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Abstract

Many strategies have been implemented to enrich an RNA population for a selectable function, but demarcation of the optimal functional motifs
or minimal structures within longer libraries remains a lengthy and tedious process. To overcome this problem, we have developed a technique
that isolates minimal active segments from complex heterogeneous pools of RNAs. This method allows for truncations to occur at both 5" and
3’ ends of functional domains and introduces independent primerbinding sequences, thereby removing sequence and structure bias introduced
by constant-sequence regions. We show examples of minimization for genomic and synthetic aptamers and demonstrate that the method can
directly reveal an active RNA assembled from multiple strands, facilitating the development of heterodimeric structures used in cellular sensors.
This approach provides a pipeline to experimentally define the boundaries of active domains and accelerate the discovery of functional RNAs.
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Introduction

The versatility of RNAs as functional macromolecules endows
them with a broad range of activities, including ligand binding
and catalysis. One approach for discovering and engineering
RNAs for a specific function is based on in vitro selection ex-
periments, which identify RNAs with a specific biochemical
activity (as aptamers, ribozymes, and more complex RNAs,
such as riboswitches) [1-4]. However, the entire sequence of a
functional RNA isolated from iz vitro selection may not par-
ticipate in the desired function, especially in selections using
longer libraries, which are more likely to yield RNAs with
complex folds [5]. Demarcation of the boundaries of active
domains becomes a significant challenge during the discovery
of novel functional motifs because identification of the mini-
mal functional motif is typically achieved by manual removal
of various segments [6] followed by biochemical validation
of function. Rational truncations of an RNA usually require
a model of the secondary structure, often aided by sequence-
motif discovery, phylogenetic and sequence covariation analy-
sis, and chemical probing. Identification of the minimal motif
by this process can be tedious and especially elusive when sec-

ondary structure data are unavailable or difficult to decipher,
as in the case of tertiary structures that dominate the overall
fold (e.g. noncanonical quadruplex structures), and often dif-
ficult to apply to an entire in vitro selected pool of sequences.

Previous strategies to identify the minimum functional do-
mains have relied on recombination events of its DNA tem-
plates or biochemical assessment of single sequences [6-9].
This was further showcased by reselection and design of a de-
generate pool based on a ligase ribozyme to uncover its min-
imal functional domain for activity. Additionally, identifica-
tion of a ribozyme core and nonessential sequences (internal
deletions) has been shown to effectively identify the catalytic
core of a ribozyme, but this approach was based on a single
sequence and not a heterogeneous pool [10, 11]. Recently, a
combinatorial approach to identify truncated ribozymes was
developed [12], but this method only allowed for 3’ trunca-
tions to occur while retaining the 5" constant region from the
original selection pool. Similarly, DNA recombination strate-
gies have been limited to pools derived from single sequences,
reducing the throughput of discovery of functional sequences.
This limitation can be mitigated using iz vitro selection
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platforms, which can accommodate much higher diversity,
with a practical limit of ~10'® molecules [13]. A pool of se-
quences enriched for functional RNAs can be further diversi-
fied and reselected to characterize multiple sequences at once;
however, selections based on genomic or transcriptomic se-
quences are not amenable to demarcation of minimal motifs
by recombination because recombined sequences would likely
lose their biological relevance.

To mitigate these issues, we developed a high-throughput
pipeline that experimentally demarcates functional RNA do-
mains within a diverse heterogeneous pool and eliminates the
need to individually test single truncated RNAs. This method
is particularly powerful for revealing functional domains in
genomic SELEX [14] because it removes artificially intro-
duced primer-binding sequences. Using this pipeline, we not
only identify the minimum functional domain(s) necessary for
binding, but also establish whether constant-sequence regions
are necessary for the formation of the active domain. With this
approach, we showcase the discovery of functional domains in
aptamers and a riboswitch. We experimentally minimized the
human FGD3 adenosine-binding aptamer, identified its min-
imized functional domain, and directly revealed how the ap-
tamer can be assembled into a functional heterodimer from
nonfunctional strands. We also identified the aptamer domain
of the Werewolf-1 (Were-1) photoriboswitch and discovered a
new Ni-NTA-binding aptamer. We anticipate that this method
will increase the throughput of discovery of new functional
RNAs domains and facilitate their engineering into down-
stream applications (e.g. aptazymes, riboswitches, and biosen-
sors) [15-20].

Materials and methods

Synthesis of DNA oligonucleotides

All DNA sequences with or without modification(s) were pur-
chased from Integrated DNA technologies (IDT). All oligonu-
cleotide sequences are listed in Supplementary Table S1.

General information about the in vitro selection
pools

As previously described, the selections for the ATP [21,
22], Were-1 [22], and Ni-NTA [23] were used to iden-
tify the functional domains for this manuscript. Rounds
13, 10, and 12 for the ATP, Were-1, and Ni-NTA selec-
tions, respectively, were used to validate this pipeline. For all
the minimized aptamers presented in this manuscript, only
one round of selection was performed when using the T4
splint hairpin approach. For the CircLigase approach, four
rounds of selection with the ATP aptamer were performed
after base hydrolysis. The Were-1 selection was performed
using Dynabeads MyOne Carboxylic Acid beads (Thermo
Fisher Scientific) that were coupled with a-zSS using 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC). The Ni-NTA and FGD3 aptamer selections were per-
formed with HisPur Ni-NTA resin (Thermo Fisher Scien-
tific) and adenosine-5'-triphosphate-agarose (Sigma—Aldrich),
respectively.

Generation of RNA fragments using alkaline
hydrolysis

Transcription reactions were performed at 37°C for 2 hin 1x
transcription buffer [40 mM Tris-HCI (pH 7.5) and 2 mM

spermidine], 16 mM MgCl,, 2 mM each rNTP, 10 mM dithio-
threitol (DTT), and one unit of T7 RNA polymerase (house
preparation). After, 4 units of DNase I (New England Biolabs)
and a 1x final concentration of DNase I reaction buffer (New
England Biolabs) were added to each reaction, incubated for 1
h at 37°C, and purified twice using the RNA Clean and Con-
centrator kit (Zymo Research). RNA was then hydrolyzed un-
der alkaline conditions (5 mM KOH, pH 10) at 90°C. Aliquots
were withdrawn during hydrolysis and then quenched in 100
mM Tris—HCI (pH 7.5). Aliquots were assessed using a 3%
agarose gel electrophoresis to determine RNA hydrolysis pro-
gression (Supplementary Fig. S1). Hydrolyzed RNA was then
buffer-exchanged using the RNA Clean and Concentrator Kit
and eluted in TET buffer [10 mM Tris-HCI (pH 7.5), 0.1 mM
EDTA, and 0.001% Triton X-100].

Kit-purified RNAs were then treated with T4 polynu-
cleotide kinase (PNK, New England Biolabs) and a 1x fi-
nal T4 PNK reaction buffer for the removal of 2/,3'-cyclic
phosphates. After, RNA was again purified and eluted in TET
buffer.

In vitro selection

Kit-purified RNAs were resuspended in a 1x binding buffer
[140 mM KCI, 10 mM NaCl, 10 mM Tris—HCI (pH 7.5), and
5 mM MgCl,] and subsequently refolded by heating to 60°C
for 5 min and then cooled to 25°C over the next 10 min.
The folded RNA was then incubated with ligand-conjugated
beads in a Spin-X tube (Corning, NY, USA) for 20 min. RNA
was then centrifuged for 1 min at 3000 g to remove unbound
RNAs, and beads were washed four times with 1x binding
buffer by incubating for 5 min and centrifuging to remove
nonspecific binders. Finally, the RNA was eluted with free lig-
and [e.g. 100 uM of amino trans-stiff stilbene (a-#SS) or S mM
ATP-MgCl, in 1x binding buffer for the selections of a-£SS or
adenosine aptamers, respectively| by incubating for 30 min at
room temperature. The Ni-NTA aptamer was eluted in 7 M
urea and 40 mM EDTA for 5 min. Elutions were collected and
either extracted with phenol and chloroform (a-#SS aptamers)
or kit purified prior to precipitation with 300 mM KCI, 1 ul
of GlycoBlue (Invitrogen, MA, USA), and 2.5 volumes of cold
100% ethanol at —80°C. RNA was pelleted and then resus-
pended in TET buffer.

Addition of universal 3’ adapter to RNAs

To ligate a 3" adapter to the truncated RNAs, the adapter oligo
was first adenylylated in a reaction containing 1x T4 RNA
ligase reaction buffer (New England Biolabs), 25 uM rATP,
20% PEG8000, 10 pM primer containing a 5’ monophos-
phate, and 20 U of T4 RNA ligase 1 (New England Biolabs)
for 12 h at 25°C [24-26]. The reaction was buffer exchanged
into TET buffer using 10 times the reaction volume of G10
Sephadex beads (Sigma—Aldrich) with centrifugation at 2000
g and stored at —80°C. The adenylylated oligo had the fol-
lowing primary structure, in which 5’-App-A and 3'SpC3 rep-
resent the 5'=5" diphosphate-linked adenosines and a 3’ car-
bon spacer designed to prevent concatemerization of the oligo,
respectively. 3" adapter: 5’-App-AGATCGGAAGAGCACAC-
3'SpC3

The hydrolyzed RNA was resuspended in TET buffer and
added to a reaction containing 5 nM of the adenylylated 3’
adapter, 15% PEG8000, 1x T4 RNA ligase reaction buffer
(New England Biolabs), and T4 RNA ligase 2, truncated KQ
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(New England Biolabs). The reaction was incubated at 25°C
for 18 h and 4°C for 2 h prior to purification using the RNA
Clean and Concentrator Kit. RNA was then precipitated in
300 mM KCl, 1 ul of GlycoBlue (Invitrogen), and 2.5 volumes
of cold 100% ethanol and pelleted by centrifugation.

Reverse transcription (RT)

RNA pellets were resuspended in TET buffer. Subsequently,
0.18 mM dNTPs, 0.02 mM biotinylated dUTP and dATP
(Jena Bioscience), and 5 nM of the reverse primer were added
to each reaction. The RNA and primer were annealed by heat-
ing at 90°C for 1 min and cooled on ice for 3 min before the
addition of 10 mM DTT, 1x Protoscript buffer (New Eng-
land Biolabs), 150 U of Protoscript II reverse transcriptase
(New England Biolabs), 15 U of WarmStart RTx reverse tran-
scriptase (New England Biolabs), and 4 U of Bst 3.0 DNA
polymerase (New England Biolabs) to each reaction. The re-
action was initiated at 25°C for 10 min, and then the tem-
perature was ramped up to 35°C for 10 min, 42°C for 30
min, 55°C for 15 min, and 65°C for 30 min. Finally, the en-
zymes were inactivated at 70°C for 10 min. RT primer: §'-
GTGTGCTCTTCCGATCT-3’

Binding to streptavidin beads

5 U of RNaseH (New England Biolabs) was added to each RT
reaction and incubated at 37°C for 1 h. After, the complemen-
tary DNA (cDNA) was buffer-exchanged using G10 Sephadex
beads with TET buffer by centrifugation at 2000 g to re-
move free biotinylated dATP and dUTP. The cDNA was then
incubated with magnetic streptavidin beads (Dynabeads™
MyOne™ C1, Invitrogen) that were pre-equilibrated with
streptavidin wash buffer (SWB; 60 mM Tris, 50 mM KClI,
and 0.001% Triton X-100) and incubated for 20 min at room
temperature. After, five washes were performed with SWB to
remove excess RT primer.

Addition of universal 5 PCR adapter to 3' of cDNA
Ligation was performed on the magnetic beads following the
RT step. The 3’ end of the cDNA was ligated with a 5" phos-
phorylated splint hairpin containing a 3’ carbon spacer to
attach a constant-sequence region (T7 RNA polymerase A1l
promoter sequence) to minimized sequences. The ligation was
performed with a final concentration of 1x T4 DNA ligase re-
action buffer (New England Biolabs) and 400 U of T4 DNA
ligase (New England Biolabs), 1 mM rATP, 0.5 M betaine,
20% PEG8000, and 5 nM of splint hairpin. The reaction was
incubated at 16°C for 6 h, 30°C for 6 h, and inactivated at
65°C for 15 min. Splint hairpin for first round of in vitro selec-
tion: 5'-P-CCTATAGTGAGTCGTATTAAAAAAATATAGG
NNNNNNN:- 3'SpC3

The DNA oligos contained a 5’ phosphate to facilitate liga-
tion by T4 DNA ligase and a 3’ carbon spacer to prevent self-
ligation. Both oligos were predicted to fold into a hairpin sec-
ondary structure with a random sequence (NNNNNNN) act-
ing as a nonsequence-specific splint (Supplementary Fig. S2).

The ligated cDNA was washed five times with SWB and
incubated for 5§ min on an orbital shaker to remove excess
splint hairpin oligo. Two washes with 200 mM KOH were
performed to remove cDNA from the magnetic streptavidin
beads. After, elutions were pooled and precipitated with 1 pl
of GlycoBlue (Invitrogen, MA, USA) and 2.5 volumes of cold
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100% ethanol, and pelleted by centrifugation. The pellet was
resuspended in TET buffer.

Streamlined RNA ligation

To streamline the 5’-adenylylated oligo ligation, hydrolyzed
RNAs were treated with or without T4 PNK. After, RNA was
buffer exchanged using the RNA Clean and Concentrator Kit
and eluted in TET buffer and added to a reaction containing 5
nM of the adenylylated 3’ adapter, 15% PEG8000, 1x RNA
T4 ligase reaction buffer (New England Biolabs),and T4 RNA
ligase 2, truncated KQ (New England Biolabs). The reaction
was incubated at 25°C for 18 h and 4°C for 2 h prior to pu-
rification using the RNA Clean and Concentrator Kit. RNA
was then precipitated in 300 mM KCl, 1 ul of GlycoBlue (In-
vitrogen), and 2.5 volumes of cold 100% ethanol and pelleted
by centrifugation.

RNA pellets were resuspended in TET buffer. RT and
c¢DNA ligations were performed as described above. PCR am-
plification was performed on the cDNA as described below
and analyzed using 3% agarose gel electrophoresis to identify
any gross biases (Supplementary Fig. S3A).

Library amplification by PCR

Polymerase chain reaction (PCR) amplification was per-
formed on ¢cDNA using a final concentration of a 1x Stan-
dard Tagq reaction buffer (New England Biolabs), 0.2 mM
dNTPs, 0.5 uM forward and reverse primer, and 1.25 U of
DNA Taq polymerase (New England Biolabs). The reaction
was amplified for 16 to 28 cycles (95°C for 30 s, 50°C for
30 s, and 72°C for 30 s) to determine the optimal amplifica-
tion. Forward primer (first selection round): 5'-CCTATATT
TTTTTAATACGACTCACTATAGG-3' and reverse primer:
5’-GTGTGCTCTTCCGATCT-3’

HTS sequencing, processing, and mapping
DNA was prepared for sequencing by first amplifying the
DNA library with an Illumina forward adapter and reverse
primer (above) to incorporate the Illumina adapter during
PCR. The reaction was amplified for 4 to 8 cycles (95°C for
30s,55°C for 30 s,and 72°C for 30 s). After, the Illumina bar-
codes were added in a second PCR reaction and amplified for
1 cycle (95°C for 30 s, 55°C for 30 s, and 72°C for 30 s) and
then 7 cycles (95°C for 30's,65°C for 30 s,and 72°C for 30 s).
Both PCR reactions contained a final concentration of a 1x
Standard Tagq reaction buffer (New England Biolabs), 0.2 mM
dNTPs, 0.5 uM forward and reverse primer, and 1.25 U of
DNA Tagq polymerase (New England Biolabs). All PCR prod-
ucts were visualized on a 3% agarose gel prior to purification
with a DNA Clean and Concentrator Kit (Zymo Research).
The DNA libraries were then submitted for Illumina sequenc-
ing. lllumina forward adapter: 5-~ACGACGCTCTTCCGAT
CTCCTATATTTTTTTAATACGACTCACTATAGG-3'
Sequenced reads were obtained using an Illumina MiSeq.
The following discusses how each target of interest was pro-
cessed to map sequences.

Mapping of reads

FGD3 adenosine aptamer: Analysis of sequences generated
using CircLigase

Reads were merged with PEAR [27] using default settings.
Adapters were clipped with cutadapt:
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-a CAATGCGTCAAGCTCAG -g GATCTGTAATACGACT
CACTATAGGGCAGACGTGCCTCACTAC -m 40

Bowtie2 [28] was used to map the reads to reference se-
quences, which corresponded to the human FGD3 adenosine
aptamer genomic sequence (Genbank JX863074). The param-
eters -N 1 and —local were used. For more permissive mapping,
no minimum length was used during clipping and Bowtiel
scoring options were adjusted to -min_score G, 40, 8

Identification of unmapped reads

Sequences from high-throughput sequencing (HTS) were an-
alyzed using FastAptamer [29, 30] count and cluster options.
Clustering was performed with an edit distance of 10 with no
filter flag. The top read per cluster was retrieved via grep -A 1
‘[0-9]-[0-9]\{1,\}-1-0’ and aligned manually in Jalview.

Mapping of reads: T4 DNA ligase

FGD3 adenosine aptamer: Analysis of sequences generated
using T4 DNA ligase

Mapping of reads:

Reads were merged with PEAR using default settings.
Adapters were clipped with cutadapt [31]:

-g TATAGTTTTTAATACGACTCACTATA

Bowtie2:

Alignment to FGD3: bowtie2 -x FGD3 -N 1 —-local -q file-
name.fastq -S filename.sam

Samtools:

samtools view -b -S filename.sam > filename.bam

samtools sort filename.bam -o filename.sorted.bam

samtools index filename.sorted.bam

samtools  fasta -F4 filename.sorted.bam > file-
name.sorted.fasta

Bedtools genomecov:

Depth: bedtools genomecov -d -ibam filename.sorted.bam

5’ truncations: bedtools genomecov -d -strand + -5 -ibam file-
name.sorted.bam

Reverse reads for 5’ truncations: bedtools genomecov -d -
strand - -3 -ibam filename.sorted.bam

3’ truncations: bedtools genomecov -d -strand + -3 -ibam file-
name.sorted.bam

Reverse reads for 3’ truncations: bedtools genomecov -d -
strand - -5 -ibam filename.sorted.bam

Were-1 riboswitch:

Mapping of reads:

Reads were merged with PEAR using default settings.
Adapters were clipped with cutadapt [31]:

-g TATAGTTTTTAATACGACTCACTATA

Bowtie2:

Alignment to Were-1: bowtie2 -x Were-1 —end-to-end -q file-
name.fastq -S filename.sam

Samtools:

Sam files were converted to bam files as previously described.
Bedtools genomecov:

Bedtools genomecov files were processed as previously de-
scribed.

Ni-NTA aptamer:

Mapping of reads:

Reads were merged with PEAR using default settings.
Adapters were clipped with cutadapt [31]:

-g TATAGTTTTTAATACGACTCACTATA

Bowtie2:

Alignment to Ni-NTA: bowtie2 -x Ni-NTA -N 1 -local -q file-
name.fastq -S filename.sam

Samtools:

Sam files were converted to bam files as previously described.
Bedtools genomecov:

Depth: bedtools genomecov -d -strand + -ibam file-
name.sorted.bam

5’ truncations: bedtools genomecov -d -strand + -5 -ibam file-
name.sorted.bam

3’ truncations: bedtools genomecov -d -strand + -3 -ibam file-
name.sorted.bam

Bowtie2 was used first to remove any reads matching the
PhiX genome and then to map sequences to the desired ref-
erence sequence. The parameter — N 1 and —local or —End-
to-end were used when aligning the aptamer to their respec-
tive sequences. After, samtools was used to sort and index
mapped files, and sequence alignments were visualized either
using Jalview or in PRISM. Bedtools genomecov was used
to determine the most common 5’ start sites and 3’ trunca-
tions and this helped to dictate design of minimized functional
domains.

Column affinity chromatography of minimal RNAs

The transcription reactions of individual sequences were per-
formed at 37°C for 2 h in 1x transcription buffer, 16 mM
MgCly, 2 mM each rGTP, rUTP, rCTP, and 0.2 mM rATP, 3
uCi [x-32P] ATP (Perkin Elmer), 10 mM DTT, and one unit of
T7 RNA polymerase. After, 4 U of DNase I (New England Bi-
olabs) and a 1 x final concentration of DNase I reaction buffer
(New England Biolabs) were added to each reaction; the re-
action was incubated for 1 h at 37°C. RNAs were kit-purified
using an RNA Clean and Concentrator and then refolded at
60°C for 5 min in 1x binding buffer. The RNA was cooled to
25°C for 10 min before binding to ligand-conjugated beads.
The beads were subsequently washed for (5 min per wash) us-
ing 1x binding buffer and collected by centrifugation at 2000
g for 30 s. Ligand of interest (respective to RNA) was sup-
plemented into 1x binding buffer and incubated for 20 min
prior to collecting, and each fraction was analyzed using a lig-
uid scintillation counter (Beckman Coulter L§6500).

T1 nuclease probing

The hhr1-Were-1 minimized RNA construct (25-103,
Supplementary Fig. S4) [32] was transcribed using conditions
described above and the reaction was buffer-exchanged using
G25 Sephadex beads with 7 M urea, 40 mM EDTA, and then
purified using a 10% denaturing PAGE. RNA was excised
and eluted from the gel into 300 ul of 300 mM KCI and
precipitated by adding 700 ul of cold 100% ethanol.

5’-labeled RNA was prepared in a reaction buffer (70 mM
Tris-HCI, pH 7.6, 10 mM MgCl,, and 5 mM DTT) using
3 pmol of 5'-dephosphorylated RNA, 0.9 uM [y-32P] ATP
(Perkin Elmer), and 20 units of T4 PNK (New England Bi-
olabs). The reaction was incubated at 37°C for 1 h prior to
buffer exchange using G25 Sephadex beads with 7 M urea,
40 mM EDTA, and subsequently purified by 10% denaturing
PAGE.

Purified 5’ radiolabeled RNA was divided into multiple re-
actions containing 1x binding buffer and varying concentra-
tions of amino-#SS or no ligand (as a control). Samples were
then refolded at 60°C for 5 min and subsequently cooled
at room temperature for 1 h. Next, T1 nuclease was added
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Figure 1. A schematic of high-throughput identification of minimized RNA domains. RNA (black) is first hydrolyzed to produce truncated variants of the
RNA population (step 1). A selection is performed to isolate a function of interest (step 2) and a DNA adaptor is ligated to the 3’ end of the RNA (step 3)
to serve as a primer-binding region for reverse transcription (RT) (step 4). After RT, a DNA hairpin adaptor is ligated to the 3’ end of the newly generated
cDNA (gray, step 4) to serve as a primer-binding site for PCR. Finally, the cDNA is amplified with the newly appended primerbinding sites (step 5) and

subsequently analyzed by HTS.

to each reaction (0.0007 U, Thermo Fisher Scientific), and
samples were incubated at room temperature for 1 min and
quenched with 7 M urea and 40 mm EDTA. The G-sequencing
ladder was prepared using the same labeled RNA, in 250 mM
sodium citrate, pH 7 and 0.013 U of RNase T1, incubated
for 5 min at 55°C, and quenched with 7 M urea and 40 mM
EDTA. The partial hydrolysis ladder (OH) was prepared in 50
mM NaHCO3, 1 mM EDTA, pH 10, and incubated at 90°C
for 5§ min and quenched in 7 M urea and 40 mM EDTA. RNA
was added to an equal volume of phenol:chloroform:isoamyl
alcohol (25:24:1) and mixed. Samples were centrifuged for 3
min at 8000 RPM, and the aqueous phase was collected and
transferred to a new tube. A second extraction with chloro-
form:isoamyl alcohol was repeated and transferred to a new
tube. Samples were directly loaded onto a 12% denaturing
polyacrylamide gel electrophoresis (PAGE) gel. A phosphor
imaging screen was exposed for a minimum of 24 h prior to
imaging on a GE Typhoon 9410.

Results

Workflow for minimizing RNA domains

We developed a high-throughput method to delineate func-
tional RNA domains in heterogeneous populations by hy-
drolyzing the RNA and subjecting it to a functional selec-
tion (Fig. 1). First, the RNA is partially hydrolyzed under al-
kaline conditions to promote scission of the phosphodiester
backbone (step 1). This approach enables truncations at ei-
ther 5’, 3/, or both termini of the RNA, resulting in a popula-
tion of RNAs of varying length. This process is monitored by
gel electrophoresis (Supplementary Fig. S1) to determine the
ideal distribution of RNA lengths in the hydrolyzed pooled
RNA. This step preserves a small fraction of full-length RNAs,
but primarily yields truncated sequences, such as those lacking
the primer-binding regions introduced into in vitro selection
pools. Deletion of constant-sequence segments can be impor-
tant when performing iz vitro selections from genomic pools
(genomic SELEX [14]), in which the primer regions do not
originate from the genome and can modify the RNA struc-
ture. In contrast, there are some RNAs, in which the primer-
binding regions may be essential for the formation of the
functional RNA secondary structure [33], and the deletion of
these constant regions may yield few, if any, functional RNAs.
A method for experimental demarcation of active domains

in such short pools would likely reveal whether the primer-
binding sequences are essential for a function.

We next performed an in vitro selection step to enrich
functional RNAs that specifically bind our target molecule
of interest (step 2). This selection step enriches for RNAs
that remain functional after truncations. The selected RNAs
may not contain a consensus sequence for primer binding;
we therefore introduced a new constant region by ligating
an adenylylated oligo (5'-App) [11, 24, 26, 34] to the 3’ ter-
mini of the RNAs that had been treated with T4 PNK to fa-
cilitate reverse transcription (RT; steps 3 and 4) (Fig. 1 and
Supplementary Fig. S2A). During the course of this study we
found that treatment of the hydrolyzed RNA with PNK to re-
move 2'-3’ cyclic phosphate or monophosphate from the 2 or
3’ positions of the terminal ribose was not necessary, because
amplification of DNA derived from these hydrolyzed and lig-
ated RNAs was equally efficient whether PNK was used or not
(Supplementary Fig. S3A). We speculate that this result was
likely due to the base treatment of the RNA, yielding either
dephosphorylated 3’ termini or that the ligation proceeded in
presence of 2" or 3’ phosphate. T4 RNA ligase has been known
to accommodate modified hydroxyls at the 2’ site [35] and re-
cent work on T4 RNA ligase 1 has shown weak ligation in
the presence of a 2’ phosphate [36]. Given that T4 RNA lig-
ase 1 and T4 RNA ligase 2 have similar active sites with an
unhindered pocket near the 2’ hydroxyl [37], it is likely that
the ligation by the T4 RNA ligase 2 could occur without T4
PNK treatment by ligating a 2’ phosphorylated RNA to the
adenylylated adapter oligo.

RT was performed in the presence of biotinylated dNTPs to
help capture newly synthesized cDNAs. This step was particu-
larly important to prevent amplification of undesired ligation
products, such as concatemerized ligation primers resulting
from an excess of RT primer during the RT reaction [38]. Sub-
sequently, RNaseH was added to degrade the RNA and the bi-
otinylated cDNA was then captured on streptavidin magnetic
beads to remove excess RT primer. DNA ligation was then per-
formed to append a 5’-phosphorylated splint DNA hairpin to
the 3’ termini of the cDNA (corresponding to the 5’ termini
of the selected RNAs) using T4 DNA ligase (step 4) [38, 39]
(Fig. 1 and Supplementary Fig. S2B). This hairpin serves as a
new primer-binding sequence for the DNA pool regardless of
whether the previous 5" primer region is present or not. Once
the ligation was completed on streptavidin beads, the reaction
was washed to remove excess hairpin prior to amplification
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of the newly selected pool. Enriched sequences were then an-
alyzed by HTS to determine the minimum domain(s) of func-
tional RNAs (step 5) or used in another round of selection.
Comparison of DNA ligated and amplified immediately after
RNA hydrolysis (without selection) with DNA amplified af-
ter selection revealed significant shortening of the selected se-
quences (Supplementary Fig. S3A and B). Similarly, a compari-
son of the transcribed RNA from the selected population with
the hydrolyzed starting sample of a single sequence (Were-1
photoriboswitch, see below) showed dramatic shortening af-
ter selection, providing experimental evidence for likely mini-
mization of the functional domains (Supplementary Fig. S3C).

Human FGD3 adenosine aptamer

The first functional RNA we analyzed was the adenosine-
binding aptamer previously identified in an intron of the hu-
man FGD3 gene [21]. A genomic aptamer pool is an ideal
model for validation of our approach in demarcating func-
tional domains because it typically contains nongenomic (ar-
tificial) primer-binding sites at the 5’ and 3’ ends. These se-
quences provide constant regions for amplification [14] and
serve as promoters for in vitro transcription [40-43]. While
these regions are necessary for in vitro selections, they do
not originate from within the genome and can modulate the
structure of the genomic sequences [14, 44]. Therefore, a
method that assists in mapping functional genomic RNAs
lacking the synthetic primer-binding sequences is desirable.
The human FGD3 aptamer structure was previously dis-
covered using a genomic SELEX experiment, but the func-
tional domain was defined based on the similarity of the
secondary structure to previously described adenosine ap-
tamers [21, 45]. A secondary structure-based truncation of
the aptamer was attempted, but the presumed minimized se-
quence only bound ATP beads cotranscriptionally, suggesting
that it misfolded after purification [21]. To reveal any sta-
ble functional domains, we applied the experimental mini-
mization to the genomic pool containing the FGD3 aptamer
(Fig. 2A).

The FGD3 sequences were first analyzed using bedtools
genomecov [46] to assess both the 5" and 3’ termini of the
aptamer. Three major populations were identified with the
5’ termini at positions 1, 57, and 69-76. Another group of
sequences had 5’ termini around positions 110-140, which
were suggestive of forming a heterodimeric complex because
they lacked the large adenosine-binding loop (based on pre-
viously deduced models of these aptamers) and did not bind
ATP beads alone (Supplementary Fig. S5). The 3’ termini were
clustered around positions 165, 173, and 181 (Fig. 2B). After
manually aligning the 40 most abundant reads, we noticed
a distinct truncation at the 5" end of the previously defined
functional aptamer (Fig. 2C) [21,45]. Together these data sug-
gested that the first ~60 nucleotides of the in vitro selected
sequence are nonessential for binding. The 3’ ends of the se-
lected sequences were more heterogeneous, but a clear mini-
mal sequence could be discerned outside of the primer-binding
sequences. A construct, FGD3 (76-1635), consisting of a se-
quence ranging from the beginning of one of the most preva-
lent 5’ truncations to the end of the innermost major 3’ trun-
cation was tested in a standard affinity-based experiment (Fig.
2D). We observed that ~60% of RNA eluted off the beads in
the presence of excess ATP, suggesting that a robust adenosine-
binding aptamer was identified and minimized.

We also tested a second approach for ligating the cDNA
termini using CircLigase, rather than random-sequence splint
ligation using T4 DNA ligase (Supplementary Fig. S6). In
this selection scheme, the FGD3 aptamer was hydrolyzed
as described above, but the RT step was performed with a
primer containing the constant region from the original ap-
tamer pool with both the HTS forward and reverse primers.
Subsequently, CircLigase was used to circularize the cDNA
and then amplification was performed to further enrich for
new aptamers. After four rounds of selection, random prim-
ing was performed in the RT step to increase the sequence
coverage and one more round of in vitro selection was per-
formed prior to submission to HTS. HTS sequences were
again mapped to the full-length aptamer sequence and ana-
lyzed for minimal sequences (Supplementary Fig. S7). While a
sequence similar to the minimized FGD3 aptamer was identi-
fied, two other striking results that were revealed: first, an in-
ternal deletion [FGD3 (Del)] was observed within the FGD3
aptamer. This internal deletion exhibited high ligand affinity
in ATP column binding, with ~60% of the population elut-
ing in the presence of ATP, similarly to the FGD3 (76-165)
aptamer (Fig. 2E). Second, we noticed many nonoverlapping
segments of the aptamer and hypothesized that a split ap-
tamer in the form of a heterodimer consisting of two strands
of the minimized FGD3 aptamer formed from the hydrolyzed
RNAs. We confirmed that the individual strands did not bind
the ATP column (Supplementary Fig. S5), but when both se-
quences were transcribed simultaneously, they formed a func-
tional heterodimer and ~3% of the complex was bound and
eluted using free ATP (Fig. 2F). These results show that the
method not only demarcates the functional domain but also
provides a facile approach for directly discovering split ap-
tamers. While the results obtained from the CircLigase min-
imization scheme yielded information about the FGD3 ap-
tamer, the high-throughput pipeline using the 5’-App oligo lig-
ation (Fig. 1) was used in subsequent experiments due to lim-
ited sequence bias, more straightforward workflow, and cost-
effectiveness.

Identification of Were-1 photoriboswitch aptamer
domain

Next, we applied the minimization to a heterogeneous pool
of synthetic riboswitches. A photoriboswitch, Werewolf-1
(Were-1), was previously found to bind a photoactive molec-
ular switch [amino trans stiff-stilbene (a-zSS)] with a Kp of
~1.5 uM [22]. However, efforts aimed at identifying the min-
imal aptamer domain of Were-1 through chemical and enzy-
matic probing have been confounded by the conformational
changes of the riboswitch upon either binding of the ligand or
subsequent rearrangements of its expression platform.

To demarcate the ligand-binding domain of Were-1, the
full-length construct (Fig. 3A) was doped (10%) into a se-
lected riboswitch pool and hydrolyzed under alkaline condi-
tions prior to selection on magnetic beads conjugated with
a-#SS. The RNA captured on beads was eluted in the presence
of a-£SS and sequenced after one round of in vitro selection.
Sequences obtained from HTS were mapped to the Were-1
parent sequence and analyzed for minimal and nonoverlap-
ping (split-aptamer) sequences, as described above. First, we
measured the overall frequency of reads terminated at each
position to discern which segments were enriched by the bind-
ing assay (Fig. 3B). Positions 25-67 of the riboswitch had
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Figure 2. Experimental demarcation of the human FGD3 adenosine aptamer domain. (A) A secondary structure model of the aptamer identified by

genomic SELEX [21]. The adenosine-binding loop is outlined with a red box; yellow nucleotides represent the primerbinding regions derived from the in
vitro selection pool. Arrows mark truncations that commonly occurred at the 5 (black) and 3’ (red) ends of the reselected truncated pool. (B) Mapping of
minimized sequences to the full-length genomic FGD3 aptamer. The graph displays the distribution of the 5’ (black) and 3’ (red) termini. (C) Alignment of

the top 40 most common sequences from the minimization experiment. Red

boxes show the location of the adenosine-binding loop. (D) FGD3 (76-165)

aptamer secondary structure and its binding to ATP-agarose beads. FT: flow-through; ATP: competitive elution with free ATP (5 mM). (E) An internal
deletion observed in the FGD3 aptamer. The nucleotides highlighted in blue (107 and 144) show the positions of the deletion within the sequence. ATP
column binding profile of the FGD3 (Del) shows binding and elution profile almost identical to the truncated sequence shown in panel (D). (F) A
heterodimeric minimized domain revealed by modeling of the cofolding of nonoverlapping sequences shown from the CircLigase experiment. The
binding of individual strands (shown as % competitively eluted) was compared with ATP column binding by the heterodimer (see Supplementary Fig. S5
for full binding profiles). The blue (top strand) and black (bottom strand) nucleotides within the split heterodimer represent the sequences from the &’
and 3’ segments, respectively. The alignment shows the shortest nonoverlapping sequences predicted to form the minimal split-aptamer domain. All
minimized secondary structure models were based on computational predictions using ViennaRNA [59].

the highest frequency, and the regions closer to the 5" and 3’
termini were lower in positional abundance. Five positions,
at nucleotides 1, 25, 38, 46, and 109, were identified to be
among the most common 5’ termini, whereas the most fre-
quent 3’ truncations occurred at nucleotides 67, 77,103, 107,
and 147 (Fig. 3C). Manual alignment of the 20 most com-
mon sequences represented by these truncations could be cat-
egorized into three populations (Fig. 3D): the first popula-
tion aligned to the middle of the riboswitch, largely overlap-
ping with the random-sequence region of the starting pool,
whereas the other two populations aligned to either end of the
riboswitch, suggesting that they were parts of functional split-
aptamer heterodimers. To decide on which sequence to assess
for activity, the top represented sequences within the presumed
cis construct population were aligned to initially identify those
that do not contain the primer-binding regions. Sequences sup-
ported by the 5" and 3’ truncation trends observed from this
experiment, overlapping with segments of the riboswitch sen-
sitive to T1 nuclease probing in presence of a-#SS [22], re-
vealed one of the most abundant presumed cis constructs,
which spanned positions 25-103 (Fig. 3C). We anticipate that

for structure-switching RNAs, such as riboswitches, this anal-
ysis coupled with secondary structure modeling may be nec-
essary to distinguish between cis and #rans constructs. For ex-
ample, a segment spanning positions ~47-87 is strongly rep-
resented among the selected sequences but corresponds to a
sequence that starts and ends in a loop of the presumed stem—
loop structures of the riboswitch and was therefore deemed to
be part of a putative trans complex.

To determine whether the Were-1 (25-103) construct had
a similar affinity to a-tSS as the full-length riboswitch, the
accessible regions of Were-1 (25-103) were probed using
RNase T1 footprinting [22]. We observed a ligand-dependent
reduction in RNase T1 digestion within Were-1 (25-103)
as a-tSS concentration increased (Fig. 3E). An apparent dis-
sociation constant (Kp) value was derived from four dis-
tinct sites (G42, G46, G49, and G77), yielding a Kp of
5.3 uM and revealing a similar affinity to the full-length
Were-1. A secondary structure model based on the open
segments suggested that the minimized Were-1 (25-103) re-
quires a flanking region to form a structure that binds a-z5S
(Fig. 3F).
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Figure 4. Identification and minimization of a novel Ni-NTA aptamer. (A) Full-length sequence and proposed secondary structure of a novel
Ni-NTA-binding aptamer as predicted by ViennaRNA [59]. Regions in blue represent the primerbinding regions from the in vitro selection pool.
Nucleotides in black and red are from the random regions of the pool. Arrows indicate 5" (black) and 3’ truncations (red) identified in the minimization
experiment. (B) The top ten clusters were plotted to indicate the relative abundance within the mapped populations. (C) HTS read depth of the 5’ start
sites (black) and 3’ truncation sites (red) mapped to the parent sequence. (D) Top 10 clusters aligned to the parent sequence (A). The red box outlines the
common region among the sequences. (E) Predicted secondary structure model of the minimized Ni-NTA aptamer represented by cluster 2. (F) The
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We then compared the minimization of Were-1 doped
within a heterogeneous pool with a stand-alone Were-1 con-
struct. A functional selection was performed as described
above to map the boundary of the aptamer domain and re-
veal any differences in the samples. Positional frequency of
the Were-1 segments showed that performing the minimiza-
tion on either a single construct or within a highly hetero-
geneous pool led to a similar distribution of both the 5
and 3’ termini (Supplementary Fig. S8), and suggested that
our method may reveal multiple families of minimized ap-
tamers within the selected pool of sequences. To test this hy-
pothesis, we analyzed three additional putative aptamers con-
tained within the same heterogeneous pool as Were-1, reveal-
ing well defined boundaries for their presumed aptamer do-
mains (Supplementary Figs S$9-S11), and showcasing the high-
throughput nature of this workflow.

Identification of a Ni-NTA aptamer

To test our minimization method without a priori knowledge
of the identity of the target RNA, we used an in vitro se-
lected pool containing previously identified Ni-NTA aptamers
to uncover new examples of this class of functional RNAs
[23]. Analysis of the HTS data revealed an abundant sequence,

which was aligned to identify minimal functional variants
(Fig. 4A). To assess the subpopulations within the pool, we
used FastAptamer [30] to count and cluster the sequences and
compared the top 10 clusters; the top 4 clusters represented
~88% of the sequences within the pool (Fig. 4B). Mapping
of the 5’ termini showed nucleotide positions 1, 4, 7, and 11
had the greatest abundance, while a dominant 3’ truncation
was apparent at nucleotide position 36 with an abundance
of 89.2% (Fig. 4C). Sequence alignment of the top 10 clus-
ters revealed the putative minimal domain (Fig. 4D). The 10
most abundant clusters of the novel Ni-NTA aptamer contain
a purine-rich segment (positions 21-30), as have previously
identified Ni-NTA binding motifs [23, 47]. The predicted sec-
ondary structure of the suggested Ni-NTA aptamer indicated
that a portion of the 5’ constant region (blue) played an impor-
tant role in the structure formation. A construct that started
at the beginning of one of the most prevalent 5’ truncations
(position 11) that was predicted to form the same secondary
structure as the full-length sequence, combined with the most
common 3’ truncation, was tested for Ni-NTA affinity (Fig.

E). We observed that ~33% of RNA bound to the Ni-NTA
column and eluted in the presence of imidazole at concentra-
tions higher than 25 mM, confirming the sequence as a new
Ni-NTA aptamer (Fig. 4F). In addition, we used RNArobo
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[48] to find many examples of the minimized domains of
previously characterized Ni-NTA aptamer embedded within
many different parent sequences (Supplementary Fig. S13)
[23]. This aptamer has recently been used to isolate mRNA-
protein complexes from cell extracts, demonstrating robust
activity of the minimized domain in the context of a large ri-
bonucleoprotein structure [49].

Discussion

The discovery of functional RNAs has led to many advances
in biology and biotechnology. One limitation in increasing the
output of these innovations is the identification of the min-
imal motifs necessary for the given function. In vitro selec-
tion is one approach commonly used to discover new func-
tional RNAs, which typically do not require their entire se-
quences to fulfill their biochemical role. Demarcation of the
functional domains’ boundaries is necessary for downstream
applications. Conversely, functional RNAs may also be iso-
lated from pools that are too short to yield functional RNAs
solely from their heterogeneous (random) regions [33] or are
structurally and informationally complex, requiring primer-
binding regions to form the active motifs [50]. This situation
can be particularly difficult to interpret if the 3’ constant re-
gion participates in the functional motif and the RNA is char-
acterized using chemical probing methods that require reverse
transcription for readout, for example, in approaches that an-
alyze solvent accessible segments of the RNA using alkylat-
ing and acylating reagents [51-53]. All these scenarios would
greatly benefit from a high-throughput approach that yields
information about the minimal sequence necessary for the
chosen biochemical function.

Here, we developed a high-throughput platform that iden-
tifies functional RNA domains within heterogeneous RNA
pools. This approach not only revealed multiple functional
RNAs from both synthetic and genome-derived pools but also
led to the first direct discovery of split fragments of a func-
tional aptamer. This platform will also enable removal of se-
quence bias associated with the constant regions introduced
during the in vitro selection experiment [54]. By creating a
system to interchange these sequences, we increase the oppor-
tunity to identify functional regions within an RNA without
losing its biological relevance. Furthermore, the installation
of these new primer regions allows for the development of
new workflows to be adapted in biological systems, where
these sequences serve to promote transcription or translation.
Some caution should be noted, because solvent accessible po-
sitions in functional RNAs, such as dynamic or unstructured
loops, are likely more susceptible to hydrolysis, whereas po-
sitions engaged in secondary and tertiary structure may be
less hydrolyzed even at elevated pH and temperatures. Fur-
thermore, highly structured constructs may be somewhat sup-
pressed in the HTS data because the conditions of the en-
zymatic ligation step, performed at neutral pH and in pres-
ence of Mg?*, likely modulate the availability of the 3’ termini
for ligation. Nevertheless, we anticipate that this method will
greatly increase the throughput of discovery of new functional
RNAs by reducing the tedious workflow of biochemically as-
sessing individual constructs identified from iz vitro selection
pools.

The ability to directly discover split aptamers can further
expand the applications of functional RNAs in multiple set-
tings, such as in design of biosensors or split ribozymes used in

cells to regulate gene expression. One exciting application may
be the development of split light up aptamers to use in study of
RNA localization and dynamics [55-57]. We anticipate that
the method will enable fast identification of diverse functional
RNAs, which will not only increase discovery of novel targets
but help to engineer RNAs for multiple applications. While
we focused on the discovery of demarcating functional RNAs
within synthetic and genomic RNA pools, we envision this
platform accommodating the discovery of functional RNAs
within a transcriptome as well [58].
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