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Abstract

Target validation and identification of binding sites are keys to the development of bioactive small molecules that target RNA. Herein, we
describe optimized protocols to profile small molecule-RNA interactions and to define binding sites of the small molecules in RNAs using
covalent chemistry. Various reactive modules appended to an RNA-binding small molecule were studied for cross-linking to the RNA target.
Electrophilic modules, whether N-chloroethyl aniline or diazirine, have reactive profiles consistent with induced proximity; however, probes with
N-chloroethyl aniline were more reactive and more specific than those with a diazirine cross-linking moiety. Depending upon the identity of
the cross-linking module, covalent adducts with different nucleotides that are proximal to a small molecule’s binding site were formed. The
nucleotides where cross-linking occurred were elucidated by using two different platforms: (i) automated capillary electrophoresis that identified
a binding site by impeding reverse transcriptase, or “RT stops”; and (ii) nanopore sequencing where the cross-link produces mutations in the
corresponding complementary DNA formed by reverse transcriptase-polymerase chain reaction amplification of the cross-linked RNA. These
approaches are broadly applicable to aid in the advancement of chemical probes targeting RNA, including identifying binding sites and using
covalent chemistry to screen for RNA-binding molecules in a high throughput format.
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ating gain-of-function disorders [7], to direct pre-messenger

Introduction

RNA-targeted small molecules offer an alternative modality
to oligonucleotide-based approaches to perturb RNA func-
tion [1-3]. Rather than targeting specific sequences, small
molecules can bind to or degrade RNA structural elements,
thereby affecting biological function [4-6]. Indeed, small
molecules targeting RNA have been developed to displace
proteins bound to RNA repeat expansions, thereby allevi-

RNA (mRNA) splicing outcomes [8-10], and to increase RNA
turnover by affecting retention of introns or inclusion of a
pre-mature termination codon [11]. With the advancement
of small molecule approaches to modulate RNA function,
methods for identifying engaged RNA targets are essential,
particularly to enable efficient medicinal chemistry optimiza-
tion, to determine mode of action, and to elucidate off-targets.
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Cleavage- [12-16] and covalent chemistry-based [17-21],
strategies have been developed to study the occupancy of RNA
targets by small molecules in vitro and in cells. Cleavage-
based approaches include Ribo-SNAP-Map [13], where an
RNA binder is conjugated to a cleaving module, and ASO-
Bind-Map [14], a competition experiment between an RNA-
binding small molecule and an ASO (antisense oligonu-
cleotide) that induces RNase H-mediated degradation. Target
engagement is then studied by depletion of a target or inhibi-
tion of depletion, respectively.

The formation of a covalent bond between an RNA
and a small molecule binder enables direct target engage-
ment and identification of the binding site, as often em-
ployed in the protein-targeting field [22, 23]. Dubbed Chem-
ical Cross-Linking and Isolation by Pull-down (Chem-CLIP),
an RNA binder is appended with a cross-linking mod-
ule, such as chlorambucil [16, 20, 21] or photoreactive di-
azirine [24-26], and a purification tag. The latter enables
the pull-down of probe-modified transcripts with streptavidin
beads or by direct copper-catalyzed azide-alkyne cycloaddi-
tion (CuAAC) [27, 28] to azide-functionalized beads. The
sites of cross-linking can be identified by RNA-sequencing
(RNA-seq) analysis, assuming that the cross-linked site im-
pedes reverse transcription (RT) and leads to truncated com-
plementary DNAs (cDNAs) [18]. This Chem-CLIP to Map
Small Molecule-RNA Binding Sites (Chem-CLIP-Map-Seq)
approach has been implemented transcriptome-wide to afford
target engagement profiles (binding landscapes) for RNA-
targeted small molecules [24, 26]. Subsequent to development
of the Chem-CLIP platform [16, 18, 20, 21], Pearl-Seq was
implemented to interrogate small molecule binding sites by
assessing RT stops induced by cross-linking of photoaffinity
probes [29].

In this report, various synergistic methods to study tar-
get engagement that are broadly applicable to RNA tar-
gets are described. Utilizing a validated aptamer system [29,
30], we designed and synthesized the aptamer-binding small
molecule conjugated to several cross-linking modules and
benchmarked them for reactivity using a fluorescence label-
ing approach. We then used capillary electrophoresis (CE; via
a fragment analyzer) to identify rapidly positions of cross-
linking (“RT stops”) with relatively high accuracy (detectable
RT stops have an error range around 1 nucleotide). Various re-
verse transcriptase (RT) enzymes were examined to determine
their effectiveness in inducing mutations at the cross-linking
site. By developing a nanopore sequencing approach (Chem-
CLIP-MaP-Seq), cross-linking sites were identified at single-
nucleotide-resolution by mutational profiling efficiently and
economically. Collectively, these studies lay a foundation to
profile RNA-small molecule interactions iz vitro and in com-
plex biological systems. Furthermore, this platform could be
applied to screen for RNA-binding compounds in early dis-
covery efforts as well as to define mode of action for more
advanced compounds.

Materials and methods

In vitro transcription of RNA

The templates for in vitro transcription were purchased from
Integrated DNA Technologies (IDT), Inc. (Supplementary

Table S1). Polymerase chain reaction (PCR) amplification of
the templates was carried out using Phusion High-Fidelity

DNA Polymerase (New England Biolabs (NEB), catalog
#MOS530L) according to the manufacturer’s procedure with
corresponding primers (Supplementary Table S1). The reac-
tion was thermally cycled using the following conditions:
98°C for 30 s; 35 cycles of 98°C for 7 s, 62°C for 30 s, and
72°C for 10 s; and a final extension at 72°C for 10 min. The
PCR products were purified using RNAClean XP beads (Beck-
man Coulter, catalog #A63987) per the manufacturer’s proto-
col with the following adjustments: 1.8 volumes of RNAClean
XP beads and 3.5 volumes of isopropanol relative to the reac-
tion mixture were added to the samples and mixed by pipet-
ting. The mixture was incubated at room temperature (r.t.)
for 15 min. A magnetic rack was used to separate the beads
from solution, and 85% (v/v) ethanol was used to wash the
beads three times. The PCR products were eluted in water at
0.5 volumes of the input.

In vitro transcription was carried out following the proto-
col from Nilsen et al. [31]. First, 10 x Transcription Buffer [1
M HEPES-KOH, pH 7.5, 0.1 M MgCl,, 0.02 M spermidine—
HCI, 0.4 M dithiothreitol (DTT), and 1 mg/ml bovine serum
albumin] was prepared in nuclease-free water (ZYMO Re-
search, catalog #W1001-30). The transcription reaction (1
ml total volume) was assembled at r.t. as follows: 429 ul of
nuclease-free water, 100 ul of 10 x Transcription Buffer, 300
ul of 25 mM (each) rNTPs, 26 ul of 1 M MgCl,, 20 ul of
0.5 M DTT, 50 ul of 0.1 mg/ml purified DNA template, 20
ul of RNase Inhibitor, Murine (NEB; catalog #M0314L) and
10 000 units T7 polymerase. The reaction mixture was incu-
bated at 37°C for 16 h. At the end of the incubation, 10 units
RNase-free DNase [ (ZYMO Research, catalog #£1010) were
added to the sample, which was incubated for an additional
1 h at 37°C. An equal volume of 2 x denaturing loading dye
[8 M urea, 2 mM Tris, pH 7.5, 20 mM ethylenediaminete-
traacetic acid (EDTA), 0.02% (w/v) orange G] was added to
the sample, and the RNA was purified by gel electrophoresis
using a denaturing 12% (w/v) polyacrylamide gel (15 cm x 20
cm). Separation was achieved by running the gel at 200 V for
3 h

The band containing RNA, as determined by ultraviolet
(UV) shadowing, was excised, and the RNA was extracted
from the gel by tumbling the sample overnight at 4°C in 0.3
M NaCl. The volume of the eluted RNA was reduced by 2-
butanol concentration, and the sample was precipitated with
2.5 volumes of ethanol at —80°C for 2 h. The RNA was pel-
leted by centrifugation at 16 000 x g for 30 min at 4°C. The
pellet was washed twice with 70% (v/v) ice-cold ethanol, and
residual ethanol was removed by vacuum concentration for 2
min. The RNA was dissolved in Nanopure water, and its con-
centration was measured by its absorbance at 260 nm at 90°C
and the corresponding extinction coefficient using a Beckman
DUS800 UV/vis spectrophotometer.

Folding of RNA

RNA was folded following the protocol in reference [30].
Briefly, RNA was folded in 1.25 x Folding Buffer without
MgCl, (1 x Folding Buffer: 50 mM HEPES, pH 7.4, 150 mM
NaCl, and 5§ mM MgCl,) at 95°C for 5 min and snap-cooled
on ice. Next, the sample was supplemented with 0.25 vol-
ume of 25 mM MgCl, (to afford a final concentration of 5
mM). The RNA was incubated at 37°C for 20 min followed
by slowly cooling to r.t. by placing the sample on the bench
top for 5 min.
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Cross-linking of diazirine-based Chem-CLIP probes
The folded RNA in 1 x Folding Buffer was incubated with
a diazirine probe (3 or 5) or dimethyl sulfoxide (DMSO, ve-
hicle) at the indicated concentrations and incubated at r.t.
for 30 min. The final concentration of RNA was 1 uM, and
the concentration of dimethyl sulfoxide (DMSO) in all sam-
ples was 1% (v/v). The samples were then irradiated with
UV light (365 nm) for 20 min using a UVP cross-linker (UV
Stratalinker 2400; caps of the microcentrifuge tubes were
open during irradiation). The cross-linked RNA was cleaned
up using RNAClean XP beads as described in section “In
vitro transcription of RNA”. This step removes excess, un-
reacted compound that can interfere with enrichment/pull-
down and analysis by TAMRA labeling or by fragment
analyzer.

Cross-linking of chlorambucil-based Chem-CLIP
probes

The folded RNA in 1 x Folding Buffer was incubated with
a chlorambucil probe of interest (2a, 2b, 2c, 4a, 4b, or 4c¢) at
the indicated concentrations or DMSO (vehicle) at r.t. for 24
h to allow for cross-linking, while 12 and 16 h also produced
reasonable signal. The final concentration of RNA was 1 uM
and the concentration of DMSO in all samples was 1% (v/v).
Cross-linked RNA was cleaned up using RNAClean XP beads
as described in section “In vitro transcription of RNA”. This
step removes excess, unreacted compound that can interfere
with enrichment/pull-down and analysis by TAMRA labeling
or by fragment analyzer.

TAMRA labeling assay

RNA samples were cross-linked using methods described
above, with a range of the probe concentrations (0.1, 1, 5,
20, 60, and 100 uM). For each sample, 10 pul of 1 uM cross-
linked RNA was combined with 1.24 pl of “click-reaction
mixture”, comprising CuSO4 (50 mM, 0.1 ul), THPTA (50
mM, 0.5 ul), sodium ascorbate (250 mM, 0.5 ul), TAMRA-
azide (50 mM, 0.04 ul), and HEPES buffer (0.1 ul, 250 mM
HEPES, pH 7.0). The mixture was incubated at 37°C for 2
h and cleaned up using RNAClean XP beads as described
above. The RNA was eluted in 10 ul of nuclease free water.
To the sample was added an equal volume of 2 x denaturing
loading dye. The sample was mixed thoroughly by pipetting
and then separated by electrophoresis using a denaturing 8%
(w/v) polyacrylamide gel [1 x Tris—boric acid~EDTA (TBE)]
buffer, 30 min at 170 V. The gel was imaged with an Azure
Biosystems Sapphire Biomolecular to detect TAMRA-labeled
RNA [excitation wavelength of 520 nm; emission wavelength
of 565 nm; band pass (BP) of 24 nm]. The gel was then stained
with SYBR Gold (1:10 000 dilution in 1 x TBE buffer; Invit-
rogen, catalog #511494) to visualize the RNA for 10 min at
r.t. with gentle shaking. SYBR signal was measured using an
excitation wavelength of 488 nm, an emission wavelength of
518 nm, and BP of 22 nm.

Quantification was carried out using the grayscale image
component of Image] [32]. The 8-bit grayscale gel images
were imported into Image] (Fiji) software for analysis. The
background was subtracted using the “Rolling Ball” method
with an appropriate radius to minimize uneven illumina-
tion. The entire row containing lanes of interest were se-
lected using the “Rectangular” tool, and then defined using
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“Gels—Select First Lane”. To account for additional back-
ground noise, an adjacent empty lane was also included in
the selected area. The integrated density of each band was
then able to be plotted using “Gels—Plot Lanes” and the
area of individual peaks representing the intensities measured
with the “Wand (Tracing) Tool” function. The intensity of
the empty lane was subtracted from each band measure-
ment. Data were normalized to the appropriate control, as
specified for each figure, to allow for comparison between
samples.

Enrichment of cross-linked RNAs for RT stop and
mutational analysis

The RNA of interest (1 uM) was folded and cross-linked to
a probe as described above in a total volume of 40 ul. To the
cross-linked RNA sample was added 5 ul of “click-reaction
mixture” composed of CuSO4 (50 mM, 0.4 ul), THPTA (50
mM, 2 ul), sodium ascorbate (250 mM, 2 ul), disulfide-biotin-
azide (50 mM, 0.2 ul), and HEPES buffer (0.4 ul, 250 mM
HEPES, pH 7.0). The reaction mixture was incubated at 37°C
for 2 h and then cleaned up using RNAClean XP beads as de-
scribed above. For each sample, 100 ul of streptavidin-coated
magnetic beads (Dynabeads™ MyOne™ Streptavidin C1, In-
vitrogen, 65 001) was used to capture the biotinylated RNA.
The beads were pre-equilibrated in 1 x Dulbecco’s Phos-
phate Buffered Saline (DPBS) by washing twice with 400 ul
of 1 x DPBS on a magnetic rack. The cross-linked RNA was
then added to the beads, and the slurry was incubated at r.t.
for 1 h with gentle shaking. The beads were then washed three
times with 400 pl of 1 x High-Salt Washing Buffer [10 mM
Tris—-HCI, pH 7.0, 1 mM EDTA, 4 M NaCl, and 0.2% (v/v)
Tween-20] followed by three times with 400 ul of 1 x DPBS
on a magnetic separation rack. For each wash, the microcen-
trifuge tubes on the rack were turned 180° to allow the mag-
netic beads to migrate to the opposite side of the tube. After
the final wash, the supernatant was removed, and the beads
were resuspended with 10 pl freshly prepared and pre-mixed
TCEP (200 mM, 5 ul) and K,CO3 (600 mM, 5 ul), and incu-
bated at 37°C for 30 min to allow for cleavage of the disulfide
bonds. The free thiols were then capped by the addition of
iodoacetamide (400 mM, 10 pl) and incubation at r.t. for 30
min with shaking. The RNA released from the beads (now
present in the solution) was cleaned up using RNAClean XP
beads as described above.

Quantification of enrichment using RiboGreen Dye

To compare the efficiency of pull-down and enrichment,
Quant-iT RiboGreen Dye (Invitrogen, catalog #R11491), a
fluorescent RNA-binding dye, was utilized. Aliquots of “In-
put” samples were taken immediately before addition of the
streptavidin beads (4 pl taken from total of 40 ul solution),
whereas aliquots of “Enriched” samples were taken follow-
ing the cleanup of eluted RNA from a total of 10 pl solution.
To measure the RNA concentration, 1 pl of “Non-enriched”
or “Enriched” sample was diluted with 49 ul of 1 x TBE
buffer. The Quant-iT RiboGreen Dye was diluted 1:2000 with
1 x TBE buffer, and 50 pl of this solution was added to each
diluted RNA solution in a 96-well black plate (Corning, cata-
log #3686). Fluorescence intensity (relative fluorescence units,
RFU) was measured using a Tecan Infinite M1000 Pro with
excitation/emission wavelengths of 500 nm/525 nm. Fluo-



4 Yang et al.

rescence intensity in each well was adjusted by subtraction of
background signal (“Background fluorescence signal”), from
the average measured fluorescence from three wells contain-
ing no RNA (buffer and RiboGreen Dye only). Percent pull-
down was calculated by taking the ratio of the adjusted “Non-
enriched” and “Enriched” values for each sample individually,
shown using Equation 1.

%Pull — down

Fluorescence signal from Enriched RNA—Background fluorescence signal
Fluorescence signal from Non—enriched RNA—Background fluorescence signal

3.6
100 (1)

The correction factor of 3.6 was included to account for
the difference in volumes of the “Non-enriched” samples (1 ul
of the reaction was measured directly as the “Non-enriched”
concentration) and “Enriched” samples [36 ul of the 40 pl re-
action was carried forward to the pull-down steps and eluted
at the end in 10 pl of water; 1 ul of the eluted RNA was used
to measure the concentration. This results in a theoretical 3.6-
fold (36 ul/10 wl) higher concentration of RNA, assuming
100% recovery].

Reverse transcription of RNA

Typically, 40 ng of RNA (either enriched or non-enriched) was
used as template for each RT reaction. However, for negative
control samples that have low RNA concentration (<1 ng/ul),
for example, the enriched samples treated with DMSO or con-
trol probe, one-third of the total volume after enrichment was
used as template for the RT reaction. As little as 1 ng of RNA
was detectable in our hands.

SuperScript 11T

To induce RT stops, cross-linked RNA was reverse transcribed
using SuperScript III (SSIII; Invitrogen, catalog #18 080 093)
following the manufacturer’s protocol. Briefly, 1-40 ng RNA
was mixed with 1 pl of 2 uM Aptamer RT Primer, 1 ul of 10
mM dNTPs, and nuclease-free water to reach a final volume
of 13 ul. The primer was annealed by heating the samples
at 75°C for 5 min then slowly cooling to 35°C at a rate of
0.1°C/s in a thermocycler. Alternatively, samples were snap
cooled on ice for 3 min. No significant differences were ob-
served upon analysis of the samples using the two different
annealing procedures.

To each sample, 4 ul of 5 x First Strand Buffer (provided
by the manufacturer), 1 ul of 0.1 M DTT, 1 ul of RNaseOUT,
and 1 pl (200 units) of SSIII were added. Reverse transcrip-
tion was carried out at 55°C for 1 h, followed by heat inacti-
vation of the SSIII by incubating the samples at 70°C for 15
min. Subsequently, 1 ul (5 units) of RNase H (NEB, catalog
#MO0297L) and 1 pl (5 units) of RNase T1 (Thermo Scientific,
catalog #6EN0541; diluted to 5 units/ul in 1 x Dilution Buffer:
50 mM Tris=HCI, pH 7.5, and 2 mM EDTA) were added to
each sample to digest the RNA. Following incubation at 37°C
for 30 min, the cDNA was purified using 1.8 x volumes of
Ampure XP beads (Beckman Coulter, catalog #A63881) and
3.5 volumes of isopropanol. After washing with 85% (v/v)
ethanol twice, the cDNA was eluted from the beads with 10 pl
of Nanopure water. The amount of cDNA was quantified us-
ing an Nanodrop Microvolume Spectrophotometer (Thermo
Scientific).

SuperScript I and SuperScript IV

RNA mutational RT was performed following a previously
published protocol [33]. The RNA eluted from RNAClean XP
beads was mixed with 0.2 ul of 10 uM Aptamer RT Primer,
1 ul of 10 mM dNTPs and nuclease-free water to reach a
final volume of 10 ul. The primer was annealed by heating
at 70°C for 5 min and immediately cooled on ice for 2 min.
Next, 2.22 x freshly prepared RT buffer (111 mM Tris—=HCI,
pH 8.0, 167 mM KCIl, 13.3 mM MnCl,, 22 mM DTT and
2.22 M betaine) was added to the RNA-primer mixture and
incubated at r.t. for 2 min, after which 200 U Superscript II
(Invitrogen, catalog #18 064 014) was added. The samples
were incubated in a thermocycler as follows: 10 min at 25°C,
90 min at 42°C; 10 cycles of 2 min at 42°C and 2 min at
50°C; followed by 10 min at 70°C to inactivate the enzyme.
An alternative protocol was also tested for Superscript II and
Superscript IV (Invitrogen, catalog #18 090 010), where the
RT buffer did not contain betaine. The RNA samples were in-
cubated in a thermocycler at 25°C for 10 min, 42°C for 3 h,
and 70°C for 15 min. The reverse transcribed samples were
treated with RNase H and RNase T1, cleaned up and quanti-
fied as described above for SuperScript III.

Induro RT

RNA was reverse transcribed by Induro Reverse Transcriptase
(Induro RT, NEB, catalog #M0681L) following the manufac-
turer’s protocol. In brief, 0.2 pl of 10 uM Aptamer RT Primer
and 1 ul of 10 mM dNTPs were added to the RNA sample,
and the total volume was brought to 10 ul total volume us-
ing nuclease-free water. The RNA/primer was denatured at
65°C for 5 min and immediately cooled on ice for 2 min.
The mixture was then supplemented with 4 ul 5 x RT Buffer
(supplied by the manufacturer), 0.2 pl (8 units) of RNase in-
hibitor (NEB, catalog #M0314), 200 units of Induro RT, and
nuclease-free water to a final volume of 20 ul. Reverse tran-
scription was carried out at 55°C for 30 min, followed by heat
inactivation of the enzyme by incubating the sample at 95°C
for 1 min. The samples were then treated with RNase H and
RNase T1, cleaned up, and quantified as described above for
SuperScript III.

TGIRT III

RNA was reverse transcribed by TGIRT III (Ingex) following
a previously described protocol [34]. The RNA was mixed
with 0.2 ul of 10 uM Aptamer RT Primer and 1 pl of 10
mM dNTPs, and the total volume was brought to 15 pl using
nuclease-free water. The primer was annealed by heating the
sample at 65°C for 5 min and immediately cooling on ice for
2 min. Subsequently, 4 ul freshly prepared 5 x FS Buffer (200
mM Tris—=HCI, pH 8.0, 300 mM KCl, 24 mM MnCl,, and 40
mM DTT) was added to the reaction followed by the addition
of 200 units TGIRT III. Reverse transcription was carried out
at 25°C for 10 min, 57°C for 1.5 h and 70°C for 15 min.
The samples were then treated with RNase H and RNase T1,
cleaned up, and quantified as described above for SuperScript
III.

MarathonRT

RNA was reverse transcribed by MarathonRT (Kerafast) fol-
lowing the previously described protocol [35]. Briefly, RNA
was mixed with 0.2 pl of 10 pM Aptamer RT Primer and 1
ul of 10 mM dNTPs. The RNA and primer were annealed by
heating at 65°C for 5 min followed by immediately cooling on



ice for 2 min. Next, 2.22 x freshly prepared RT buffer (111
mM Tris-HCI, pH 8.0, 167 mM KCl, 13.3 mM MnCl;, and
22 mM DTT) was added to the RNA-primer mixture and in-
cubated at r.t. for 2 min. MarathonRT (40U) was added to the
reaction mixture, and the samples were incubated in a thermo-
cycler at 25°C for 10 min, 42°C for 3 h, and 70°C for 15 min.
The samples were then treated with RNase H and RNase T1,
cleaned up, and quantified as described above for SuperScript
II1.

Analyzing RT products using a fragment analyzer

The RT products were assessed using Agilent 5300 Fragment
Analyzer equipped with capillaries that are 55 cm in length
(catalog #A2300-1250-5580). Samples were prepared follow-
ing the manufacturer’s protocol for the Small RNA Kits (Ag-
ilent, catalog #DNF-470-0275). Briefly, 2 ul of eluted cDNA
was heated at 70°C for 10 min followed by addition of 18 ul
of Small RNA Diluent (provided with the kit). To account for
differences in mobility of cDNA relative to RNA in general
and Aptamer 21 in particular, a custom ladder was created by
mixing DNA oligonucleotides with lengths of 16 (100 nM), 28
(25 nM), 40 (15 nM), 52 (12 nM), 64 (10 nM), and 79 (8 nM)
nucleotides (Supplementary Table S1), with sequences iden-
tical to that of Aptamer 21 cDNA; different concentrations
of each oligonucleotide were used as longer oligonucleotides
bind to more dye molecules than smaller ones and hence give
stronger signals. The method for separation included a 30 s
pre-run at 11.5 kV, followed by a 50 s sample injection at 8.0
kV, with 45 min of 11.5 kV for separation. Gel images were
created using the ProSize Data Analysis software. The size of
each truncated cDNA bands was estimated by the software by
comparison to the customed ladder using the “point to point”
curve fitting option.

For analysis involving raw electropherograms, the raw
data were exported from the ProSize Data Analysis software
using the “time” option rather than the “nt” option. Because
well-to-well variability in the time it takes for the full-length
aptamer ¢cDNA to elute from the capillary is observed
(https://www.agilent.com/cs/library/applications/application-
poly-tails-rna-fragment-analyzer-5994-5325en-agilent.pdf)
[36], a time correction value (TCV) was calculated and
applied for each well by normalizing to the time of elution
(TE) for the 79 nt peak in the custom Aptamer ladder
according to the equations below.

TEwell - TEmarker

TCV =
TELadder - TEmarker

After calculating the TCV for each well, a normalized time
scale was calculated for each well via the equation below:

(tn - TEmarker)

TE
TCV + marker

teorr =
where #.or; is the corrected time at each time point (#,). To
normalize for differences in loading between the wells, nor-
malized intensity (RFU, o) at each time point was calculated
for each well via the equation below:

RFU;,,
MaxEyen
MaxH aqqer

RFUnorm =

where MaxF is the maximum fluorescence that corresponds
to the full-length (79 nt long) aptamer peak. The normalized
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intensity at each corrected time was plotted and overlayed in
GraphPad Prism.

Library preparation and nanopore sequencing

The cDNA from reverse transcribed RNA using Super Script I
reverse transcriptase (mutational read-through) was amplified
using Phusion High-Fidelity DNA Polymerase (NEB, catalog
#MOS530L) according to the manufacturer’s protocol. Briefly,
4 ul of 5 x Phusion HF Buffer, 0.4 ul of 10 mM dNTPs, 0.1
ul of 100 uM PCR primers (RT primer also serves as the re-
verse primer for PCR amplification; Supplementary Table S1),
0.2 ul/0.4 units of Phusion™ High—Fidelity DNA Polymerase,
and 0.6 pul of DMSO were mixed with 0.1-10 ng of cDNA,
and nuclease-free water to afford a final volume of 20 ul. The
PCR amplification was carried out using the following condi-
tions: 98°C for 30 s; 25 cycles of 98°C for 7 s, 62°C for 30 s
and 72°C for 10 s; and a final extension at 72°C for 10 min.
The quality of the PCR products was assessed by running a 2
uL aliquot of the PCR reaction mixture on a 10% (w/v) de-
naturing polyacrylamide gel. The PCR products were imaged
by staining with SYBR™ Gold Nucleic Acid Gel Stain (Invit-
rogen, catalog #511494). The PCR products were cleaned up
using Ampure XP beads as described above in section “Re-
verse transcription of RNA”. The amount of PCR amplicons
was quantified Nanodrop Microvolume Spectrophotometer
(Thermo Scientific).

The RNA sequencing library was prepared using a Native
Barcoding Kit 24 V14 (Oxford Nanopore Technology, SQK-
NBD114.24) following the manufacture’s protocol. In brief,
10-50 ng of DNA amplicon was used as input for each sam-
ple. Since the DNA amplicon was <100 bp, for the first clean-
up step involving SPRI beads, 1.8 volumes of beads and 3.5
volumes of isopropanol were added to ensure proper bind-
ing of short amplicons. For the second clean-up step involv-
ing SPRI beads, 1.8 volumes of beads were used (no addi-
tion of isopropanol). The library was sequenced using a Min-
ION R10.4.1 flow cell (Oxford Nanopore Technology, cata-
log #FLO-MIN114) using MinKNOW software per the man-
ufacturer’s protocol.

RNA sequencing data analysis

Sequencing data were base-called using Dorado base-
caller with the following command: “dorado basecaller
dna_r10.4.1_e8.2_400bps_sup@v4.3.0./pod5/, -r  —kit-
name SQK-NBD114-96 > all_calls.bam”. The base-called
reads were demultiplexed by command “dorado demux
—output-dir./barcodes/ -no-classify all_calls.bam”. The
base-called reads were then aligned to target sequence
(in .fasta format) using Dorado aligner. The alignment
was executed similarly for each barcode, for example,
“dorado aligner Aptamer21.fasta./barcodes/SQK-NBD114-
96_barcode01.bam > ./aligned/samplel_aligned.bam”. The
resulting bam files were sorted and indexed using samtools
as follows: “samtools sort./aligned/samplel_aligned.bam
-o./sorted/samplel_sorted.bam”; “samtools index -@ 8
-M./*sorted.bam”. The per base mutation information was
summarized using samtool mpileup: “samtools mpileup -aa
-d 0 -B -Q 10 -f Aptamer21.fasta./sorted/samplel_sorted.
bam ) ./pileup/samplel_sorted.pileup” for each sample. A
customed code was used to extract per base coverage and
mutation information (including substitution, deletion, and
insertion) from each mpileup file. The mutation rates were
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calculated as the number of mutations divided by the coverage
at each nucleotide position. The mutation rates were either
plotted directly for each probe, or normalized by subtracting
the control probe (4a or 5) from the respective HAP derived
probe (2a or 3).

For the analysis of direct RNA sequencing results,
“rna004_130bps_hac@v3.0.1” base-calling mode was used
with the “~emit-moves” option on, enabling downstream vi-
sualization of raw data. The data were then processed in the
same manner as the DNA sequencing data described above.

Nucleoside digestion of covalent adducts

Aptamer 21 RNA was reacted with 2a, as described above
in section “Cross-linking of chlorambucil-based Chem-CLIP
probes”. Following clean-up of the RNA via RNAClean XP
beads, 100 ng of RNA as measured by Nanodrop Microvol-
ume Spectrophotometer (Thermo Scientific) was digested to
nucleosides using a commercial enzyme mix (NEB, catalog
#M0649S) in a total volume of 20 pl, per the manufacturer’s
protocol. The 20 ul reaction was diluted to 100 pl using Lig-
uid Chromatography-Mass Spectrometry (LC-MS) grade wa-
ter. Afterwards, 1 ul of the digestion reaction was injected with
a Vanquish HPLC system (Thermo Scientific) into an Orib-
trap Exploris 120 (Thermo Scientific) mass spectrometer. The
digested nucleosides were separated using the following wa-
ter:acetonitrile (0.1% formic acid) gradient: 2 min at 2% ace-
tonitrile, a § min 2%-98% acetonitrile gradient, then 2 min
at 98% acetonitrile. Data were analyzed in the Thermo Sci-
entific Freestyle software by searching for the expected m/z
values (+1, +2, and + 3 charges) for adducts of 2a to each of
the four nucleosides.

Results

Compound design and synthesis to study target
engagement in an aptamer model system

The heteroaryldihydropyrimidine (HAP) ligand, 1, was previ-
ously selected to bind the RNA “Aptamer 217 with high affin-
ity and selectivity, making it a suitable model system for both
invitro and cellular applications (Fig. 1A and B) [29, 30]. HAP
was designed based on a compound that affects the assem-
bly of the hepatitis B virus [37] and contains a triazole link-
age substituted with a 2-(2-ethoxymethoxy)ethanol, which
can readily be replaced with alternative functional groups,
for example various electrophiles, via CuAAC [27, 28]. The
high affinity of HAP for the aptamer as well as its straight-
forward modification makes this model system desirable for
both in vitro and in cellular applications [38]. Various reac-
tive modules were installed onto the HAP compound, includ-
ing N-chloroethyl aniline [16, 20, 21] and diazirine [24-26]
(Fig. 1B).

N-chloroethyl anilines such as chlorambucil react with nu-
cleic acids through in situ formed aziridinium ions and have
been appended to RNA/DNA ligands to induce structure- or
sequence-specific modifications [16, 20, 39, 40]. Traditional
nitrogen mustards used as chemotherapeutics are “bifunc-
tional” ligands, capable of generating cytotoxic interstrand
cross-links in DNA by using both chloroethyl substituents
[41, 42]. Monofunctional nitrogen mustards (i.e. only a sin-
gle chloroethyl group) are expected to mitigate this DNA-
mediated toxicity [43], while still capable of effective modifi-
cation of a target RNA [21]. To expedite downstream studies,

we synthesized two related N-chloroethyl aniline molecules
bearing an alkyne handle (2a, 2b; Fig. 1B) in addition to the
HAP-chlorambucil conjugate 2¢c. Moreover, a HAP-diazirine
conjugate, 3, was also synthesized (Fig. 1B), which upon UV
irradiation will form reactive diazo or carbene intermediates
[44]. Respective control probes lacking the HAP binding mod-
ule (4a—c, 5) were also synthesized to assess selective reactivity
of the HAP-conjugates with the aptamer (Fig. 1B).

Together, these Chem-CLIP probes share the same general
structure, harboring an RNA-binding moiety (HAP), a reac-
tive module (N-chloroethyl aniline or diazirine) and an en-
richment handle (alkyne). Each of these components is pro-
grammable, that is they can be modified for various purposes
to enable target validation of other RNA binders (by replace-
ment of HAP) and identification of novel chemical moieties
that cross-link to RNA (by replacement of the N-chloroethyl
aniline or diazirine). These probes were used to develop a plat-
form to study target engagement and to map small molecule
binding sites (Fig. 1C).

A fluorescence-based labeling assay to assess
target engagement

As a first comparison of the HAP Chem-CLIP probes, we de-
veloped a simple reactivity-based assay (Fig. 2A) [45]. In brief,
the probes were incubated with Aptamer 21 to allow forma-
tion of cross-links; for 3, the samples were also irradiated
with UV light. Cross-linking was detected by CuAAC between
the probe’s alkyne handle and an azide-functionalized tetram-
ethylrhodamine (TAMRA) fluorescent dye, and subsequent
visualization by polyacrylamide gel electrophoresis (PAGE).
Our intent for analysis by PAGE was to enable simultaneous
quantification of the extent of reaction with the RNA aptamer
(TAMRA signal) and RNA loading via SYBR staining. How-
ever, as the extent of TAMRA labeling increased, interference
with SYBR staining was observed (Fig. 2B-D), likely due to
steric impendence SYBR binding to cross-linked RNA. Thus,
the extent of TAMRA labeling afforded by cross-linking of a
HAP-conjugate was compared to its respective control probe.

All small molecule probes harboring the HAP binding moi-
ety labeled Aptamer 21, albeit to varying extents (Fig. 2B-D
and Supplementary Fig. S1). To evaluate the effect of nonspe-
cific cross-linking stemming from the reactive modules them-
selves, the TAMRA signal intensities of HAP-conjugates were
compared to the respective control probes, e.g. 2a versus
4a (Fig. 2B-D). For all three pairs of probes (N-chloroethyl
aniline probes 2a and 4a, 2b and 4b, along with diazirine
probes 3 and 5), the TAMRA fluorescence intensities were
concentration-dependent, concomitant with an increase in
HAP-to-control probe signal ratio. Specifically, TAMRA sig-
nal for 2a peaked at 20 uM, with the maximum HAP-to-
control probe ratio reaching 14 + 2 at 60 uM. Compound
2b exhibited a more rapid increase in TAMRA signal, achiev-
ing saturation at 5 uM and attaining a peak HAP-to-control
probe signal ratio of 23 4 9, before nonspecific cross-linking
of 4b was observed at higher concentrations. The HAP-
diazirine 3 displayed a steadier trend in both TAMRA fluo-
rescence and signal ratio across the test range of concentra-
tions, although the overall magnitudes for both were markedly
lower compared to the chlorambucil-based probes. Notably,
the peak ratio observed at 100 uM was only around 4 + 0.9,
which was ~3.5 &+ 0.9-fold and 5.8 + 2.6-fold less than ob-
served for the 2a/4a and 2b/4b pairs, respectively. This differ-
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Figure 1. Development of methods to define small molecule binding sites within a target RNA by using covalent chemistry. (A) Secondary structure of
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small molecule binding sites. TAMRA labeling was used to confirm cross-linking events, followed by RT stop analysis using a fragment analyzer. Finally,
cross-linked sites were defined by nanopore sequencing via either RT stops or mutational mapping.

ence for the chlorambucil- versus diazirine-based Chem-CLIP
probes suggests that the former (2a, 2b) have a higher cross-
linking efficiency. The lower extent of cross-linking observed
for the diazirine probe could be due to a variety of factors,
including inefficient activation by UV light, quenching of the
reactive carbene intermediate with water [44, 46], or less fa-
vorable positioning of the reactive group observed for other
biomolecules [25, 47].

As a further comparison of the reactivity of the probes,
competition experiments were completed. In each experiment,
Aptamer 21 was incubated with: (i) a Chem-CLIP probe
containing a reactive module and an alkyne handle and (ii)
a probe with a chlorambucil reactive module but lacking
the alkyne handle (2c, Fig. 1C). For example, the reactiv-
ity of 2a, which contains HAP, a N-chloroethyl aniline, and
an alkyne, was studied in the presence of 1 (HAP) and 2c.
Both 1 and 2¢ reduced the extent of TAMRA labeling due
to reaction of 2a dose-dependently, where the hydroxyl com-
pound (1) competed with 2a to a greater extent than 2¢ did

(Supplementary Fig. S2A). This trend was also observed
in competition experiments between 2b and 2c¢ or 1
(Supplementary Fig. S2B) as well as between 3 and 2c or
1 (Supplementary Fig. S2C). These somewhat surprising re-
sults suggest that addition of the electrophiles is modestly
affecting molecular recognition of the aptamer by the HAP-
binding element. We therefore studied whether the probes re-
acted with previously published control RNA construct (21-
R, Supplementary Fig. S3) that does not bind HAP [30]. Each
of the HAP Chem-CLIP probes, 2a, 2b, and 3, reacted to the
greatest extent with Aptamer 21, as compared to 21-R by
~11.5 £ 1-fold (raw signals of 7003 £ 609 versus 608 + 29;
60 uM treatment), 8 + 3-fold (raw signals of 11 164 + 3007
versus 1377 & 372; 60 uM treatment), and 5 & 0.8-fold (raw
signals of 3419 + 496 versus 678 + 52; 60 uM treatment), re-
spectively (Fig. 2 and Supplementary Fig. S3). In contrast, the
control Chem-CLIP probes, 4a, 4b, and 5 reacted less with
Aptamer 21 than with 21-R, with corresponding ratios of
0.28 + 0.03 (raw signals of 515 £+ 50 and 1845 + 94, re-
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Figure 2. TAMRA labeling assay to determine cross-linking events. (A) Scheme of the cross-linking and TAMRA labeling assay. (B-D) Dose responses of
the reactions of probes 2a and 4a (chlorambucil-based) (B) 2b and 4b (chlorambucil-based) (C); and 3 and 5 (diazirine-based) (D) with Aptamer 21 (1 pM),
and quantification thereof. These studies also informed the optimal concentration for distinguishing HAP-driven cross-linking from nonspecific reaction
of the cross-linking module, i.e. control probes. TAMRA signals were normalized to the group exhibiting the weakest TAMRA fluorescence, the signals

of the control compounds (4a, 4b, 5, respectively) at 0.1 M.

spectively; 60 uM treatment), 0.53 + 0.17 (raw signals of
3733 £+ 1084 and 7074 + 1045, respectively; 60 uM treat-
ment), 0.97 + 0.30-fold (raw signals of 1559 + 232 and
1 607 + 428, respectively; 60 uM treatment). Comparison
of the Aptamer 21-to-21-R ratios for 2a/4a, 2b/4b, and 3/5
probe pairs further demonstrated the specificity of the HAP-
functionalized molecules towards Aptamer 21, with respective
fold differences of 41 = 6,15 & 7 and 5 + 2.

Validation of the fluorescence-based labeling assay
by mass spectral analysis

To verify that TAMRA labeling indeed detects formation of
RNA-Chem-CLIP probe adducts, the 2a-labeled Aptamer 21
was subjected to mass spectrometry analysis after nucleoside
digestion. While N-chloroethyl anilines preferably react with

N7 of guanosine [42], only modifications of adenosine and
cytidine by 2a were detected (Supplementary Fig. S4). The lack
of guanine residues near the compound binding site is likely
the primary reason for this observation. Although to lesser
extent, chlorambucil derivatives react with N3 of cytosine and
N3 of adenine [48], which are likely the cross-linking sites of
2a, although this could not be unambiguously assigned from
the mass spectra.

Mapping compound binding sites as indicated by
RT stops by capillary electrophoresis

The covalent cross-links from reaction with N-chloroethyl
aniline (UV-independent) or diazirine (UV-triggered) probes
can induce RT stops at the site of cross-linking, en-
abling the binding site to be identified by electrophore-
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sis (Fig. 3A) [18, 49, 50]. Previously, in vitro binding
site mapping was completed by primer extension using a
radioactively or fluorescently labeled primer or by sub-
cloning and sequencing the resultant cDNA [18, 29]. To im-
prove throughput, we developed an approach that identi-
fies binding sites using a fragment analyzer capillary elec-
trophoresis (CE) system that enables high throughput (96-
well format) and quantitative determination of RT stop
sites with small amounts of input cDNA (as little as 50
pg) (https://www.agilent.com/cs/library/usermanuals/public/
quick-guide-dnf-470-small-rna-kit-SD-AT000130.pdf) [51],
without the need of PCR amplification. Following covalent
adduct formation, Aptamer 21 was reverse transcribed with
SuperScript III, an enzyme commonly used to generate RT
stops at the sites of cross-linking [5]. The RT primer is com-
plementary to the 3’ end of the RNA, and thus the positions
of the RT stops can be calculated from the lengths of the trun-
cated cDNA products which were determined via CE and fit-
ted to a custom ladder. The ladder was generated from six
oligonucleotides of varying lengths that contain the same se-
quence as the reverse transcribed cDNA. This customized lad-
der was necessary for accurate size determination, as sequence
and structural elements of the Aptamer 21 RT products re-
sulted in differential electrophoretic mobility relative to the
single-stranded RNA ladder provided by the vendor of unde-
fined sequence (Supplementary Fig. S5A).

Following 24 h incubation of Aptamer 21 with 2a (20 uM)
and subsequent RT with SuperScript II1, the cleaned-up cDNA
products were directly analyzed via CE. (Note: detectable
cross-linking was also observed after 12 and 16 h.) For
DMSO-treated samples, a minor peak was observed at length
of 65 nucleotides, corresponding to nucleotide A14 in Ap-
tamer 21; the percentage of truncated cDNAs was 6 + 0.2%
(Fig. 3B and Supplementary Fig. S5C). Likely, this RT stop
is induced by a stable structure formed in this region (Fig.
1A). In 2a-treated samples, two primary RT stop products
with lengths of 45 and 60 nucleotides (assuming RT stops
terminate at the position prior to adduct formation), corre-
sponding to adducts formed with nucleotides A34 and A19
of Aptamer 21 (Fig. 3B and D and Supplementary Fig. S5C).
The RT stops observed at A34 and A19 (note the neighbor-
ing nucleotide C20) are consistent with the adenosine adducts
observed in mass spectral analysis (Supplementary Fig. S4).
The percentage of truncated cDNAs at A34 and A19 were
19 £ 0.1% and 32 £ 0.3%, respectively. In contrast, only
9 4+ 0.3% of RT stops were observed for control probe 4a,
like that of DMSO-treated samples and consistent with the
low extent of TAMRA labeling observed at the 20 uM con-
centration (Fig. 3B, Supplementary Figs S1A and S5C). For
compound 3, two UV-dependent RT stops were identified with
lengths of 41 and 59 nucleotides, corresponding to U38 and
C20 in Aptamer 21, with the percentage of truncated cDNA at
these positions equaling 2 + 0.3% and 5 £ 0.4%, respectively
(Fig. 3C and Supplementary Fig. S5D). No UV-dependent RT
stops were observed for control probe 5. The total percent-
age of truncated cDNAs for 3 was significantly less than that
observed for 2a (52 £+ 0.3% versus 6 + 0.7%), in agree-
ment with the TAMRA labeling assays where 2a had a four-
fold higher TAMRA /control probe ratio than 3. The RT stop
sites and percentage of truncated cDNA for 2b were like 2a
(Supplementary Fig. S5B). Thus, only 2a was carried forward
for the downstream studies.
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To enrich covalently modified RNAs and hence increase the
signal from RT stops, particularly for diazirine probe 3, the
alkyne functional handle was clicked to disulfide-biotin-azide,
which enabled pull-down via streptavidin beads and elution
of enriched RNA under reducing conditions. For compound
2a, 30 £ 6% of input RNA was pulled down, whereas only
5 £ 0.2% of input RNA was pulled down by control probe
4a (Supplementary Fig. S5E). In contrast, only 0.6 + 0.1%
of the Aptamer 21 RNA was pulled down by 3. Despite the
lower overall pull-down, 3 significantly enriched Aptamer 21
to a greater extent than control probe 5 (0.11 £+ 0.03%) or
DMSO (0.07 £ 0.05%). Furthermore, no pull-down by 3 was
observed in the absence of UV irradiation (0.02 + 0.04%
pulldown). Both observations demonstrate the dependence of
the pull-down on both the HAP binding component and UV-
activated diazirine cross-linking (Supplementary Fig. SSE).
These findings agree with the RT stop and TAMRA labeling
assays.

The enriched (pulled down) RNA was then subjected to
RT and RT stop analysis via CE. For 2a, nearly all RT prod-
ucts following the pull-down procedure correspond to the
two RT stop sites identified without pull-down and nearly
no full-length, unmodified RNA remained (Fig. 3B). No no-
ticeable RT products were observed for untreated (DMSO)
or 4a-treated Aptamer 21 (Fig. 3B), suggesting these sites of
modification are induced by the aptamer-binding HAP com-
ponent. Similarly, for 3, minimal full-length RNA was ob-
served, and the two primary RT stop sites observed were the
same as those identified in the absence of pull-down (Fig. 3C).
The enriched samples exhibited different mobility on CE com-
pared to the non-enriched samples, which is likely due dif-
ferences in salt concentration. Nonetheless, the similarity in
RT stop patterns between the enriched and non-enriched sam-
ples supports that the RT stop sites are identical (Fig. 3C and
Supplementary Fig. S5D). Importantly, these two RT stops
were UV-dependent both in the input and enriched fractions,
indicating that the RT stops are specifically induced from the
UV activation of the diazirine moiety (Fig. 3C).

The RT stop sites identified for 2a and 3 mapped to the
multibranched loop on aptamer 21 (Fig. 3D), close to the pro-
posed binding site of HAP binder [29]. Two cross-linked sites
were detected for each small molecule probe, which could
be attributed to the flexibility of the reactive module and
the polyethylene glycol (PEG) linker. Although less likely, the
binder might have slightly different binding modes, leading to
cross-linking at various sites.

Identification of a reverse transcriptase(s) suitable
for mutational profiling of small molecule-RNA
adducts

After demonstrating that CE can map small molecule binding
sites as indicated by the length of the truncated cDNA prod-
ucts, we sought to obtain single-nucleotide-resolution of these
sites via mutational profiling and RNA sequencing (MaP-Seq).
To date, mutational mapping is predominantly utilized in the
context of RNA structural probing, where unstructured RNA
bases are labeled with chemical reagents such as dimethyl sul-
fate (DMS) [34, 52] and N-acyl-imidazoles or isatoic anhy-
drides for selective 2'-hydroxyl acylation (SHAPE) [53]. Com-
pared to the covalent RNA binders investigated here, adducts
formed by DMS or SHAPE probing are typically smaller, and
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Figure 3. [dentifying cross-linked (binding) sites using capillary electrophoresis. (A) Scheme of Chem-CLIP and RT stop analysis using capillary
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thus the protocols established for these methods require vali-
dation for mapping small molecule binding sites identified by
covalent chemistry. Indeed, we explored how adduct size af-
fects read through of cross-linked nucleotides, where the hy-
pothesis is that small molecule adducts induce mutations.

To find the optimal conditions that enable reverse tran-
scriptase to read through large compound adducts, a panel
of reverse transcriptases that have been reported in muta-
tional profiling studies was evaluated, including Induro RT
[54], TGIRT III [34], MarathonRT [35], SuperScript II [55],
and SuperScript IV [56]. Compound 2a was selected to as-
sess RT read-through as it labeled Aptamer 21 with TAMRA
to the greatest extent and afforded the largest percentage
of truncated cDNAs (~50%) without needing to enrich the
cross-linked RNA (Figs 2 and 3). The adduct generated by
reaction of 2a with Aptamer 21 is dubbed 2-Ak (Fig. 4A
and Supplementary Fig. S6A). A CE experiment was used to
quantify the disappearance of these truncated cDNA products
and the concomitant restoration of the full-length cDNA, in-
dicating read-through of the covalent adducts. Upon cross-
linking of 2a, RNA samples were directly subjected to RT
using literature-reported mutational conditions for each RT
(Supplementary Table S2). The cDNA products generated by

each RT were quantified to measure the percent read-through
(or full-length product). Significant reduction of truncated ¢D-
NAs was observed for Induro RT, MarathonRT, and Super-
Script I relative to SuperScript I, indicating the enzymes read
through the cross-linked site, but not for TGIRT III and Super-
Script IV (Fig. 4B and Supplementary Fig S6B). Quantification
of the electrophoresis traces from Induro RT, MarathonRT
and SuperScript II confirmed that these enzymes produced
10%-30% more full-length cDNA relative to SuperScript III,
with a maximum percentage of full-length product around
75%.

For small molecule probes with lower reactivities or cross-
linking efficiencies such as diazirine-based Chem-CLIP probe
3, an enrichment step may be required to enhance the cross-
linking signal. The pull-down procedure results in larger
adducts due to the CuAAC reaction, which may further
reduce read-through efficiency. We therefore studied how
adduct size and structure affect the processivity of Induro
RT, MarathonRT, and SuperScript II using the highly reac-
tive probe 2a to ensure sufficient signal in CE. Three different
adducts of increasing size were compared: (i) Aptamer 21-2a
adduct (no CuAAC reaction; “2a-Ak” adduct); (ii) Aptamer
21-2a adduct after CuAAC reaction with disulfide biotin
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Figure 4. Studying the read-through of various reverse transcriptases to enable binding site mapping by mutational profiling. (A) Schematic structures of
different modifications of Aptamer 21 after reaction with various Chem-CLIP probes. 2a-Ak: HAP-binding module with an alkyne handle; 2a-S-CAM
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with disulfide biotin azide without cleavage. (B) Identification of RT enzymes capable of reading through a compound adduct using capillary
electrophoresis. “+B" indicates that Betaine was added to the RT reaction. (C) Representative fragment analyzer traces and quantification thereof to
assess RT enzyme processivity through adducts of different sizes. “+B" indicates that betaine was added to the RT reaction. *P < .05; **P < .01; ***P
< .001; and ****P < .0001, as determined by a one-way Analysis of Variance (ANOVA) with multiple comparisons.

azide, reduction by TCEP and capping with iodoacetamide
(“2a-S-CAM” adduct); and (iii) Aptamer 21-2a adduct af-
ter “clicking” on disulfide biotin azide without reduction
by TCEP (“2a-Biotin” adduct) (Fig. 4A and Supplementary
Fig. S6A). [Note: We observed differences in cDNA mobil-
ity, likely due to varying salt components derived from the
RT buffers (Supplementary Table S2). However, this mobil-
ity variation does not interfere with the primary goal of
rapidly screening suitable RT enzymes.] The processivity of In-
duro RT and MarathonRT decreased modestly as the adduct
size increased, from 55% 4+ 1% to 49 + 2% and from
57 £ 1% to 54 £ 0.4%, respectively (Fig. 4B and C and
Supplementary Fig. S6B and C). Interestingly, the percent-
age full-length cDNA produced by SuperScript II was not af-
fected by the structures of the adducts, ranging from ~75% to
~80% for all conditions, rendering it the best RT candidate
for the mutational mapping workflow.

In vitro binding site mapping via nanopore
sequencing

RNA-sequencing via nanopore sequencing was then used to
determine where mutations due to cross-linking occurred

within Aptamer 21. Although not applicable to the ~80 nt
long aptamer studied herein, the long-read sequencing capa-
bility of nanopore technology enables sequencing of DNA
amplicons at any length quickly and cost-effectively, with-
out the need for fragmentation. Thus, the workflow devel-
oped herein should be easily adaptable to longer RNAs.
Of interest for our study was whether the binding sites de-
termined by assessing RT stops and mutational profiling
agree.

After mutational RT by SuperScript II, cDNA amplifica-
tion via PCR, sequencing of DNA amplicons, and data anal-
ysis (Fig. 5A), the mutation rate at each nucleotide posi-
tion was calculated and compared. We first examined the
background mutation rate of unmodified Aptamer 21. Ap-
proximately 90% of the bases have mutation rate <2%,
while nucleotides 32, 36, 46, 53 have mutation rates around
4% (Supplementary Fig. S7). These mutations could be due
to reduced enzyme processivity through structured regions
(nt 20-60), intrinsic background mutations of SuperScript
II, or errors during nanopore sequencing. Thus, it is essen-
tial to first examine the background mutation rate across
the reference sample prior to assessing the compound-treated
groups in these type of mutational profiling studies. To effec-
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Figure 5. Mutational mapping followed by nanopore sequencing to identify cross-linked sites within an RNA target. (A) Scheme of Chem-CLIP-MaP-Seq
workflow. (B) Representative mutational profile of Aptamer 21 cross-linked to 2a obtained from nanopore sequencing. Relative mutation rate of
2a-treated samples at each nucleotide position was calculated by subtracting the mutational rate observed in 4a-treated samples. (C) Representative
mutational profile of Aptamer 21 cross-linked to diazirine probe 3 obtained from nanopore sequencing. Relative mutation rate of 3-treated samples at
each nucleotide position was calculated by subtracting the mutational rate observed in 5-treated samples. (D) Secondary structure of Aptamer 21
overlaid with cross-linked sites for 2a (hollow arrows) and 3 (solid arrows) from mutational profiling studies. Note that affinity enrichment is key for

probes in which the extent of cross-linking is < 5%.

tively demonstrate compound-induced mutations, the back-
ground mutation rate at each nucleotide was subtracted from
compound-treated samples. The unnormalized mutational
rate was also analyzed to verify that the subtraction did not
bias the analysis (Supplementary Fig. S7).

We subsequently analyzed both probe pairs 2a and 4a as
well as 3 and 5 without affinity enrichment, denoted as “Non-
enriched” samples. Comparison of 2a- and 4a-treated sam-
ples afforded two regions (C16-C20, and G29-A34) with mu-
tational rates 3o higher for 2a-treated samples (determined
via a Z-factor test [57]; Fig. 5B and Supplementary Fig. S7A).
To account for mutations observed in DMSO- (background)
and control probe 4a-treated samples (nonspecific reaction
of the cross-linking module), mutational rates were normal-
ized by subtracting the mutational rates observed at each
nucleotide in 4a-treated samples from the rates observed in
2a-treated samples. Nucleotides C20 and A34 were consid-
ered primary sites of cross-linking as they had the high-
est mutation rates, 9 + 0.7%, and § £ 0.2%, respectively,
compared to other nucleotides within the same region (Fig.
5B and Supplementary Fig. S7A). Moreover, the nucleotides
where mutations were observed matched closely with esti-
mates from CE analysis of RT stops, at nucleotides A19 and
A34 in Aptamer 21 (Fig. 3B). These data support that the
mutations were produced by SuperScript II when encounter-
ing small molecule cross-linking. Furthermore, LC-MS analy-

sis of the adducts after digestion to nucleotides revealed only
modifications to adenosine and cytidine were formed by 2a
(Supplementary Fig. S4). These results suggest that the muta-
tions observed by sequencing occurred precisely at the site of
covalent adduct formation (i.e. not before or after the cross-
linked nucleotide). Interestingly, when the same workflow was
completed for 3 (non-enriched samples), no mutations were
detected (Fig. 5C and Supplementary Fig. S7B).

As 3 had ~5 times lower reactivity in the TAMRA labeling
assay and less prominent RT stops than 2a, we hypothesized
that an enrichment step might improve the signal to noise for
probes that are less reactive or have lower cross-linking ef-
ficiencies. Mutational profiling was therefore completed for
both 2a and 3 and their corresponding control probes (4a and
5, respectively) after adding enrichment steps to the workflow;
that is, after cross-linking, the adducts were clicked to disulfide
biotin azide, pulled down with streptavidin beads, and eluted
for mutational sequencing. To examine whether the enrich-
ment itself affected RNA base integrity and, in turn, the muta-
tional profiling result, the mutation rates of non-enriched and
enriched 2a-treated samples were compared. Significant differ-
ences (>30) in mutation rates upon 2a-treatment were only
observed nearby the cross-linking site (C17-C20 and G29-
A34 near C20 and A34, respectively), with no changes de-
tected in other regions (Fig. 5B and Supplementary Fig. S7A).
Therefore, the enrichment steps themselves did not induce mu-


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf231#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf231#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf231#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf231#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf231#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf231#supplementary-data

tations, rather the mutations can be traced to cross-linking by
the Chem-CLIP probes.

The addition of the enrichment steps indeed improved the
detection of mutations induced by the cross-linking of 2a and
3. For 2a, the mutational rate at C20 and A34 increased by
approximately three-fold, from 9 + 0.7% to 45 £ 1% at
C20 and from 5§ + 0.2% to 16 + 0.6% at A34 (Fig. 5B and
Supplementary Fig. S7A). For compound 3, for which mu-
tations could not be detected without enrichment, three re-
gions with mutations were observed compared to 5-treated
samples, and the primary sites were at A18 (4 &+ 0.2% muta-
tion rate), U40 (19 £ 1%), and G58 (7 £+ 0.5%) (Fig. 5C and
Supplementary Fig. S7B), demonstrating the effectiveness and
importance of enrichment for weaker RNA binders and/or
less reactive probes.

In mutational profiling, an intriguing question is which type
of mutations (substitution, deletion, or insertion) are triggered
by the small molecule probe. The profiles of each mutation
type for 2a and 3 were examined and compared. Notably,
2a and 3 induced different types of mutations. For 2a, sub-
stitutions were predominantly observed at the primary sites,
C20 and A34, while deletions were observed 5’ to the pri-
mary sites, at A18, U31, and U32 (Supplementary Fig. S7C).
For 3, deletions were mainly observed at the mutation sites, at
U40, G58, and U59 (Supplementary Fig. S7D). These obser-
vations suggested that different cross-linking chemistries and
sites uniquely impact enzyme read through, resulting in unique
mutational profiles for each small molecule probe.

Comparison of binding site mapping by RT stop
analysis and mutational profiling

The RT stop analysis by CE and mutational profiling for 2a
are in overall agreement where both methods identified two
positions where cross-linking occurred. Both methods iden-
tified A34 while RT stop analysis identified A19 and muta-
tional profiling identified C20 as the second position of cross-
linking (Fig. 5D). For 3, differences were observed when using
the two methods. In CE analysis, RT stops were observed at
nt C20 and U38 while mutations were observed at nt A19,
U40, and GS58 in nanopore sequencing analysis; that is two
common binding sites were identified at nt 19/20 and 38/40,
although with different extents of RT stop and mutation rates.
The lack of identifiable RT stop at nt G58 in the CE method
may be explained by the poor resolution of oligonucleotides
<30 nt long in the electropherograms, given that the expected
length of the RT product (21 nt) may not separate well from
the primer. Moreover, the mutational profile for 3 is largely
consistent with the cross-linked sites identified by Mukherjee
et al. using an RT stop method with a closely related diazirine
probe [29]. The general agreement between CE and Nanopore
sequencing results reinforces the validity and effectiveness of
both methods in identifying cross-linking sites.

Although bearing the same RNA binding module, 2a and
3 had distinct cross-linking sites identified from both RT stop
and mutational profiling. We reasoned that perhaps the slight
differences in the PEG linker and cross-linker structures could
lead to a shift in probe positioning, affecting the set of reacted
bases. Nonetheless, the HAP binding site was mapped to the
multibranch loop of Aptamer 21 for both probes (C20 and
A24 for 2aand A19,U40 and G58 for 3) and by both method-
ologies (Figs 3B and C and 5B and C). The mutational profil-
ing data could be integrated with computational approaches,
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including molecular docking and molecular dynamics simu-
lations, to elucidate the precise binding interactions of each
probe.

In general, a lower mutation rate was observed for probe 2a
and 3 than RT stop rate obtained from CE analysis. For ex-
ample, the percentage mutation rate at C20 from nanopore
sequencing was 12 + 5%, whereas the percentage trun-
cated cDNAs for 2a estimated at A19 on Aptamer 21 was
36 + 0.3% (Figs 3B and 5B). One contributing factor is the
incomplete read-through of cross-linked sites by Superscript
II where read-through percentage was ~50%-65%. Addi-
tionally, there is a possibility that the RT enzyme could read
through a modified base without introducing a mutation, pos-
sibly influenced by the location of cross-link within the nu-
cleotide (Watson—Crick versus Hoogsteen face, for example).

Overall, we observed consistency between the mutational
profile of probes 2a and 3 with the corresponding RT stop
analysis. Notably, the RT stops identified from CE were
within £1 nucleotide from the binding sites identified by mu-
tational mapping. The high sensitivity of the fragment ana-
lyzer and the use of a custom ¢cDNA ladder contributed to
the observed accuracy. Collectively, these data demonstrated
the feasibility and effectiveness of using Chem-CLIP, muta-
tional mapping, and nanopore sequencing approaches (Chem-
CLIP-MaP-Seq) to identify compound binding site for small
molecule probes with different levels of reactivity.

Direct RNA sequencing of Aptamer 21-2a using
nanopore technology

One advancement of nanopore technology is its ability to
sequence native RNA molecules through RNA-specific flow
cells, termed direct RNA sequencing. We thus thought to in-
vestigate how cross-linked RNAs behave in the direct RNA se-
quencing experiment. Libraries containing Aptamer 21 modi-
fied with 2a (“2a-Ak” adduct) or DMSO as a control were pre-
pared and sequenced without the enrichment steps. To eval-
uate the effects of cross-linking, changes in read coverage,
mutation profiles, and raw electronic signals were assessed
(Supplementary Fig. S8A). A drop of read coverage >10%
at the 5" end of the RNA was observed when comparing 2a-
treated samples with DMSO, indicating premature read termi-
nation or read stops, while no significant change in mutational
profile or raw signals was observed between two groups. To
quantify read stops, the beginning position of each aligned
read (indicates a stop) were cumulated, affording two major
sites of read stop at nucleotides A22, and around U31 and
A33 (Supplementary Fig. S8B), which are in close proximity
to the cross-linked site of 2a within Aptamer 21. We reasoned
that since the adduct 2a-Ak is relatively large that the RNA
might be stalled at the cross-linked site when passing through
the nanopore. It is possible that smaller adducts would not
cause this read stop and in turn impact the raw signal or the
base-calling accuracy of the RNA, as demonstrated for DNA
modifications [58].

Discussion

In this study, we described the development and implemen-
tation of a platform to identify small molecule binding sites
within an RNA target by using covalent chemistry. These
methods include a fluorescent labeling assay to assess for-
mation of a covalent bond between a reactive probe and an
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RNA, indicative of binding, an RT stop assay using capillary
electrophoresis to estimate the location of the binding site,
and mutational profiling via nanopore sequencing to identify
cross-linked sites at single-nucleotide resolution (Fig. 6). These
methods can be applied to the target validation of any type
of Chem-CLIP probe, i.e. a compound containing an RNA
binder, a reactive module, and a purification tag, and can be
used as a screening platform for identifying selective binders
of structured RNAs or novel chemical moieties that react with
RNA.

We observed consistency in the extent of reactivity of the
probes in the assays that were developed. For example, the
N-chloroethyl anilines were ~3-6-fold more reactive than the
diazirine probe, as determined from both TAMRA labeling
and RT stop analysis. For mutational mapping, the mutation
rate of N-chloroethyl aniline 2a at the major site of cross-
linking was around 12% without affinity enrichment, while
no mutations were observed for the diazirine probe under the
same conditions. We estimate that probes that label >5% of
their RNA target (as determined by RT stop analysis) might be
suitable for mutational profiling without the need for affinity
enrichment.

The low reactivity of the diazirine probe is perhaps unsur-
prising as quenching of the diazo or carbene species by water
is unavoidable in aqueous solution [44]. In the case of Ap-
tamer 21 and 3, the flexible PEG linker between the diazirine
and the HAP binder might compound the effect of quenching
by orienting the diazirine away from the RNA target and into
solvent. Rational design of the linker using molecular dock-
ing assisted drug design to position the diazirine near a fa-
vorable substrate could increase the reactivity of this probe.
Despite their moderate reactivity, diazirines have high speci-
ficity when conjugated to an RNA binding module, showing
minimal cross-linking to a low affinity RNA mutant in the
TAMRA labeling assay. Thus, diazirines can be used for cellu-
lar target identification and selectivity studies transcriptome-
and proteome-wide [22, 24].

In contrast, the chlorambucil derivatives of HAP exhibited
high reactivity with minimal nonspecific cross-linking in the
absence of the RNA-binding component. Although one con-
cern with chlorambucil-based probes is nonspecific DNA or
RNA alkylation, these studies show that appending a potent
and specific RNA-binding small molecule to the N-chloroethyl
aniline can result in significant target selectivity. Conversely,
the reactivity and selectivity of small molecule probes to low
affinity RNA targets significantly decline, as demonstrated
by 2a and 4a and control RNA 21-R. Such a phenomenon
has also been observed with other warheads, particularly
bleomycin where conjugation of the natural product with a
selective RNA binder attenuates its activity against DNA [16].
Moreover, the sites where cross-linking occurred could be de-
termined by both RT stop analysis as determined from CE and
from mutational profiling by nanopore sequencing without
the need for enrichment, in contrast to diazirine-based probes.
Collectively, these data suggest that N-chloroethyl anilines are
superior to diazirines, traditionally used in other methods [16,
18, 20, 21, 29], to map the binding sites of small molecules.

The high reactivity of the chlorambucil-based probes en-
abled us to examine a panel of reverse transcriptases for mu-
tational profiling. Although the field of RNA structural prob-
ing is moving away from the use of SuperScript II due to its
relatively high background mutation and drop-off rates for
RNA > 500 nucleotides [34, 56], this work demonstrated that

large adducts to nucleobases may require Super Script II for
effective read-through. It is reasonable to infer that the behav-
ior of each enzyme towards adducts at different positions on
the RNA (e.g. 2’0OH versus nucleobase), as well as adducts
varying in length, molecular weight, and rigidity could be dis-
tinct; thus, it is important to evaluate different RT enzymes
when working with various adducts. Alternatively, installing
a cleavable linker between the RNA binder and the cross-
linking module in the Chem-CLIP probe could reduce the
complexity of the adduct structure, enabling read through by
more enzymes and expanding the available options for muta-
tional profiling. To implement the current workflow on cellu-
lar RNAs or those exceeding 500 nt in length, whose analysis
might be affected by the reduced processivity of Superscript
II, mild mRNA fractionation, polyadenylation, and oligo-dT
priming followed by either next-generation sequencing (NGS)
or nanopore sequencing could help overcome this limitation.
Another option would be to combine the RT stop site mapping
strategies developed in Chem-CLIP-Map-Seq with nanopore
sequencing to achieve full-length RNA read coverage (see
below).

This study utilized nanopore sequencing to detect sites
within an RNA target that were cross-linked to a small
molecule. Complementary to NGS studies, which features
short-read sequencing, nanopore sequencing reads native
RNA or DNA amplicons in its original length, ranging from
20 bp to >10 kb [59]. This property is essential for effec-
tive sequencing of DNA amplicons of varying size, which is
commonly produced in i vitro and in cell gene-specific mu-
tational profiling assays. Moreover, it could be beneficial for
the downstream application of Chem-CLIP-MaP-Seq, allow-
ing for isoform-specific small molecule binding site identifica-
tion in cells, as implicated in the Nano-DMS-MaP-Seq meth-
ods, as well as direct identification of multiple binding sites
on a single RNA molecule, bypassing the need for deconvolu-
tion from shorter reads [52]. In addition, a MinION nanopore
sequencer priced at ~$2000 and operable from a standard
laptop democratizes advanced sequencing methods when ac-
cess to more expensive platforms is limited or cost-prohibitive.
While nanopore sequencing is known to have a higher error
rate than other technologies, the methods used in this study
demonstrate sufficient robustness to address these limitations
effectively with the proper experimental controls. Although
not fully explored in this report, ongoing work aims to lever-
age these capabilities to further minimize artifacts introduced
during sample preparation. Direct RNA sequencing is another
attractive feature enabled by the nanopore technology. Al-
though our attempt to sequence the native cross-linked RNA
resulted in read stops, it is possible that distinctive raw elec-
tronic signal at cross-linked sites can be identified for less com-
plicated adducts, which could provide a new methodology for
binding site mapping of RNA-targeted small molecules. Col-
lectively, these characteristics position the platform described
herein as a promising tool for advancing transcriptome-wide
studies of RNA-ligand interactions in cellular systems, offer-
ing broader potential applications in RNA-targeting research.

While both CE and nanopore sequencing developed in this
study are effective for evaluating small molecule binding sites,
they offer different advantages. CE provides a simple and sen-
sitive approach to rapidly assess the site of cross-linking with
relatively high accuracy, generally within 41 nt of the binding
site, as confirmed by mutational profiling. As the resolution
between 1 and 30 nt on CE is low, binding sites located at the
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3’ end of the RNA may not be captured effectively. This issue
may be circumvented by increasing the length of cDNA prod-
ucts, using RT primers with additional adaptor sequences on
the 5" end.

This study also explored an alternative approach to map-
ping small molecule-RNA binding sites, mutational profiling,
which offers several advantages compared to traditional RT
stop-based methods and other established techniques [16, 18,
20,21, 26,29]. RT stops can arise from artifacts such as RNA
hydrolysis or regions of high structural stability that block RT,
leading to false positives for cross-linked sites. In contrast,
mutational mapping mitigates these issues, offering a more
accurate and reliable representation of small molecule-RNA
interactions. Indeed, Compared to CE, nanopore sequencing
requires a lengthier preparation process, but provides signifi-
cantly more information, including the mutation rate at each
base, the types of mutations (substitution, deletion, and inser-
tion), a single-molecule mutational profile (i.e. detect several
cross-linking events on one molecule of RNA), and can be ap-
plied to both in vitro and cellular studies of RNAs of varying
length.

Overall, the methods described herein for assessing RNA-
small molecule binding sites provide a programmable plat-
form for future discovery and validation of RNA-small

molecule interactions. Appending reactive modules (with
functional handles) to potential RNA-binding compounds
enables a myriad of techniques to validate target engage-
ment and define binding sites within target RNAs. Fluo-
rescence labeling via CuAAC reaction allows for rapid and
high-throughput identification of novel RNA binders or co-
valent probes. Capillary electrophoresis of RT stops en-
ables a medium throughput and quantitative assessment of
RNA-small molecule binding sites with limited RNA input.
Nanopore sequencing provides a cost-effective method for as-
sessing binding sites of small molecule probes with single-
nucleotide resolution for transcripts of (nearly) any length. Al-
though this work focused on iz vitro validation of a known
aptamer-small molecule pair, future work may apply these
methods to assess target engagement and binding in cells or
for discovery of novel small molecule-RNA interactions.
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