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ABSTRACT

DNA-encoded library (DEL) technology is a powerful
tool for small molecule identification in drug discov-
ery, yet the reported DEL selection strategies were
applied primarily on protein targets in either purified
form or in cellular context. To expand the applica-
tion of this technology, we employed DEL selection
on an RNA target HIV-1 TAR (trans-acting responsive
region), but found that the majority of signals were
resulted from false positive DNA–RNA binding. We
thus developed an optimized selection strategy utiliz-
ing RNA patches and competitive elution to minimize
unwanted DNA binding, followed by k-mer analysis
and motif search to differentiate false positive sig-
nal. This optimized strategy resulted in a very clean
background in a DEL selection against Escherichia
coli FMN Riboswitch, and the enriched compounds
were determined with double digit nanomolar bind-
ing affinity, as well as similar potency in functional
FMN competition assay. These results demonstrated
the feasibility of small molecule identification against
RNA targets using DEL selection. The developed ex-
perimental and computational strategy provided a
promising opportunity for RNA ligand screening and
expanded the application of DEL selection to a much
wider context in drug discovery.

INTRODUCTION

DNA-encoded library (DEL) consists of a mixture of small
molecules conjugated to unique DNA tags, and the struc-
ture information is encoded within DNA sequences to
allow screening of billion compounds simultaneously in
one single tube. First proposed on 1992 by Brenner and
Lerner (1), DEL has progressed along the years with the
development of combinatorial chemistry and next gener-
ation sequencing. With its high throughput, low cost and

fast turn over, DEL selection possesses great value for hit
identification in drug discovery and has been adopted by
major pharmaceutical companies. Drug candidates origi-
nated from DEL have entered different stages of clinical
trials (2).

To date, DEL selection is mostly an affinity-based se-
lection. Typical affinity selection process includes incuba-
tion of DEL molecules with the target, washing off the
weak or non-specific binders, revealing the enriched struc-
tures by subsequent sequencing, and data analysis. Various
screening methodologies allowed the expansion of screen-
ing objects from recombinant proteins to living cells. For
DEL selections performed on purified proteins with affin-
ity tags, solid support including magnetic beads or resin is
utilized to immobilize the protein and separate the DEL
molecules bound from the bulk DEL solution (3,4). Cell
based selection by overexpression of target protein (5), la-
beling the protein with a complementary DNA (6), or in-
creasing ligand valence (7) enables its performance with cell
membrane proteins. Cell penetrating peptide (8) and in-
jection (9) have been utilized to facilitate the interaction
of DEL molecules with cellular proteins. These practices
have achieved significant scientific milestones, despite the
fact that they were only successful on protein targets while
the necessity of screening other target classes starts to draw
attention.

The majority of approved drug targets are proteins. How-
ever, ∼70% of human genome encodes non-coding RNAs,
among which microRNAs and long non-coding RNAs are
also validated therapeutic drug targets (10). Extending drug
targets to RNAs could expand the landscape of drug dis-
covery industry significantly. In addition, some proteins are
considered undruggable as they are intrinsically disordered
or lack typical small molecule binding pockets, while tar-
geting the structured RNA motifs of their corresponding
mRNAs provides a promising strategy to modulate protein
expression levels involved in diseases (11). Also, targeting
viral or bacterial RNAs offers opportunities to modulate
their biological processes and facilitate the development of
antiviral or antibacterial drugs.
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As targeting RNA is emerging as an attractive strategy
in drug discovery practices, RNA targeted ligands have
been developed and entered different stages in drug dis-
covery. Risdiplam targeting SMN2 pre-mRNA splicing for
the treatment of spinal muscular atrophy (SMA) (12) has
been approved by FDA. Multiple screening methodologies
including high-throughput screening (13), structure based
design (14), fragment based screening (15), integrated sta-
tistical and computational approaches (16–18) have been
utilized for RNA targeting small molecule identification.
However, DEL selection on RNA targets has not been de-
tailed in peer-reviewed papers. In fact, most reported DEL
selection strategies are applied on protein targets, except
in one case of selection on DNA target G-Quartets, which
consists of specific guanine rich repeats with a unique four-
stranded structure and is thermodynamically stable (19).
Another paper (20) mentioned the utilization of Viper-
gen yoctoReactor DEL, which is very different from the
DEL in our case as well as the ones investigated in liter-
ature, for discovering a ligand of Aptamer 21. More im-
portantly, the selection details and performance were not
revealed.

In this paper, we intend to demonstrate the feasibility of
DEL selections against RNA targets. Whether our DEL
and conventional selection strategy are compatible with
RNA targets is the first question that needs to be addressed.
As all the DEL molecules are attached to DNA tags, would
the DNA tags interfere with RNA-small molecule interac-
tion? To answer this question, we chose human immunode-
ficiency virus type-1 (HIV-1) trans-acting responsive region
(TAR) RNA, which is a validated anti-viral RNA target,
to test the feasibility of DEL selection. Significant false-
positive signals due to DNA–RNA interaction were ob-
served which extensively complicated data analysis. To solve
this technical issue, we developed an algorithm to statisti-
cally differentiate DNA–RNA binding signals from small
molecule-RNA binding. In order to minimize the DNA–
RNA interaction during selection, we designed and utilized
RNA patches in combination with competitive elution dur-
ing the DEL selection. The above strategy allowed us to suc-
cessfully identify the signal of positive control compound
during DEL selection, with a significant reduction in false-
positive signals.

With this novel methodology described above, we em-
ployed the optimized selection process on an anti-bacterial
RNA target, Escherichia coli (E.coli) flavin mononucleotide
(FMN) Riboswitch, to further validate our selection strat-
egy. Consequently, compounds synthesized from this se-
lection were identified as double digit nanomolar hits
by functional assay and isothermal titration calorimetry
(ITC). We further compared the performance of DNA
patches and found it was slightly less effective than RNA
patches, but still significantly better than selection with-
out patches. Taken together, we have developed a se-
lection strategy as well as an analytical algorithm to
successfully apply DEL selection on RNA targets. This
approach is proven robust with positive binders identi-
fied in FMN Riboswitch selection, and should be feasi-
ble to employ on other biological significant RNA drug
targets.

MATERIALS AND METHODS

Materials and RNA preparation

3′Biotin tagged TAR RNA (5′-GGCAGAUCUGAGCCU
GGGAGCUCUCUGCC-3′ biotin), 5-FAM and 5′ propar-
gylglycine tat peptide (5′ pra-AAARKKRRQRRRAAA,
Pra-tat, propargylglycine is introduced for DNA conjuga-
tion) (21) were synthesized by GenScript.

E.coli FMN Riboswitch with and without poly A
were prepared by in vitro transcription. E.coli FMN
Riboswitch sequence with poly A (5′TAATACGACT
CACTATAGGGCTTATTCTCAGGGCGGGGCGAA
ATTCCCCACCGGCGGTAAATCAACTCAGTTGA
AAGCCCGCGAGCGCTTTGGGTGCGAACTCA
AAGGACAGCAGATCCGGTGTAATTCCGGGG
CCGACGGTTAGAGTCCGGATGGGAGAGAGT
AACGAAAAAAAAAAAAAAAAAAAAAAAAA-3′)
were introduced to pcDNA3.4 at clone site SacI and
XbaI. DNA templates were prepared by PCR from the
plasmid using forward primer (TAATACGACTCAC-
TATAGGG) incorporating the T7 promoter and three
different reverse primers (R1 CGTTACTCTCTCC-
CATCCG, R2 TTTTTTTTTTTTTTTTTTTTTTTTT
or R3 TTTTTTTTTTTTTTTTTTTTTTTTTCGT-
TACTCTCTCCCA). In vitro transcription was carried out
by using TranscriptAid T7 High Yield Transcription Kit
(Thermo Scientific K0441) and purified by VAHTS RNA
Clean Beads (Vazyme N412-02) following the protocol
from the manufacturer. FMN Riboswitch was prepared in
50 mM Tris, 100 mM KCl pH 7.4 buffer and annealed each
time before use by heating at 95 ◦C for 5 min and put at RT
(room temperature) for at least 15 min.

RNA immobilization test

Fixed amount of RNA was incubated with various vol-
umes of beads in selection buffer without ssDNA (sheared
salmon sperm DNA) at RT for 30 min, then the flow
through (FL) was collected, the beads were rinsed and
transferred in a new tube with selection buffer. The FL
and beads were then loaded on Urea gels (Invitrogen
EC6875BOX), analyzed by electrophoresis in TBE buffer
and further visualized by staining with SYBR Gold nucleic
acid stain (ThermoFisher S11494).

Fluorescent ligand binding on immobilized RNA

The binding of fluorescent tool compound on immobilized
RNA was performed by incubation of fluorescent tool com-
pounds (FAM labeled tat peptide or FMN) with immobi-
lized TAR or FMN Riboswitch for 1 h at RT. The flow
through (FL) was collected, then the immobilized RNA was
washed 5 times by corresponding selection buffer for 1 min
each time, beads were either heated at 100 ◦C for 10 min or
incubated with 50 �M Pra-tat or 100 �M Ribocil-C for
competitive elution. The fluorescence of each portion was
detected by microplate reader at Ex 485 nm/Em 520 nm for
FAM labeled tat peptide and Ex 455 nm/Em 525 nm for
FMN.
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DNA conjugate synthesis and binding test on immobilized
RNA

The DNA conjugate was synthesized by coupling the pra-
tat peptide to the short DNA linker by click chemistry, after
the conjugation was confirmed by mass spec, the ligand was
purified by HPLC and further ligated to the longer DNA
tags to make the full-length DNA conjugate, a control DNA
tag without coupling to any compound was also made. The
concentration of the conjugate was quantified by qPCR and
purity was determined by Agilent Bioanalyzer. The proce-
dure of conjugate binding with the immobilized RNA test
was similar to fluorescent ligand binding test, with the ex-
ception of quantifying the binding of on-DNA conjugate
by qPCR, all qPCR experiments were conducted at 95◦C
for 10 min, then 35 cycles of 95◦C 10 s, 55◦C 10 s, 72◦C 10 s
using SYBR Green master mix (Thermo A25778).

Blocking of DEL DNA tags by RNA or DNA patches

The RNA patches for TAR RNA were designed by frag-
menting the sequence of TAR RNA as following, the RNA
patch 1 is the first 12 nucleotides (nt) of TAR RNA, the
subsequent patches are with 3 nt shift from the previous
patch. To block the DEL DNA tags, DEL was dissolved
in selection buffer and incubated with the first RNA patch
at RT for 30 mins, then the subsequent RNA patches were
added one by one after 30 min incubation with the DEL
tags.

For E. coli FMN Riboswitch, as the sequence is much
longer, the RNA patches mainly covered the loop or bulge
sequences. DNA patches with the same sequences were also
made. DEL DNA blocking was prepared by incubation of
the RNA or DNA patches with DEL at RT for 30 min as
described above.

The full list of patch sequences designed for TAR RNA
and FMN Riboswitch can be found in Supplementary Table
S1, the patches were synthesized by GenScript or HitGen.

DEL selection

HitGen DELs were used in the selection and automated se-
lection was carried out using a KingFisher Duo Prime Pu-
rification System (ThermoFisher) in 96-well plate. 10 �M
biotin-TAR RNA was incubated with 10.38 billion mem-
ber DEL sample in selection buffer (50 mM Tris, 80 mM
KCl, 0.3 mg/ml ssDNA, 0.01% Tween 20, pH 7.5) at RT for
1 h followed 30 min incubation with Pierce™ Streptavidin
Magnetic Beads (Thermo Scientific, cat# 88817). Immobi-
lized RNA was washed 1 min at RT in 500 �l wash buffer
(50 mM Tris, 80 mM KCl, 0.3 mg/ml ssDNA, 0.01% Tween
20, 400 �M biotin, pH 7.5) for 5 times. Retained DEL mem-
bers were recovered by heat elution in elution buffer (50
mM Tris, 160 mM KCl, pH 7.5) at 95 ◦C for 10 min or
competitive elution by incubation with 50 �M Pra-tat in
buffer containing 50 mM Tris, 80 mM KCl, pH 7.5. After
the first round of selection, second round was repeated with
the eluted portion of previous round used as the input to the
successive round with fresh RNA. For competitive elution
groups, the eluted samples were purified by QIAquick kit
(Qiagen 28306) to remove Pra-tat peptide. After each round,

the output was quantified by qPCR. After two rounds, the
selection was done and the output was amplified by PCR,
then sequencing was performed for PCR amplified samples
on an Illumina NovaSeq 6000 DNA sequencer.

DEL selection for E. coli FMN Riboswitch was carried
out in a similar procedure with differences illustrated below.
1 nmole E. coli FMN Riboswitch with poly A was immobi-
lized by Oligo d(T)25 MagBeads (NEB S1419S) in selection
buffer (50 mM Tris, 100 mM KCl, 2 mM MgCl2, 0.3 mg/ml
ssDNA, 0.05% Tween 20, pH 7.4), immobilized RNA was
incubated with 46.3 billion member DEL in selection buffer
for 1 h at RT, followed by five washes in selection buffer. Re-
tained DEL members were recovered by heat elution in elu-
tion buffer (50 mM Tris, 100 mM KCl, pH 7.4) at 95 ◦C for
10 min or competitive elution by incubation with 100 �M
Ribocil-C in elution buffer. Ribocil-C was removed by QI-
Aquick kit (Qiagen 28306) following the protocols provided
by the manufacturer.

The DEL size was larger for FMN riboswitch screening
as the HitGen DEL size was growing. Therefore, the DELs
used for TAR RNA screening is only a subset to that of the
FMN-Riboswitch screening experiment. All selections were
summarized in supplementary Table S2.

Data analysis and feature identification

Short reads in FastQ format for each sample were de-
rived from demultiplexed Illumina sequencing data. An in-
house DNA-Encoded library data analysis toolkit, namely
DELTA toolkit, was used for downstream sequence anal-
ysis and feature identification. Detailed protocols for data
preprocessing, sequence decoding, molecule counting using
DELTA toolkit are provided in supplementary documents
(Supplementary method 1, Figures S1 and S2).

Features in a DEL selection context are defined as groups
of molecules sharing at least one common building block.
It is crucial to accurately quantify these structurally re-
lated clusters and their enrichments. To minimize the ex-
perimental variations, we use the ‘minus log10-transformed
Poisson probability product score with normalization’ scor-
ing function for feature identification. Its abbreviation,
o0oooooooo (namely PolyO), is a symbolic form of a line
feature. PolyO determines the background noise level dy-
namically based on the sequencing depth and the DEL size.
For a given feature, it calculates the fold-change of its pre-
liminary PolyO score over the background noise, in order
to get the final PolyO score. Therefore, it is a normalized
score adjusted for samples with different DEL input and
sequencing depth. The mathematic equations to calculate
PolyO scores from compound copy counts are provided in
Supplementary method 1. Features with a PolyO score ≥4
are defined as significantly enriched features.

Identification of features enriched by DNA–RNA interaction

The DNA tags of HitGen DELs consist of both double
strand region and single strand region. Targets interacting
with different regions result in different signal readout (Fig-
ure 1). For instance, the unique molecule identifier (UMIs)
region is a single strand, randomly synthesized sequence re-
gion that serves as an indicator of PCR duplicates in the
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Figure 1. HitGen DEL DNA tag build and example signals derived from interactions between targets and different regions in DNA tags. (A) An example
of a 3-cycle DEL DNA tag. This DNA tag is consisted of conserved sequences on both ends with coding sequences in the middle. The cycles 1–3 codon
(colored in red, green and blue, respective) are double strand region that help to track the building blocks used when making this DEL, while the library
codon (double strand region, colored in purple) encodes DEL chemistries and/or scaffold structures. The Unique Molecule Identifier (UMI) region is a
single strand region with a randomly synthesized nucleotide of length 12. (B) In-junction motifs found in codon junctions (e.g. cycles 1 and 2) lead to the
enrichment of false-positive di-synthon features, while in-single-codon motifs often result in enriched false positive mono-synthon features. Motifs in these
coding regions are likely to be enriched by interactions between RNA targets with the Hoogsteen edge of double strand DNA. Comparatively, targets
interacting with the UMI region are likely to be happened on the Watson–Crick edge of the single strand DNA, and will lead to an increased level of
background noise.

data analysis step (22). Since UMIs do not encode struc-
tures, interactions between the UMIs and the RNA target
do not contribute to feature enrichment. A computational
method focusing on the k-mer profile of the UMI region
is developed to quantify the level of DNA–RNA interac-
tion. Specifically, UMI sequences of all decoded reads were
extracted and fragmented using a sliding window of size k
(preferably six to eight). The occurrences of k-mers were cal-
culated and further normalized into ratios by dividing the
counts by the total number of k-mers. K-mer profiles from
any two samples were compared using scatter plots to iden-
tify certain k-mers that are preferentially enriched in one
sample but not in another.

DNA binding motifs in the coding region are classified
into in-single-codon motifs and in-junction motifs (Figure
1). Mono-synthon features exclusively enriched in the tar-
get samples were used to identify in-single-codon motifs.
Particularly, DNA codons encoding the enriched mono-
synthons were extracted and searched within all DELs.
We define if the same codon encoding different building
blocks are found to be enriched in at least two DELs,
then this codon is likely to be an in-single-codon motif.
To search for in-junction motifs, for each feature, all cor-
responding reads are piled up and a matrix containing all
position A%, T%, C% and G% are calculated. The matrix
is then compared with the baseline per base ATCG con-
tent. A cut-off of 1000-fold bit difference (calculated us-
ing Shannon entropy (23)) is set to identify the longest in-
junction motifs (Supplementary method 1). Predicted in-
junction motifs and in-single-codon motifs were aligned
back to the consensus sequence of enriched features. Fea-
tures are labeled as DNA-binding features if the consen-
sus sequence is closely related with any of the predicted
motifs.

Surface plasmon resonance (SPR)

SPR measurement was carried out on BIAcore T200 (Cy-
tiva) at 25 ◦C in buffer containing 50 mM Tris, 80 mM KCl,
0.01% Tween 20, pH 7.5, 1% DMSO. The biotin-TAR RNA
was immobilized on a series S streptavidin (SA) chip and
the binding affinity of analyte was measured by passing se-
rially increased concentrations of FAM-tat peptide at the
flow rate of 30 �l/min. The final response was calculated
by subtracting the response from reference channel and the
response at zero concentration, binding affinity was fitted
by steady state fitting model from the built-in software.

Fluorescence based FMN binding and competition assay

The assay was adopted from literature (24). Briefly, for
FMN binding assay, serial dilution of RNAs was prepared
and incubated with FMN at final concentration of 150 nM
in assay buffer (50 mM Tris, 100 mM KCl, 2 mM MgCl2, pH
7.4). After 1 h incubation at RT, fluorescence was detected
by microplate reader at Ex 455 nm/ Em 525 nm. For testing
the effect of patches, same concentration of RNA or DNA
patches was incubated with FMN Riboswitch in selection
buffer. For FMN competition assay, serial dilution of com-
pounds was prepared in assay buffer and incubated with 30
nM E. coli FMN Riboswitch at RT for 15 min in 384-well
plate. Then FMN was added to the samples to make final
concentration at 25 nM and the mixture was incubated at
RT for 1 h. Fluorescence was detected and IC50 was fitted
by GraphPad.

Isothermal titration calorimetry (ITC)

ITC experiments were performed on MicroCal PEAQ-ITC
(Malvern Panalytical) at 25◦C. Compounds were diluted in
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assay buffer (50 mM Tris, 100 mM KCl, 2 mM MgCl2, pH
7.4) at 50 �M or 30 �M, FMN Riboswitch RNA was pre-
pared at 5 �M. The initial injection of 0.4 �l compounds
was titrated and excluded in data analysis, then 18 injections
of 2 �l compounds were added to the cell containing RNA
with duration of 4 s at intervals of 150 s while stirring at
750 rpm. The thermogram and thermodynamic parameters
were fitted by the built-in software.

RESULTS

DNA–RNA binding introduced significant false positive sig-
nals in DEL selection for TAR

Motivated by the extensive published investigation on HIV-
1 TAR (25,26), we first focused on this target for DEL se-
lection. TAR RNA plays an important part in the replica-
tion of HIV-1 by binding with the transactivator protein tat,
small molecules disrupting tat-TAR interaction would in-
hibit HIV-1 replication and exhibit anti-viral activity. Be-
fore selection, the activity of biotin tagged TAR RNA was
validated by SPR by testing the binding with FAM-tat pep-
tide (Figure 2A). The immobilized activity under DEL se-
lection condition was further demonstrated by binding with
the FAM labeled tat peptide after successful immobiliza-
tion of the RNA with streptavidin beads (Figure 2B). As
shown in Figure 2C, the FAM-tat peptide flow through
(FL) fluorescence intensity of immobilized TAR was signif-
icantly lower than that of the blank beads, indicating more
tat peptide bound with the immobilized TAR RNA, much
higher fluorescence intensity for the group with RNA was
observed after we heated the beads to denature the RNA
and release the molecules bound, suggesting the immobi-
lized RNA bound well with the FAM-tat peptide. We fur-
ther evaluated the feasibility of selection by testing the en-
richment of the tat DNA conjugate by heat elution and
competitive elution with Pra-tat. Good enrichment of the
conjugate was observed on immobilized TAR RNA for heat
elution and competitive elution, this further boosted our
confidence for applying TAR with DEL selection (Figure
2D).

Encouraged by the pre-selection result, we performed
DEL selection with our standard protocol by incubation of
the 10.38 billion member DEL with TAR RNA, then immo-
bilized to magnetic beads and washed extensively to remove
weak binders. Bound molecules were released by heat denat-
uration and used as input for subsequent round of selection.
Sequencing and data analysis were consecutively performed
after the selection endpoint was reached.

Originally designed for DNA binding motif identification
in protein target DEL selection, the UMI profiling method
was applied to TAR RNA screening experiment. All 8-
mers identified in UMI regions were also aligned against the
TAR RNA. Each 8-mer, represented by a dot in the scatter
plot, is color-coded by its alignment score with TAR, us-
ing a scoring matrix of [match: +2, mismatch: –3, gap open:
–5, gap extension: –1] (27). Apparently, significant levels of
DNA binding events were identified from the UMI profil-
ing result. More importantly, highly enriched 8-mers in the
TAR selection sample tend to have a better alignment with
TAR, suggesting that most DNA–RNA interactions follow

base pairing rules with certain level of mismatch tolerance
(bottom-left scatter plot in Figure 3A).

Although the UMI profiling method could be used as
an indicator of DNA–RNA binding, this UMI-RNA in-
teraction actually contributes little to feature enrichments.
To test if features specifically enriched in TAR RNA sam-
ples were derived from DNA–RNA interaction, we applied
our in-single-codon motif and in-junction motif search al-
gorithms (supplementary method 1, figure S3) and identi-
fied several highly enriched motifs in coding regions. A rep-
resentative example of in-junction motifs was shown in Fig-
ure 2E and 2F. The DEL0934-26-0-0 plane (here ‘0’ acts as
a wildcard for any valid codon indices) was specifically en-
riched in the TAR RNA sample but not in the blank con-
trol. Though DNA codons used in each DEL are usually
shuffled so that A%, T%, C%, and G% at each position is
close to 25%, R2 codons of most enriched compounds on
the DEL0934-26-0-0 plane started with AG. We concluded
that these compounds were enriched because their DNA
tags, rather than the small molecules, were interacting with
the TAR RNA from base 21 to 29 through the ‘GGCAGA-
GAG’ motif. The secondary structure of TAR is predicted
and illustrated using RNAfold and forna webservers (28),
respectively.

Using TAR RNA selections as examples, the informat-
ics tools were proven to be effective for identifying DNA-
binding events and the underline DNA-binding motifs.
However, there is still an urgent need for reducing the level
of DNA-binding experimentally, especially for a more ef-
fective use of the sequencing throughput.

Reduction of DNA binding by inclusion of RNA patches and
competitive elution

We took up the challenge to optimize our selection strat-
egy to reduce the false positive signals. As most of the false
positive signals were introduced by the interaction of RNA
sequences with our DEL DNA tags, we reasoned that pre-
incubation of the RNA fragments from the RNA target
with DELs can reduce the non-specific binding. To ver-
ify this hypothesis, we synthesized RNA patches and per-
formed another selection with and without RNA patch
blocking of DEL. To further increase the specificity of se-
lection output, we employed competitive elution along for
comparison with heat elution.

We have analyzed the UMI profiles for all four samples
(±RNA patches and ±Competitive elution) by comparing
the 8-mer occurrences with the matched controls (Figure
3A). A weak correlation (Pearson correlation r = 0.303)
was observed for the sample without using RNA patches
and competitive elution, suggesting high level of DNA-
binding events. The correlation was slightly improved by
0.051 (Pearson correlation r = 0.354) with the use of com-
petitive elution alone. The correlation was drastically in-
creased by the use of RNA patches, reaching a correla-
tion of 0.634 and 0.559, for samples with and without com-
petitive elution, respectively. This indicates that customized
RNA patches and competitive elution are capable of reduc-
ing DNA binding events dramatically. Notably, the corre-
lation scores across these samples are negatively correlated
with the distance shifted from the y = x line (dash lines in
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Figure 2. TAR RNA validation before DEL selection and schematic of DNA–RNA binding. (A) SPR demonstrated TAR RNA was active and showed
binding with FAM-tat peptide with KD of 0.38 �M. (B) Gel electrophoresis showed biotin-TAR RNA could be successfully immobilized by streptavidin
beads, 125 pmol TAR RNA was tested with 10 and 12.5 �l beads in the assay, most RNA retained on beads with little or no RNA observed in the
flow through (FL). (C) FAM-tat peptide binding assay revealed that immobilized TAR RNA was active under DEL selection condition with significant
higher amount of FAM-tat peptide binding to RNA when compared with blank beads in heat elution, the flow through (FL) after FAM-tat incubation
was lower, also indicated more FAM-tat bound with immobilized RNA than with blank beads. (D) tat DNA conjugate showed significant enrichment
on immobilized TAR RNA by qPCR, indicating the immobilized activity of TAR. Both heat elution and Pra-tat competitive elution showed comparable
enrichment, indicating the binding was mediated by tat-TAR, not by DNA–TAR interaction. Values of (C,D) were expressed as mean ± SD from duplicates.
(E) A DEL containing representative DNA-binding features enriched in TAR but not in the blank control was illustrated in the cubic view. Several di-
synthon features on the DEL0934-26-0-0 plane are highlighted in the figure. (F) An in-junction motif, GGCAGAGAG, is aligned to the last 9 bases of
TAR. Therefore, all di-synthon features encoded by R1 = 26 codon and R2 codon started with AG were all enriched.

the scatter plot in Figure 3) to the cluster of k-mer species
with low alignment score, indicating RNA–DNA interac-
tions in such experiment consumed the majority of the se-
quencing throughput, which lead to a reduced sequencing
depth for small molecule–target interactions and other non-
DNA binding interactions.

To check the impact of using RNA patches and com-
petitive elution on features enriched by small molecules
interacting with the target, we selected a list of known
DNA binding features (extracted from enriched features
with their DNA sequences perfectly matching to one of the
predicted motifs) as false positives (due to DNA–RNA in-
teraction), and utilized features enriched in the blank con-
trols as true positives (small molecules bind to the mag-
netic beads). The full list of predicted motifs and their align-
ments with TAR are provided in Table 1. We compared the
enrichment of true positives and false positives using Up-
Set charts (29) for samples with/without RNA patches (de-
noted as P + or P–), and for samples with/without compet-
itive elution (labelled as C + or C−) (Figure 3B). Results
have shown that DNA binding features were most enriched
in P−/C− sample, with 10,559 DNA binding features en-
riched. Using either RNA patches or competitive elution,
the vast majority of DNA binding features were removed,
leaving only 26 and 12 enriched features, respectively. This
number was further reduced to 1, when both of the RNA
patches and competitive elution were applied. In contrast,
P+/C + sample reported the highest number (621) of beads
binder features, comparing with 569 for P+/C- sample. The
number of beads binding features enriched in P−/C + and

P−/C− are equivalent, with a count of 320 and 324, respec-
tively. This matches with our expectation that when DNA-
binding events were removed, sequencing throughput orig-
inally occupied by DNA-binding features are assigned to
small molecule derived features. Notably, P+/C− treatment
works better than P−/C+ and P−/C− treatments, which
is in accordance with the correlation study. RNA patches
and competitive elution synergize well with each other in
terms of reducing DNA-binding while also retaining true
positive features. Therefore, we concluded that P+/C+ can
effectively remove DNA-binding features without affecting
the enrichment of small molecule derived features. While no
active compound was identified from the DEL selection, the
tat DNA conjugate spiked-in the DEL with this selection
was successfully pulled out, with the enrichment fold com-
parable in the groups with and without RNA patch block-
ing (supplementary Figure S5), indicating the introduction
of RNA patches in selection did not affect the enrichment
of real binders in DEL selection.

DEL selection of FMN riboswitch by optimized DEL selec-
tion strategy

To demonstrate the performance of the optimized DEL se-
lection strategy, we further performed DEL selection on an-
other RNA target, E. coli FMN Riboswitch. Riboswitches
are bacterial-specific regulatory elements that located in the
untranslated regions (UTRs) of mRNAs consisting of an
aptamer ligand binding domain and an expression plat-
form. Binding or dissociation of the cognate ligand FMN
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Figure 3. Levels of DNA binding measured by UMI k-mer profiling and UpSet charts for the TAR selection experiment. (A) The scatter plots of the UMI
k-mer profiles for the target sample (x-axis) versus the corresponding blank control (y-axis). Each dot in the scatter plot represents a unique k-mer, with
its normalized ratio plotted on the x-axis and y-axis for TAR and the blank control, respectively. Four TAR samples were illustrated in the chart. Top-left:
no RNA patches but with Ribocil-C competitive elution; Top-right: with RNA patches and with Ribocil-C competitive elution; Bottom-left: no RNA
patches and with heat elution; Bottom-right: with RNA patches and heat elution. Each dot in the scatter plot represented a unique 8-mer, color coded
by the alignment score with TAR. Pearson correlations of the k-mer profiles between each sample and their blank control were listed in the center of this
image. A y = x dash line is included in each scatter plot. (B) UpSet charts for selected DNA-binding features and features enriched via the binding of the
small molecules to the magnetic beads (namely beads binder features) enriched in all four TAR samples. P+: RNA patches were used; P–: RNA patches
were not used; C+: Ribocil-C Competitive elution; C–: heat elution.

to FMN riboswitch induces a conformational change in
the expression platform and regulates rib expression cod-
ing for the riboflavin biosynthetic enzyme. FMN riboswitch
serves as a regulatory motif coordinating riboflavin syn-
thesis which is essential for bacterial growth, and disrupt-
ing riboflavin biosynthesis represents a promising strategy
for anti-bacterial treatment and FMN riboswitch servers
as a validated drug target. Ribocil-C is a reported small
molecule specifically binds FMN Riboswitch and exhibits
anti-bacterial growth effect (24), we further investigated
DEL selection for this target in order to demonstrate the
ability of the optimized selection strategy and find active
compounds.

As the length of E. coli FMN Riboswitch is longer than
100 nt and chemical synthesis of the RNA held difficulty in
accuracy of the sequence, we prepared the RNA by in vitro
transcription and introduced a poly A tail the end for the
ease of immobilization by Oligo dT beads. As demonstrated
in the Figure 4A, activity of the riboswitch with and with-
out poly A tail was comparable, suggesting introduction of
poly A tail into the riboswitch did not affect its structural
arrangement and activity. We further explored the immobi-
lization and confirmed Oligo dT beads could successfully

capture the RNA (Figure 4B). The immobilized activity
was also validated under the selection condition by confirm-
ing the binding of FMN with the RNA applying Ribocil-C
competitive elution (Figure 4C). To validate the effective-
ness of RNA patches in reducing non-specific binding of
DNA tags, we first confirmed the RNA patches didn’t affect
the target RNA structure and interfere FMN binding by ac-
tivity test using FMN Riboswitch without (Figure 4D) and
with poly A (Figure 4E), we then assessed the enrichment
ratio of the DNA tag (without compound attached) on
FMN Riboswitch with and without pre-blocking by RNA
patches. The result suggested that DNA enrichment ratio
was significantly reduced to 1/2 when compared with the
group without RNA patch blocking (Figure 4F), indicat-
ing the RNA patches were effective in reducing RNA–DNA
binding.

Encouraged by these findings, we then applied DEL se-
lection of FMN Riboswitch with 46.3 billion member DEL
incorporating the RNA patch blocking and Ribocil-C com-
petitive elution. Importantly, we also included a group of
heat elution for comparison. The selection afforded signif-
icant enrichment of DEL molecules. After ruling out com-
putationally predicted DNA-binding features, the enriched
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Table 1. A list of in-junction and in-single-codon motifs predicted for TAR RNA selection

PolyO score Multiple sequence alignmentb

Motif Motif type
Representative feature

from P−/C− P−/C− P+/C− P−/C+ P+/C+ Blanka

3′-CCGUCUCUCGAGGGUC
CGAGUCUAGACGG-5′

(TAR)

AGCTCCTAGGC In-single-codon DEL0951-0-541-0 478.564 2.234 12.909 0 0 - - - -AGCTCCTAGGC- - - -
AACTTGGCAGA In-single-codon DEL1228-0-0-265 15.867 11.859 1.94 0 0 AACTTGGCAGA- - - - - - - -
AGAGATTCCAG In-single-codon DEL1065-0-491-0 12.133 0 2.386 0 0 - - - -AGAGATTCCAG- - - - -
ATTCCAGGCTC In-single-codon DEL1244-526-0-0 11.883 4.071 0 0 0 - - - - -ATTCCAGGCTC- - -
CTTATGGCAGA In-single-codon DEL1228-0-0-1126 17.917 13.693 2.355 0 0 CTTATGGCAGA- - - - - - - -
AGAGTTCC In-junction DEL0934-26-0-0 41.684 1.191 6.501 0 0 - - - -AGAGTTCC- - - - - -
GGCAGAGAG In-junction DEL0937-0-259-0 15.155 0 7.063 0 0 - -GGCAGAGAG- - - - - - -
CAGGCTCA In-junction DEL0991-0-105-0 13.765 0 1.893 0 0 - - - - - -CAGGCTCA- - -

aTwo blank control samples with different elution methods (heat elution and competitive elution) were included in the TAR selection experiment. DNA-binding features were
not enriched in both samples. Therefore, only one column was used to represent the feature enrichment in the blank samples.
bThe TAR sequence in the multiple sequence alignment column was written in 3′ to 5′ direction to ensure the sequences listed in the motif column are aligned by their original
sequences.
In total, eight motifs were predicted, with three of them are in-junction motifs. Representative features from the TAR P−/C− sample were used to demonstrate the enrichment
score changes across the other samples. The representative features exhibited significant enrichment on P−/C− sample and no enrichment on P+/C + and the blank control
samples. Using RNA patches or competitive elution along could not completely eliminate the DNA-binding features. Multiple sequence alignment suggested that the first 8
bases near 5’ did not contribute to significant DNA binding features.

Figure 4. FMN riboswitch RNA validation before DEL selection. (A) Activity of FMN Riboswitch was confirmed by binding with FMN in fluorescence-
based assay, poly A did not affect activity as RNA with and without poly A tail exhibited similar activity. (B) Gel electrophoresis showed FMN Riboswitch
RNA with poly A could be successfully immobilized by Oligo d(T)25 beads. 20 pmol RNA tested with 10 �l beads in the assay. (C) FMN binding
assay revealed that immobilized FMN Riboswitch was active under DEL selection condition with significant higher amount of FMN binding to RNA
when compared with blank beads in Ribocil-C elution, the flow through (FL) after FMN incubation was lower, also indicated more FMN bound with
immobilized RNA than with blank beads. (D, E) RNA patches didn’t affect FMN Riboswitch binding with FMN, incubation of equal amount of RNA
patches with FMN Riboswitch without (D) and with poly A (E) indicated similar FMN binding when compared with the no RNA patch group. (F) RNA
patches significantly reduced the binding of control DNA conjugate (no compound attached) introduced by RNA–DNA interaction in qPCR assay. Values
were expressed as mean ± SD (n = 4 for A, D, E, F, n = 2 for C).

DEL signals were visualized in DataWarrior cubes with
each axis representing one cycle of the DEL synthesis. As
shown in Figure 5A, heat elution and Ribocil-C competi-
tive elution revealed similar enrichment with feature inten-
sity stronger in competitive elution groups, suggesting the
robustness of the enriched signal and the reliability of com-
petitive elution. The 29.27 million sub-library (DEL1307)
was constructed using a DNA recorded split and pool strat-
egy (30) in 3 synthesis cycles consisting of 776, 328 and 115
building blocks (BBs) at cycle 1, 2 and 3, respectively (Fig-
ure 5B). We further looked into the details of the enriched
feature, this feature exhibited as a line in the cube, suggest-
ing two building blocks of the structures were fixed and the

first building block (R1) remained variable. Representative
structures on this feature were chosen for off-DNA synthe-
sis as illustrated in Figure 5C. The synthesis of these two
compounds is detailed in supplementary method 2 and Fig-
ure S4.

Compound activity against FMN riboswitch

HGC-1 and HGC-2 were synthesized off-DNA and tested
in biophysical assays to validate the performance of DEL
selection. As shown in Figure 6A, in the ITC assay, the
two compounds exhibited dissociation constant KD value
of 11.38 and 15.03 nM, respectively, which is comparable to
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Figure 5. The general construction of DEL 1307 and DataWarrior cubic view showing the enriched feature against FMN Riboswitch. (A) Heat elution
and Ribocil-C competitive elution revealed similar feature, indicating the specificity and robustness of the enriched signal. (B) DEL 1307 is a 3-cycle library
consisting of 776, 328 and 115 BBs at cycle 1, 2 and 3, respectively, comprising 29.27 million individual compounds on DNA. (C) Zoom-in of the feature
details, the line feature suggested R2 and R3 were essential for binding activity, variation in R1 was illustrated with compound structures depicted, the
black methyl group in the red moiety indicated the DNA attachment point. Two representative structures (HGC-2 and HGC-1) were chosen for off-DNA
synthesis. The structures, properties and sequence count across tested samples were listed.

Figure 6. Synthesized off-DNA compounds HGC-1 and HGC-2 showed activity on FMN Riboswitch. Representative figures of HGC-1 and HGC-2 bind-
ing on FMN Riboswitch without poly A by ITC (A) and competition with FMN binding in fluorescence-based assay (B, mean ± SD from quadruplicates).
Both compounds showed similar activity, the effect of Ribocil-C was presented for comparison. (C) Summary of the binding affinity KD, stoichiometry N
and thermodynamic parameters (�H, �G, −T�S) from ITC, as well as IC50 values from fluorescence-based assay for FMN riboswitch without (IC501)
and with poly A (IC502), values are mean ± SD from three independent experiments.
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that of Ribocil-C. The observed stoichiometry and thermo-
dynamic parameters differ for the three ligands (Figure 6C),
similar �G (change in free energy) indicated similar KD of
the compounds, the favorable change in enthalpy –�H is
attributed to hydrogen bond formation during ligand bind-
ing for Ribocil-C over HGC-1 and HGC-2, the unfavor-
able –T�S (change in entropy �S multiplied by the abso-
lute temperature T) suggested possible conformational rear-
rangements in the RNA upon Ribocil-C binding. In most
cases, ligand and macromolecule binding stoichiometry is 1,
with the exception that the macromolecule is not 100% ac-
tive or the existence of multiple binding sites or moieties. In
our case, the stoichiometry for Ribocil-C and HGC-2 was
still not 1 when multiple assay conditions including differ-
ent RNA annealing procedures, concentrations and buffer
recipes were tried (data not shown). This could be possibly
explained that the binding behavior changed under differ-
ent conditions and some ligands induced conformational
change or bound to a heterogeneous RNA population as
shown in the literatures (31,32), the detailed mechanism re-
mains to be further explored.

Per confirmation of binding affinity, we speculated the
compounds would exhibit activity towards the target in the
functional assay by competition with FMN binding. As
demonstrated in Figure 6B, HGC-1 and HGC-2 showed
competition effect, with IC50 value of 44.46 and 29.55
nM, respectively, which are both slightly better than that of
Ribocil-C. The presented results were against the FMN Ri-
boswitch without poly A, a parallel test with this RNA with
poly A tails also revealed similar values as demonstrated in
Figure 6C.

With the carboxylic acid at the end, we suspect the com-
pounds may exhibit difficulty entering the bacteria, espe-
cially for Gram-negative pathogens as in the case of Ribocil-
C (33), and further optimization may be needed to develop
these compounds as anti-bacterial reagents. However, these
compounds can serve as a good starting point for anti-
bacterial drug discovery as Ribocil-C was also identified
from the screening on MB5746 E. coli strain, which is outer
membrane hyper-permeable and efflux deficient (24).

DNA patch versus RNA patch

Originally, only RNA patches were tested in the TAR RNA
and FMN Riboswitch screening experiments because we
thought the interactions between the RNA target and the
DNA tags could be more accurately represented by that be-
tween RNA patches (when compared to DNA patches) and
the DNA tags. Nevertheless, in a context of affinity-based
selection, a more stable triplex formed by patches with
double-strand DNA could be more efficient to block the in-
teractions of DNA tags with the RNA target. Thermody-
namic parameters of DNA, RNA and DNA–RNA hybrid
duplexes were reported in multiple studies (34,35); however,
few compared the stability of RNA–dsDNA triplex with
ssDNA–dsDNA triplex. Since DNA patches are often more
accessible and cost-effective, we conducted additional vali-
dation experiments to test whether DNA patches could be
a better replacement for RNA patches.

To validate the effectiveness of DNA patches, after we
confirmed the DNA patches did not affect FMN Ri-

boswitch RNA binding activity with FMN (Figure S6A, B),
we compared the enrichment of the DNA tag (without com-
pound attached) on FMN Riboswitch with RNA/DNA
patch blocking and without blocking. The result indicated
that DNA tag enrichment ratio was significantly reduced to
4/5 when compared with the group without blocking (Fig-
ure S6C). However, DNA patches were less effective as the
RNA patches reduced the enrichment ratio to 1/2.

To evaluate whether DNA patches are effective at re-
ducing the overall DNA binding event, we performed an
additional DEL selection and applied the UMI profiling
method on three FMN Riboswitch samples, one without
the use of patch sequences (denoted as P−), one with DNA
patches (PDNA) and one with RNA patches (PRNA), all of
which used Ribocil-C elution (described as competitive elu-
tion in general, labeled as C+). A separate sample with no
patches under heat elution condition (denoted as P−/C−)
was also included. The 8-mer profiles from these four sam-
ples (i.e. P−/C−, P−/C+, PRNA/C+ and PDNA/C+) were
compared with their corresponding blank controls. Results
of the UMI profiles in these samples correlated with the
observations from the TAR RNA selection. Particularly,
the Pearson correlation increased in the order P−/C− <
P−/C+ < PRNA/C+ . There is only a slight increase of the
correlation score (+0.001) when DNA patches was used, as
compared to P−/C+, suggesting that DNA patches may
not be as effective as RNA patches at blocking the in-
teractions between the RNA target and the single strand
DNA region. Irrespective of different optimization meth-
ods, samples with patches or competitive elution all seemed
to reduce the throughput occupied by DNA binding event,
with the majority of species with low alignment scores dis-
tributed on the diagonal region (Figure 7A).

To test if the validated compounds/feature can be iden-
tified in these samples, we compared the PolyO score and
the ranking of the true positive feature (namely TP feature,
with a feature index of DEL1307-0-332-110) (Figure 7B). It
has been shown that the ranking of the TP feature decreased
in the order PRNA/C+ > PDNA/C+ > P−/C+ >> P−/C−.
Nevertheless, the ranking difference between PRNA/C+ and
PDNA/C+ should not be interpreted as significant. More-
over, it should be noted that the TP feature is still detectable
in no patch/heat elution sample, ranking at 271 out of all
651 significantly enriched features, though the PolyO score
is very close to the significant feature cut-off (PolyO ≥ 4).

DISCUSSION

It is well accepted that interactions between RNA tar-
gets and the DNA tags was one of the major obstacles
that prevents the wide application of DEL screening on
RNA targets. By analyzing DNA motifs enriched from
each DEL screening experiment, we found out that the ma-
jority of DNA–RNA interactions still follow base pairing
rules. We believe that, similar to the formation of LncRNA-
DNA triplex in Eukaryotes (36), interactions between DEL
DNA tags and the RNA target are likely to happen on the
Hoogsteen-edge (37) when canonical Watson-Crick edges
are occupied (i.e. DNA bases in the double-strand region
or RNA bases in stem region).
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Figure 7. Levels of DNA binding measured by UMI k-mer profiling and the ranking of the feature with validated hits for FMN Riboswitch experiment.
(A) The scatter plots of the UMI k-mer profiles for the target sample (x-axis) versus the corresponding blank control (y-axis). From left to right: no
patches/heat elution, no patches/competitive elution, RNA patches/competitive elution, DNA patches/competitive elution. Pearson correlation and a
y = x dash line is labelled for each scatter plot. (B) The PolyO score and the ranking of DEL1307-0-332-110 in four FMN Riboswitch samples. For each
sample, the PolyO score of the feature is listed inside the box, with the ranking among all significantly enriched features labelled on top of the box.

Features enriched by DNA–RNA interaction usually
contain common DNA binding motifs in the coding region.
To date, no motif identification methods for DEL screen-
ing data were reported. Motif discovery methods designed
for genomic-related sequencing data (38,39) are not directly
applicable for DEL for several reasons. Firstly, a regular
DEL molecule contains at least two different moieties, i.e.
a small molecule and a DNA tag. For efficient binding mo-
tif prediction, sequences enriched by interactions between
small molecules and the target should be excluded. How-
ever, DNA-binding features will no longer be a concern
if features enriched by small molecules can be accurately
identified. To solve this issue, one can think of including
DNA-only libraries, either as a separate sample, or as spike-
in libraries pooled with the rest of DELs. The total com-
binations of DNA codons have to be large enough to be
comparable to that of the actual DEL pools. It is uncer-
tain whether the use of large spike-in DNA-only libraries
affects the enrichment of true positive features. Therefore,
a target-by-target validation is required. It is worth men-
tioning that DEL screening is an affinity selection process
that is highly sensitive to weak interactions. Specific mo-
tifs and their variants with mismatches are enriched and
mixed together. Considering that compounds on a same fea-
ture also contain the same conserved DNA codons, these
variables make the motif discovery even more challenging.
Lastly, we also explored the feasibility of aligning the RNA
sequence to consensus sequences for DNA-binding feature
prediction. False positives (regions that do not contribute
to DNA–RNA interaction) and false negatives (motifs with
poor alignment due to mismatches and gaps) were intro-
duced using this approach.

Although the algorithm can differentiate the DNA–RNA
binding signals, experimental procedure to reduce the false
positive signals is of paramount importance. With the appli-
cation of the RNA patches and competitive elution, bind-
ing mediated by DNA tag-RNA target interaction was re-
duced and exhibited lower recovery of DEL molecules dur-
ing selection, this on the one hand saved sequencing capac-
ity as the DNA–RNA binding signals would occupy the se-
quencing depth and lead to huge waste, on the other hand,
lower recovery resulted in less round of selection, which
saved the effort of performing additional round of selec-
tion, as additional round of selection would bring down

the absolute signals while increasing the signal-to-noise
ratio (40).

So far, one case of DEL selection on the DNA target G-
quartets was reported (19), in which the binding introduced
by DNA tags was not mentioned. A possible explanation
is that G-quartet DNA contains guanine rich repeats in its
sequences, and DEL DNA tags rarely contain such specific
sequences, thus interaction introduced by binding with the
DNA tags may not be significant. However, such case is
not applicable to conventional nucleic acid targets. For the
two RNA targets investigated in this paper, there is no spe-
cific sequence thus the interactions introduced by DNA tags
are observed. In addition, G-quartets is remarkably stable
in structure, which further alleviates the possible DEL tag
binding effect and facilities a successful screen.

The utilization of RNA patches in DEL selection has not
been reported. Fragmenting the RNA target into small seg-
ments (RNA patches) and employing them in the DEL se-
lection may reduce the interference of RNA target binding
to DNA tags while effectively recognize the interaction of
RNA target with small molecules. It should be noted that
the patches should not be too long to form secondary struc-
tures.

Most DEL selection adopts heat elution to fully dena-
ture the target and elute all molecules binding to the target.
This is the most efficient method and all binders will be non-
specifically eluted off. Competitive elution utilizes the effect
of a known binder, by incubation of the binder at high con-
centration with target-DEL complex, the DEL molecules
that bind at the same site as the known binder does will
be competitively eluted off. This increases the specificity of
elution and facilitates selection performance especially for
targets with known binding pocket and preferred mecha-
nism of action. In our case, competitive elution not only in-
creases the chance of finding DEL molecules with known
binding site, but also helps alleviate the false positive sig-
nals introduced by DNA–RNA interaction. The G-quartet
DEL selection paper (19) utilized NaOH elution to dena-
ture the target, we tried this strategy for TAR RNA but
found NaOH didn’t fully release FAM-tat peptide. In ad-
dition, we suspect NaOH elution would not help decrease
RNA-DNA binding signals as NaOH breaks base pairing
between strands. For the FMN Riboswitch case, elution ef-
ficiency was facilitated by preparing the competitor Ribocil-
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C in buffer without Mg2+ as Mg2+ helps the folding of FMN
Riboswitch RNA (41), the tertiary structure of FMN Ri-
boswitch is impaired under low Mg2+ condition, it further
helps the release of bound small molecules without disrupt-
ing the DNA–RNA interaction. One may argue competi-
tive elution only works for the RNA targets with known
binders, for those without reported binders, the application
of this strategy is limited. We tested the binding of the non-
specific RNA binder neomycin to some RNA targets, and
are currently investigating using neomycin as a competitive
elution binder for RNA targets without known binder re-
ported. Even without competitive elution, the RNA patches
and heat elution in combination with our algorithm are still
able to identify the real binding signals as shown in the case
of FMN Riboswitch.

TAR RNA serves as an anti-viral target for HIV-1 infec-
tion and we took this target for the demonstration of DEL
selection. Even the activity under selection condition was
properly validated prior to DEL selection, the result also
surprised us with most of the signals identified as DNA–
RNA binding, while the recovery of DEL molecules during
selection was not alarmingly high when using the conven-
tional selection procedure. Our algorithm and RNA patches
in combination with competitive elution successfully identi-
fied the RNA–DNA binding signals and reduced these fea-
tures in selection. The developed strategy was further ap-
plied on FMN Riboswitch selection, a strong feature was
identified from DEL1307 and the robustness of the signal
was also confirmed in the heat elution group screened in
parallel. The compounds synthesized from the feature were
validated as active hits with double digit nanomolar bind-
ing affinity, in addition, competition with FMN binding to
the target was also observed. Compared to DNA patches,
RNA patches seem to be more effective at reducing the over-
all DNA binding event near the double strand and single
strand DNA. Based on the enrichment of DEL1307-0-332-
110 from the FMN Riboswitch experiment, DNA patches
could be used as an alternative reagent to block the inter-
actions between double strand DNA with the RNA target.
The structural bases of why DNA and RNA patches behave
different requires further investigation.

In summary, we presented the first report on DEL selec-
tion with RNA targets, with experimental strategies includ-
ing RNA patches in combination with competitive elution
and analytical approach incorporating motif identification.
This methodology ensures robust selection result and shall
have broad application on DEL selection with other RNA
targets to expand the utilization of DEL selection and fuel
drug discovery.
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