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ARCaDia: single-round screening of a DNA-type targeted
covalent binder possessing a latent warhead

This work presents a single-round selection method for covalent
aptamers from an environment-sensitive warhead-modified
DNA library, employing a unique affinity/reactivity-based
co-selection strategy. It effectively bypasses the labour-intensive
steps associated with traditional SELEX-based methods
while simultaneously identifying the optimal warhead
position on the aptamer.
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A covalent binder for a target protein was obtained by a direct
single-round screening of a latent-warhead-modified DNA library
via affinity/reactivity-based co-selection of aptameric deoxyribo-
nucleic acid (ARCaDia), followed by a top k-mer analysis. The
optimal position of the conjugated warhead on the selected apta-
mer was simultaneously identified.

Covalent drugs, also known as targeted covalent inhibitors (TCIs),
form permanent bonds to target proteins and show a prolonged
duration of drug action.™ The halflife extension should result in
less frequent drug dosing at lower amounts and improve the
quality-of-life of patients.’ The major TCI developments have
focused on small molecules,* however, the interaction between a
small molecule and a target protein is strongly influenced by
hydrophobic interactions,” which often induce irreversible side-
effects from off-target covalent binding.®> To avoid this potential
risk, the TCI modality in fundamental research is broadening
from the conventional small molecules to larger biomolecules
possessing more stringent target specificity.® Such middle-to-
macro biomolecular TCIs (bioTCIs) can be sub-categorized into
peptidic, proteinic, and nucleotidic (ie., aptameric) TCIs. Among
them, reversible bioTClIs, especially nucleotidic TCIs where the
semi-permanent drug effect can be reversed on demand by a
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selective complementary-strand (CS) antidote, would mitigate the
major concern of a long-lasting drug side effect.”

The aptameric covalent binders can be created by both indirect
rational design, such as introducing a warhead®'® into a pre-
existing aptamer,"'* and by the direct combinatorial screening
method. In the latter, repetitive bio-panning of an aptamer library
against the target by a process termed systematic evolution of
ligands by exponential enrichment (SELEX)" has been exclusively
used. Historically, Smith and colleagues were the first to report
covalently binding RNA and DNA aptamers targeting neutrophil
elastase.”*"” The optimized binder was obtained by a screening
denoted the blended SELEX using a splint-DNA comprising a small-
molecule-TCI as the elastase-specific warhead, a spacer, and a 3’
overlap complimentary to the forward primer region of the nucleo-
tide library. This method has a major advantage in that an
unmodified conventional nucleotide library is used as the input.
Other covalent SELEX methods using a generalized warhead react-
able with any target protein, in theory, instead of the neutrophil
elastase-specific warhead, have been reported'®™® (ESIt for details),
but all require multiple cycle selection and regeneration of the
multiple-warhead conjugated library every cycle (Fig. 1A).

To avoid the labor and time-consuming process of the traditional
SELEX-based covalent aptamer selection, here we report a single-
round selection of a covalent binder possessing a latent fosylate-type
warhead'®?° and a linker between the warhead and the nucleotide
base (Fig. 1B). Our library design differed from the previous attempts
at combinatorial screening for covalent aptamers. In fact, our library
design was previously reported as being potentially problematic for
screening because of (1) linker flexibility,*' (2) low reactivity of the
fosylate warhead,'® and (3) placement of only a single warhead
within the aptamer.'® We chose this approach since placing a long
linker between a single nucleotide base and the warhead likely
positioned the covalent attachment site outside the aptamer-target
docking domain, enabling on-demand reversal using the CS
antidote."” The fosylate warhead, although less reactive, shows high
selectivity and reacts with the target protein in a microenvironment-
dependent manner, theoretically limiting nonspecific conjugation

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 A graphical comparison between a previously reported (A) multiple cycle SELEX using a generalized warhead, and (B) our current single round
non-SELEX combinatorial screening for a covalently binding aptamer, namely ARCaDia. The major differences between the two are: (1) conjugation of
multiple reactive warheads replacing all A or U residues in the library vs. a single latent warhead at a pre-defined position, (2) requisite regeneration of the
warhead conjugated library at every cycle vs. a single use of the warhead conjugated library, and (3) read number (i.e., most frequent count) vs. k-mer

sorting of the high-throughput sequencing reads.

and enabling a direct single-round screening of a latentwarhead-
modified library via affinity/reactivity-based co-selection® of apta-
meric deoxyribonucleic acid (ARCaDia). Using the non-SELEX
method, we successfully identified a covalent-binder against throm-
bin through high throughput sequencing (HTS) after the selection,
followed by a k-mer-based bioinformatics analysis.

We started with an N,s-randomized DNA library where a single 5-
octadinyl-dU is placed in the middle at nucleotide 13, with the
primer sequences flanking the randomized region (Fig. 2A) to
attempt the non-SELEX single round selection of aptamers
covalently binding to the thrombin target protein. A relatively
high-reactive warhead (benzene-sulfonyl fluoride; BSF, 1), the latent
fosylate (aryl-fluorosulfate; AFS, 2), and a control non-reactive one (4)
were conjugated at the central alkyne, respectively (Fig. 24, right).
After pre-selection with BSA to remove non-specific binders, the
remaining library reacted with the thrombin target bound to
magnetic nano-beads. The aptamer-target conjugate was subjected
to a harsh wash using urea/SDS-containing buffer to remove non-
covalent binders while retaining the covalently bound aptamers on
the beads. That the warhead-conjugated library before conjugation
with the target protein was adequately amplified by PCR was
confirmed by a qPCR assay (Fig. S2, ESIt), but the aptamers after
selection now covalently bound to the large target protein required
digestion with proteinase K to serve as a template for PCR ampli-
fication (Fig. S3, ESIt). Comparison of the N5 libraries endowed
with different warheads demonstrated a robust expected 64bp PCR
product band for the AFS library (2) and a weak band for the BSF
library (1) suggesting the potential presence of a selected aptamer
surviving the strong wash (Fig. 2B, lanes 1 and 2). Other control
libraries which presumably do not form a covalent conjugation with
the thrombin target only gave a negligible PCR product band under
the same condition (lanes 3-5). We focused on the robust PCR
product resulting from the AFS library screening and further
analyzed for potential covalent binders by HTS and bioinformatics
analysis.

The traditional SELEX relied on the identification of binding
aptamers by focusing on the “most abundant” sequences
observed among the sequences obtained at the end of multiple
rounds of selection.’® However, incorporation of HTS in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The DNA library and warheads used for the combinatorial screen-
ing. (A) The library comprises tandem Ni, randomized sequences with a
single linker (octadinyl-dU) with a terminal alkyne (U*) inserted at position
13. The flanking primer sequences are denoted in green. The R substitution
on the uracil was benzenesulfonyl fluoride (BSF; 1), fosylate (AFS; 2), CHsz
with no linker (3; natural T), benzyl (4), or unconjugated alkyne (5). The
single-round selection comprised pre-screening of the library with BSA-
beads, reaction with thrombin-beads, harsh (stringent) wash, proteinase K
digestion to free the covalently bound aptamers, and PCR amplification.
For details, see ESI,T Section S3.2. (B) PAGE separation of the PCR products
corresponding to the respective starting libraries (1-5), without template
(w/0), 50 bp markers on both edges. The blue arrow points to the expected
64 bp PCR-amplified aptamers.

workflow with a dramatic increase in the observed sequences
suggested that the sequence abundance at the end of multiple
rounds of selection may not be the best measure to identify the
strongest binding aptamers.> Rather, the emergence of a motif or
a critical subsequence of nucleotides during the selection cycles
may better identify the best binders. Such a focus on subsequences
of k-nucleotides or k-mers of non-SELEX HTS data was reported by
Hoon,>* and we extend this approach to arrive at a systematic but a
simple procedure for identifying potential covalent binders after a
single-round selection and PCR amplification.

The bidirectional raw HTS reads were cleaned up (AptaSuite)
and a FASTA file of 25 nucleotide long reads passed onto
Tallymer for k-mer analysis (see ESIt for details and instructions
on implementation of the freeware). The overall non-unique
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k-mer distribution of the HTS data shows an abundance of
small k-mers with a rapid decrease in the number of k-mers with
increasing k-mer length (Fig. S4, ESIt). The most and second
abundant reads for each k-mer length are noted as seeds, since
we use these sequences for the alignment in the next step. The
ad hoc analysis employed by Hoon, namely the ASKAS method,
applied to our data showed that the total counts of the top five k-
mer reads jumped between k-mers 15 and 16 in agreement with
their report.>* However, the objective definition of a significant
decrease in the counts was not defined.

Without defining a priori, the critical k-mer length, as with
Hoon,”* we took two approaches for further analysis of the HTS
data. In the first approach, we took the top seed sequences for each
k-mer and aligned the 20 seeds themselves (Fig. 3A). A loose
consensus sequence of 15 nucleotides-long with a G-quad-like
structure resembling the well-known thrombin-binding aptamer
(TBA) emerged. The ambiguity, for example at the thymidine
residues not forming the G-quad structure, is well tolerated with
little impact on binding to the target (reviewed in Ricardi et al.).*®
Inclusion of the second-best seeds in the alignment had little effect
on the identified consensus sequence (Fig. S5, ESIt). Thus, a simple
alignment of the top seed sequences appeared sufficient to identify
the critical nucleotides and the length of the aptamers that pre-
sumably covalently bound the target thrombin in the single-round
selection. We next took the respective seed sequences for the k-mer
length and sought the HTS reads that contained the seeds. Fig. 3B
shows the alignment of 36 HTS reads that contained the top seed
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Fig. 3 Alignment of seed k-mers and HTS reads containing the seed
sequences. (A) Top two seeds for k-mers 12-18 were aligned with the
consensus sequence shown on the top. Note that some top and 2nd seed
k-mers had equal counts (e.g., 18mer has 7 sequences a—g with equal
counts) and all were included in the alignment. (B) Alignment of 36 HTS
reads containing the 15mer top seed sequence (GGGTGGTGTGGTTGG)
with the consensus sequence shown on the top. The position of the
warhead denoted in red (i.e., the 13th nucleotide from the 5 end of the
aptamer) in the aligned HTS reads was used to identify where, within the
TBA sequence, the warhead was located and designated as TBA,. (C) Pie
chart of the distribution of TBA, from 36 reads containing the 15mer top
seed. (D) Like C but the distribution of TBA,-like sequence from 279 reads
containing the 12-17 mer top seeds. The overall distribution showed
TBA; » TBA;z > TBA; > others.
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sequence GGGTGGTGTGGTTGG for k-mer length 15. The align-
ments of actual HTS reads identified by other &mer seeds are shown
in Fig. S6 (ESIt). Since the reactive AFS warhead (U*) was placed at
nucleotide 13 in the original library (see Fig. 2A) and read as ‘T’ by
HTS, we can identify the precise position of the warhead from the
alignment. The position of the warhead is denoted as TBA,, where
the x indicates the position of the warhead (ie., 3, 4, 7,9, 12, or 13) in
the original TBA sequence. The HTS reads identified from the 15mer
seed showed a predominance of TBA, followed by TBA,; (Fig. 3C).
The distribution of TBA,-like sequence from 279 HTS reads identi-
fied by 12-17mer top seeds showed a similar overall distribution
with predominance of TBA, (Fig. 3D). It was previously noted that
the position of warhead conjugation in the TBA aptamer was critical
in determining the ability to form a covalent bond with the thrombin
target."""? Thus far, the determination of the optimal position of
warhead conjugation required a trial-and-error approach experimen-
tally testing each potential position, but the asymmetric distribution
of TBA, obtained during the covalent-aptamer screening starting
from the warhead-endowed library suggests that the preferred
position may be identified during the selection itself.

We tested the ability of AFS-conjugated TBA, to interact
covalently with the thrombin target by a reducing SDS-PAGE
band-shift assay where the covalently modified thrombin target
appears as an upward mobility shifted band. AFS reacts slowly
compared to the previously studied BSF warhead and only a faint
mobility-shifted band can be observed at 3 hours reaction duration
and a robust mobility-shifted band only observed after the overnight
incubation (Fig. 4A). TBA, conjugated to a nonreactive benzyl mock
warhead (4) or left unmodified as an alkyne (5) did not produce a
band-shifted thrombin even after an overnight incubation. Of note
is the observation that the mobility-shifted band is weak for TBA3
and TBA,, and stronger for TBA, and TBA;; in agreement with the
TBA, distribution abundance. The exception is TBA;, where a robust
band shift is seen but less represented in the TBA, distribution.

The target-specificity of AFS warhead endowed-TBA, was
examined by a non-reducing SDS-PAGE mobility shift assay.'?
The covalent conjugation of the aptamer was visualized by the
addition of a fluorescent-label tagged complimentary strand
against TBA (FI-CS; Fig. 4B). The fluorescent signal (blue arrow)
was observed only for AFS-TBA,, and a gross excess of human
serum albumin revealed no non-specific binding supporting
the high specificity of the AFS-endowed aptamer, as was shown
previously for BSF.'” Control lanes with no FI-CS showed no
fluorescent signal.

Our combinatorial screening for covalent aptamers differs
from the prior efforts in several respects. First, the starting library
contained a single warhead in distinction to placing multiple war-
heads replacing all adenine'® or uracil'®'” nucleoside residues in
the library like click-SELEX.>" Our approach enabled randomization
of all four nucleotides, enhancing the starting library diversity.
Although the single warhead in our library was tethered to the
aptamer via an elongated octadinyl-dU linker, this modified unna-
tural nucleotide-containing library served well as a PCR substrate
required for the single round of selection unlike the covalently
binding library created by modification of the phosphodiester
linkage."® Second, we chose the AFS warhead with high specificity

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Characterization of thrombin conjugation with AFS-TBA, aptamers
(blue arrows) by SDS-PAGE. (A) Oriol-stained thrombin after incubation
with AFS-conjugated TBA, for 3 hours or overnight (O/N). Blue arrow
points to the mobility shifted thrombin with a covalently bound aptamer.
(B) Thrombin-specific conjugation of TBA, (+AFS) in the presence of
human serum (40%). As a negative control, wild-type TBA (—AFS) was
used. TBA-conjugated protein(s) can be visualized by duplex formation of
FI-CS followed by fluorescence imaging (left panel). Whole proteins were
visualized by CBB staining in the same gel (right panel).

previously shown to be an optimal latent-warhead with little
reactivity until placed in an optimal microenvironment created by
the target protein and the warhead.”® This enabled a “slow-but-
accurate” conjugation of the warhead-enabled aptamer to throm-
bin. Once a covalent aptamer is identified by selection, the slow AFS
warhead could be altered to a more reactive warhead®® such as
BSF'? to increase the rate of covalent reaction with the target
important to potential utility as a drug. Third, the use of nano-
beads to anchor the target protein allowed high stringency wash
during the aptamer selection and recovery of only the covalently
bound aptamers, reducing background noise in the HTS readout
from non-covalent interactors or non-specific binders. This together
with optimization of the overall protocol including proteinase K
digestion to enable polymerase read-through of the target-bound
aptamers, preselection of the library with BSA-nano beads to reduce
non-specific interactors, and kmer-based bioinformatics analysis
enabled identification of covalent binders from the HTS readout
after only one round of selection.

Despite the initial excitement over aptamers, fundamental
limitations of rapid elimination from renal clearance and
nuclease sensitivity have precluded the translational application
of this promising drug modality. Recent exploration of covalent
aptamers where the warhead-endowed single stranded nucleo-
tide forms a covalent bond with the target protein suggests that
covalent aptamers may circumvent these fundamental
limitations.” A significant remaining barrier to further accelera-
tion of exploration of covalent aptamers as a drug modality has
been the cumbersome trial-and-error approach required for
determining the optimal position of warhead incorporation.
The single round non-SELEX covalent aptamer screening that
easily allows simultaneous identification of the aptamer
sequence and the probable position of warhead incorporation
described in this work, if reproducible for other targets, is likely
to accelerate the resurgence of interest in aptamer drugs.
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Data supporting the findings of this study have been deposited
in the ESIT of this article, including raw data of HTS results as
three independent files of fastq format, and their summary on
the basis of the top-k-mer analysis as an excel file. The details,
including their manipulation methods using several web ser-
ver, are written in the ESL}
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