency of the sequences I10, F20, and B33 in the respective deconvolution
cycles is shown when using single modifications, i.e. indole (In-dU, c), benzofuran (BF-dU, d), benzyl (Bn-dU, e, f clipping of e to visualize
enrichment of B33). (g) Flow cytometer-based interaction assay in which the Cy-5 labelled sequences I10, F20, or B33 (500 nM) or the non-
binding control F20sc was incubated with C3-GFP immobilized on magnetic beads. DNA was either unmodified (E-dU) or modified with indole
(In), benzofuran (BF), benzyl (Bn), chlorobenzyl (ClBn), or ethylamine (Ea). (n ¼ 2, mean � SD, normalized to individual aptamer's highest value).
(h–j) Surface Plasmon Resonance (SPR) was employed to investigate the kinetic properties of the 50-biotinylated sequences I10 (In-dU, h), F20
(BF-dU, i) and B33 (Bn-dU, j). The sequences were immobilized on the flow cell of a streptavidin-coated sensor chip and C3-GFP was injected
onto the flow cell at the indicated concentrations at 37 �C. (k–m) Observed kon rate (k), koff rate (l) and KD values (m) of the sequences I10 (In-dU),
F20 (BF-dU) and B33 (Bn-dU). (n ¼ 5, mean � SD).

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 9577–9583 | 9579
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Table 1 Kinetic properties of the clickmers I10, F20 and B33 binding to
C3-GFP

T I10 (In) F20 (BF) B33 (Bn)

kon rate [105 M�1 s�1] 25 �C 14.0 � 1.1 31.2 � 19.2 3.3 � 0.8
37 �C 13.5 � 4.8 181.0 � 41.1 22.8 � 4.4

koff rate [10�4 s�1] 25 �C 7.2 � 0.5 9.6 � 2.0 60.1 � 3.4
37 �C 33.9 � 7.6 39.9 � 9.8 350.3 � 156.9

KD [nM] 25 �C 5.2 � 0.8 4.7 � 3.7 191.2 � 45.1
37 �C 26.5 � 5.9 2.3 � 0.6 153.8 � 68.4
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selection cycles 4, 6, and 8 (ESI Fig. 2†). Compared to the library
from selection cycle 8, the ninth deconvolution cycle led to
either a largely unchanged nucleotide distribution (Ea) or
changes that almost reect single sequences (In, BF), or more
distinct variations (Bn, ClBn) (ESI Fig. 2†). The dominating
sequences in the population of selection cycle 8 were I10 (33%)
and F20 (14%) (Fig. 1c–e, ESI Table 2†). The deconvolution cycle
either increased or decreased their copy numbers when using
the matching azides (Fig. 1c and d). For example, using In in the
deconvolution cycle led to an increase of I10's frequency to 64%,
whereas F20's decreased to 0.05% (Fig. 1c, ESI Table 2†). The
contrary behavior was observed when using BF. Here, I10's
frequency decreased to 0.08% whereas F20's increased to 25%
(Fig. 1d, ESI Table 2†). When all other modications were used,
the copy numbers of I10 and F20 decreased, although to
different extents (Fig. 1e, ESI Table 2†). The frequency of
sequence C1 is 0.9% in selection cycle 8 and was enriched 10-
fold when using ClBn or Bn as modications in the deconvo-
lution cycle (to 9.7% and 9.6%, respectively). When using In, BF
or Ea the occurrence of C1 decreased to 0.007% (In) and 0.24
(BF) or slightly increased to 1.9% (Ea) (ESI Table 2†). Interaction
studies revealed that C1 preferentially binds to C3-GFP when
modied with BF and to a lesser extent modied with ClBn,
whereas no interaction was detected when using Bn (ESI
Fig. 3†). These data indicate that C1 is preferentially a BF-
dependent binder. During the course of the selection,
however it was impossible for C1 to compete with F20 as it is the
predominant BF-dependent sequence. Only when the selection
pressure changed, e.g., by using ClBn C1 gained evolutionary
advantages as it also interacts with C3-GFP when modied with
this entity whereas F20 and I10, the sequences dominating
selection cycle 8, do not. When using Bn in the deconvolution
cycle, the most dominant enriched sequences are either rela-
tives of C1, I10 or F20. However, B33 was not detected in
selection cycle 8 within the sequencing depth, whereas its copy
number increased (0.0014%) strongly in the ninth selection
cycle using Bn (Fig. 1f, ESI Table 2†). Interaction analysis reveals
binding to C3-GFP of I10, F20 and B33, while F20 revealed the
most pronounced click-in dependency (Fig. 1g). When using the
aromatic click-in residues (In, BF, and ClBn), the interaction of
I10 and B33 with C3-GFP was less intense, but above back-
ground. However, interaction intensities were much stronger
when using the correctly assigned modications (Fig. 1g). All
sequences did not interact with C3-GFP at the ethynyl-state (E)
and a scrambled control sequence, based on F20, also did not
reveal any C3-GFP binding properties (Fig. 1g). We next per-
formed kinetic studies using surface plasmon resonance
(Fig. 1h–j, Table 1, ESI Fig. 4–9†). These studies demonstrate
that I10 and F20 have superior kinetic properties with regard to
on-rates (Fig. 1k) and off-rates (Fig. 1l) as well as with regard to
the dissociation constant compared to B33 (Fig. 1m). These
characteristics underline why B33 is not strongly enriched in
the split–combine selection cycles 1–8, and only had a chance to
level up, although to low copy numbers, when selected using Bn
in the deconvolution cycle.

We used streptavidin (SA) as a second target protein in the
split–combine SELEX procedure. While DNA aptamers have
9580 | Chem. Sci., 2020, 11, 9577–9583
been described for SA,18 chemically modied aptamers and
clickmers are yet not known. As for C3-GFP we used the indole
(In) and benzyl (Bn), but instead of BF, ClBn and Ea we
employed phenol (Phe), isobutyl (Ib) and guanidine (Gua) as
modications (Scheme 1a, ESI Table 3, Fig. 1c and d†). These
residues exemplify pleiotropic characteristics, e.g., aromatic,
polar, and non-polar allowing various interaction modalities of
the DNA with SA. Aer eight split–combine selection cycles, the
enriched library revealed an increase in SA binding compared to
the respective starting library when using the clicked-in modi-
cations In, Phe, Bn, or Ib (Fig. 2a). No improvement of inter-
action properties was observed when the library was modied
with Gua (Fig. 2a). Of note, the interaction intensity of the
starting library strictly depends on the nature of the click-in
residue (Fig. 2a). While aromatic and polar residues (In, Phe)
promote a pronounced interaction of the starting library with
SA, the non-polar aromatic residue Bn showed much lower
interaction capabilities, which were further reduced when the
non-polar and non-aromatic but hydrophobic residue Ib or
charged Gua were used (Fig. 2a). The latter two residues
revealed similar interaction intensities to the non-modied
ethynyl (E) starting library (Fig. 2a). These ndings are in line
with previous data, in which varying interaction properties of
starting libraries towards the small molecule D9-tetrahydro-
cannabinol were determined when different click-in residues
with distinct aromatic and hydrophobic characteristics were
employed.16,19 Aer conducting eight split–combine SELEX
cycles, we did two consecutive deconvolution cycles (selection
cycles 9 and 10) followed by NGS analysis. NGS revealed
a reduction of unique sequences in the DNA libraries obtained
from cycles 6 and 8 (Fig. 2b). The ve DNA libraries obtained
from the deconvolution cycles (i.e., selection cycle 9 and 10)
revealed either a further decrease (when using Gua), only
a slight variation (when using In, Phe, Bn), or an increase of the
number of unique sequences (when using Ib) (Fig. 2b). Like-
wise, the distribution of nucleotides within the 42-nucleotide
random region changed strongly from the starting (ESI
Fig. 10a†) to the enriched libraries of selection cycles 6 and 8
(ESI Fig. 10b and c†). Compared to the library from selection
cycle 8, the deconvolution cycles 9 and 10 led to similar nucle-
otide distribution proles (when using In, Phe, Bn, Ib, ESI
Fig. 10d–k†), whereupon Gua resulted in signicant changes of
the nucleotide distribution (ESI Fig. 10l andm†). The number of
unique sequences in the DNA libraries from selection cycles 6
and 8 decreased to 5% and 10%, respectively (Fig. 2b). In the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Split–combine SELEX targeting streptavidin (SA). (a) Flow cytometer-based interaction assay. 500 nM Cy-5 labelled DNA from the starting
library (SL) or from the selection cycle 8 (C8) were incubated with SA magnetic beads. DNA was either unmodified (E-dU) or click modified with
indole (In), phenol (Phe), benzyl (Bn), isobutyl (Ib) and guanidine (Gua) azide (n ¼ 2, mean� SD, normalized to the highest value). (b) NGS analysis
of SA multimodal click SELEX of the split–combine cycles 6–8 and deconvolution cycles 9 and 10. Unique sequences of each analysed cycle are
shown. (c–g) Frequency of sequences P2, B1 and G1 in the different deconvolution cycles is shown if using Phe-dU (c), Bn-dU (d), In-dU (e), Ib-
dU (f), or Gua-dU (g). (h) Flow cytometer-based interaction of individual sequences. The Cy-5 labelled sequences G1, B1, P2 (500 nM), and G1sc
(non-binding control) were incubated with SA magnetic beads. The sequences were either used unmodified (E-dU) or modified with indole (In),
benzyl (Bn), phenol (Phe), isobutyl (Ib), or guanidine (Gua) azide. (n ¼ 2, mean � SD). (i and j) Surface Plasmon Resonance (SPR) analyses. The
sequences B1 (Bn-dU) and G1 were immobilized on a SPR sensor chip and SA at different concentrations was used as an analyte at 37 �C. (k–m)
Summary of the SPR analyses of the clickmer B1 and aptamer G1. Given are the kon rate (k), the koff rate (l) and KD values (m) (n ¼ 5, mean � SD).

This journal is © The Royal Society of Chemistry 2020 Chem. Sci., 2020, 11, 9577–9583 | 9581
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deconvolution cycles a further decrease of the diversity of DNA
libraries was observed when using Gua, whereas the use of Phe,
Bn and In did not reveal a signicant variation of the number of
unique sequences compared to the DNA population from
selection cycle 8 (Fig. 2b). In turn, when using Ib, the number of
unique sequences increased (Fig. 2b). The dominating
sequence aer 6 and 8 selection cycles was P2 (32% and 22%,
respectively, ESI Table 4†). The deconvolution cycles 9 and 10
kept P2's frequency stable when using Phe as modication
(Fig. 2c, ESI Table 4†). In all other cases, the copy numbers of P2
decreased, most pronounced when using Gua (0.15%, Fig. 2d–g,
ESI Table 4†). The sequence B1 has low copy numbers aer 6
and 8 selection cycles (0.0001% and 0.0058%) and only when
using Bn in the deconvolution cycles its frequency increased
signicantly by a factor of 2583 (15.5%, Fig. 2d, ESI Table 4†).
Using all other modications led to a further decrease of B1's
frequency (ESI Table 4†). The frequency of sequence I2 only
increased when using In in the deconvolution step (Fig. 2e). G1
revealed a 973-fold increase of copy numbers, with a frequency
of 0.04% in cycle 8 and 38.9% in the corresponding deconvo-
lution cycle 10 (ESI Table 4†), but only when using Gua as
modication (Fig. 2g). Interaction experiments revealed
binding of the sequences P2, B1, and G1 to SA, whereas P2
showed tolerance regarding the click-in residues (Fig. 2h),
although with preference for the click-ins In and Phe. B1 pref-
erentially binds to SA when modied with Bn and with much
lower intensity when using Ib. Of note, P2 and B1 did not
interact with SA at the ethynyl-stage (Fig. 2h). In contrast, G1
interacts with SA independent of the Gua modication (Fig. 2h).
A scrambled variant of G1 was used as a non-binding control
sequence (G1sc), which did not bind to SA independent of any
modication (Fig. 2h). We next performed kinetic analysis by
SPR using B1 and G1 as both sequences revealed a clear inter-
action pattern depending on either Bn or no modication,
respectively (Fig. 2i, j, Table 2, ESI Fig. 11–14†). B1 has a faster
on-rate (Fig. 2k) and a slower off-rate (Fig. 2l) compared to G1 at
37 �C and the dissociation constant by which B1 interacts with
SA is signicantly lower than the one obtained by G1 (Fig. 2m).
The off-rate at 21 �C of both sequences is similar (Fig. 2l). Due to
these kinetic properties, G1 signicantly increases in copy
number compared to B1 and P2 only when Gua is used in the
deconvolution cycle, because B1 does not interact and P2 only
weakly interacts with SA when modied with Gua. G1 resembles
structural motifs of common DNA-based SA binders (ESI
Fig. 15†),18,20 indicating that it belongs to a similar sequence
Table 2 Kinetic properties of the clickmer B1 and the aptamer G1
binding to streptavidin

T B1 (Bn) G1

kon rate [104 M�1 s�1] 37 �C 22.42 � 1.53 2.04 � 0.28
21 �C 19.42 � 0.50 0.75 � 0.26

koff rate [10�4 s�1] 37 �C 3.09 � 0.40 10.75 � 0.79
21 �C 0.66 � 0.32 0.57 � 0.43

KD [nM] 37 �C 1.4 � 0.20 53.28 � 5.89
21 �C 0.34 � 0.16 8.92 � 8.20

9582 | Chem. Sci., 2020, 11, 9577–9583
family and it binds to SA with similar affinities to previously
reported DNA aptamers (Table 2).18 B1, in turn, does not share
these structural motifs and binds with a 30-fold higher affinity
to SA compared to G1. Therefore, B1 can be considered as a new
class of ligands interacting with SA.

In conclusion, we present a split–combine selection proce-
dure enabling the simultaneous enrichment of clickmers
binding to a target protein but having different chemical
modications. In this way, various clickmers are accessible and
many modications can be screened within a shorter time,
allowing the identication of the best possible combinations.
We exemplarily chose three sequences of each selection and
analyzed them further regarding click-in dependency and
kinetic properties. We found sequences with clearly assigned
modications (F20, B1), those that are tolerant to more than
one (P2) and a sequence that is independent of the modication
bound to the target protein (G1). Due to the large sequence
space we anticipate that even more binders might be identied
in the enriched DNA populations. Our approach provides
molecular insight into population dynamics during selection
experiments, which is hardly achieved by SELEX experiments
using canonical nucleotides. The combination of introducing
chemical modications by CuAAC and splitting–combining the
libraries in each selection cycle establishes a strong competitive
environment. In this environment we detect sequences that are
enriched and due to the deconvolution cycles we are able to
assign the binding properties of each sequence to a distinct
modication. We can trace back their frequency, thereby
obtaining evolutionary proles of individual sequence-
modication pairs. Our data underline that the described
enrichment process is mainly guided by off-rate kinetics,
observing the slowest for the most enriched sequences. Never-
theless, unfavorable sequences, e.g., those with faster off-rates
are not entirely lost but kept at very low copy numbers in the
respective DNA library. Once the selection pressure changes, i.e.
by removing all but one modication, these sequences thrive
and gain copy numbers. At the population level, this behavior
was not monitored before in selection experiments. During the
deconvolution cycles, we clearly observe enrichment or de-
enrichment of sequences that either do or no longer interact
when their cognate modication is present or missing. Of note,
our selection approach also gives rise to sequences that do bind
independently of the modication or in the absence of any, e.g.,
as näıve DNA. The former is reasonable, as due to the design of
our selection scheme, sequences that bind with various modi-
cations have a stronger selective advantage. Their copy
numbers are in sum greater than that of any of the others that
bind only in the presence of one modication, but are still
present and equipped with the other (here four) modications.
It would be interesting to analyze further sequences of the
enriched libraries, which we were not able to do yet. Especially,
those sequences with low copy numbers even aer one or two
deconvolution cycles, similar to B33, are of interest. It may be
worthwhile to add more deconvolution cycles to enrich those
sequences to a greater extent. Notwithstanding, bioinformatic
tools are able to identify them even when less abundant. We
anticipate that our ndings might be informative for the design
This journal is © The Royal Society of Chemistry 2020
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of new selection schemes and for analyzing the boundaries of
the split–combine approach with regard to the number of
modications that can be screened simultaneously.
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