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Abstract

Adenosine-to-inosine (A-to-1) RNA editing is a widespread and conserved post-transcriptional
modification, producing significant changes in cellular function and behavior. Accurately
identifying, detecting, and quantifying these sites in the transcriptome is necessary to improve our
understanding of editing dynamics, its broader biological roles, and connections with diseases.
Chemical labeling of edited bases coupled with affinity enrichment has enabled improved
characterization of several forms of RNA editing. However, there are no approaches currently
available for pull-down of inosines. To address this need, we explore acrylamide as a labeling
motif and report here an acrylamidofluorescein reagent that reacts with inosine and enables
enrichment of ino-sine-containing RNA transcripts. This method provides improved sensitivity in
the detection and identification of inosines towards a more comprehensive transcriptome-wide
analysis of A-to-1 editing. Acrylamide derivatization is also highly generalizable, providing
potential for the labeling of inosine with a wide variety of probes and affinity handles.

Graphical Abstract

RNA is extensively edited after transcription. Adeno-sine-to-inosine (A-to-1) conversion is
of one of the most common and impactful forms of editing and is catalyzed by adenosine
deaminases acting on RNA (ADARs).1 Resulting inosines base pair with cytidine and are
effectively decoded as guanosine by cellular machinery. A-to-1 editing occurs in both coding
and non-coding RNA transcripts, eliciting dramatic changes in overall cellular function and
behavior. Editing of mRNA can alter protein sequence through direct modification of codons
or by altering splice sites and regulatory elements in untranslated regions. A-to-1 editing
events are also extensive in non-coding RNAs, including microRNA and small-interfering
RNA precursors, significantly altering their biosynthesis, trafficking, specificity, and gene
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regulation properties.2 Accurately identifying A-to-I RNA editing sites in the
transcriptome is necessary to improve our understanding of these modifications and their
biological functions. A recently developed method to map A-to-1 editing locations employs
chemical modification of inosines with acrylonitrile to form AX-cyanoethylinosine (Figure
1a).5 6 Termed inosine chemical erasing sequencing (ICE-seq), this technique leverages the
observation that inosine cyanoethylation inhibits Watson-Crick base pairing and effectively
arrests reverse transcription at A-to-1 editing sites. Resulting truncated cDNAs fail to
undergo PCR amplification and are “erased” from RNA sequencing chromatograms,
allowing bioinformatic detection of editing sites. Although ICE-seq has improved the
accuracy and scalability of mapping and discovering A-to-1 RNA editing sites, this method
is also limited in sensitivity, as labeled inosine-containing transcripts cannot be enriched.
Additionally, while millions of A-to-I sites have been identified across the human
transcriptome, actual editing rates at these sites are highly variable and dependent on cellular
and environmental cues, rendering them difficult to detect, characterize, and measure with
these techniques. This is particularly true in coding RNAs, where I/A ratios can range
anywhere from <0.001-5% depending on tissue type or external stimuli.”= Together, these
challenges mask the overall prevalence and true landscape of A-to-1 RNA editing across the
transcriptome.

The ability to enrich A-to-1 edited transcripts from more complex total RNA samples would
largely address this limitation and allow for deeper interrogation and characterization of the
epitranscriptome. Approaches using chemical labeling and/or antibody immunoprecipitation
to capture edited transcripts have enabled significant advances in identifying and cataloging
a number of other RNA modifications, including A2- and A methyladenosine, 5-
methylcytidine, 5-hydroxymethylcytidine, and pseudouridine (¥).19-18 While a previous
study reported the production of antibodies targeting inosine for the enrichment of tRNAs,
this method also displayed adsorptivity to other nucleobases and has not been further
demonstrated in any other contexts.1® Thus, no generally applicable methods currently exist
for the derivatization and/or enrichment of inosines in RNA, significantly limiting both
depth and sensitivity in identifying and studying A-to-I RNA editing dynamics across the
transcriptome.

In the design of a reagent for affinity capture of ino-sine-containing RNAs, we hypothesized
that an acrylamide electrophile would provide similar reactivity towards inosine as
acrylonitrile, while offering the structural flexibility to install an affinity handle for
enrichment. To test this hypothesis, we carried out a facile synthesis to generate
acrylamidofluorescein (Figure S1), as this reagent would provide both fluorescent labeling
of inosines and the ability to perform affinity capture of A-to-1 edited RNA transcripts using
a commercially available anti-fluorescein antibody (Figure 1b,c).

After designing and synthesizing the acrylamidofluorescein reagent, we assessed initial
labeling performance by reacting acrylamidofluorescein and acrylonitrile with each of the
major ribonucleosides: inosine (1), pseudouridine (), uridine (U), guanosine (G), adeno-
sine (A), and cytidine (C). Closely mimicking the ICE reaction conditions, a mixture
comprising 50 mM ribonucleoside and 250 mM of either acrylonitrile or
acrylamidofluorescein was prepared in 50:50 triethylammonium acetate:ethanol at pH 8.6.
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The solutions were incubated at 70 °C and the reaction was monitored by HPLC over 24
hours. As illustrated in Figure 2a, disappearance of inosine peaks is clearly shown along
with the formation of a new product peak in both 254 nm and 494 nm chromatograms. This
product peak was isolated and analyzed using ESI-MS and MS/MS analysis, confirming the
identity of the predicted AX-fluoresceinamidoethylinosine (FAELI) product (Figure 2b, S9).
Using ribonucleoside peak areas in the chromatograms, we determined the ratio of reacted
vs unreacted ribonucleoside to calculate average conversion percentages for each base at
various time points over 24 hours (Figures 2c, S7).

While acrylamidofluorescein and acrylonitrile exhibit similar reactivity trends, it is clear
from the data that acrylonitrile has higher reaction efficiency (Figures 2d, S7). This is likely
due to the difference in electron withdrawing properties between the two reagents, which
contributes significantly to the kinetics of addition reactions.2% 21 Given that the amide
group is less withdrawing than the nitrile moiety, these results are then unsurprising.
Regardless, acrylamidofluorescein and acrylonitrile display similar overall labeling
selectivity, exhibiting major product formation with | and ¥, minimal reactivity with U and
G, and virtually no reactivity with A and C throughout extended reaction times. While both
reagents display reactivity with ¥, these observations are consistent with previous studies
using acrylonitrile and serve to demonstrate the similar reactivity profiles of both
acrylonitrile and acrylamidofluorescein. Indeed, the first reports of acrylonitrile-nucleoside
labeling demonstrated its robust reactivity with A2 on both ino-sine and ¥.20: 21

To further validate addition of acrylamidofluorescein at A% of inosine, we assessed the effect
of pH on reaction rates. Early characterizations of acrylonitrile reactivity with inosine
showed that cyanoethylation is strongly pH dependent, suggesting A* deprotonation is
required for reactivity. Similarly, the data in Figure 2d illustrate the direct correlation
between reaction rate and pH and highlight the preferred reactivity with inosine at ~pH 8.5—
8.6, consistent with the known p&; values of A2 for inosine (8.7)22 and pseudouridine (9.5).
23 Taken together with the MS spectra, these results strongly support the predicted A2
addition to inosine and further suggest a similar labeling mechanism of
acrylamidofluorescein compared with the well characterized chemistry of acrylonitrile.

Given the promising results of our reagent with ribonucleosides, we next sought to
demonstrate acrylamidofluorescein labeling of inosine in RNA oligoribonucleotides. As a
test system for these studies, we chemically synthesized two short RNAs containing a 5’
Cy5 fluorescent label and an adenosine (RNA-A-Cy5) or inosine (RNA-I-Cy5) at a defined
position. We subjected each of these RNAs to acrylamidofluorescein labeling and denaturing
PAGE analysis. As shown in Figure 3a, fluorescein labeling is clearly observed in RNA-I-
Cy5 with increasing reaction times, and the labeled product exhibits a slight decrease in
migration rate. In comparison, only a faint signal is observed for RNA-A-Cy5, even after a
48 hour reaction time. Given that the presence of inosine is the only molecular difference
between these two RNA strands, these data are indicative of selective fluorescein addition at
this nucleotide position. Densitometric analysis was performed on the labeled RNA bands in
the gels and normalized to standard amounts of fluorescein and Cy5-labeled control oligo
nucleotides. These data were then used to calculate labeling yield as a function of reaction
time (Figure 3b), which illustrates good selectivity for labeling of RNAI-Cy5 compared to

Bioconjug Chem. Author manuscript; available in PMC 2019 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Knutson et al.

Page 4

RNA-A-Cy5. This experiment also highlights the importance of reaction time in maximizing
inosine labeling efficiency while maintaining selectivity, as we observe optimal RNA-
I:RNA-A labeling ratios at approximately 24 hours. While longer RNA transcripts can
undergo hydrolysis in mild alkaline conditions at elevated temperatures, these data
demonstrate the stability of shorter RNA segments under our reaction conditions. We
envision the use of this labeling method with high-throughput RNA-seq workflows, which
require fragmentation of longer RNAs prior to library preparation and amplification. This
fragmentation step is employed upstream of chemical labeling and pull-down in the
analogous strategies described above for mapping other RNA modifications,10: 11, 15-17, 24
and thus our results indicate compatibility with these platforms.

Encouraged by these results, we sought to establish feasibility for our ultimate goal of
enriching inosine-containing transcripts via immunoprecipitation (IP) of labeled
oligonucleotides. To test this approach, we utilized the same RNA sequences from the
previous experiment but labeled the inosine and adenosine variants with Cy5 and Cy3,
respectively, to allow for simultaneous fluorescence-based quantification of each species.
RNA-I-Cy5 and RNA-A-Cy3 were combined in varying ratios, subjected to
acrylamidofluorescein labeling, and then affinity captured using an anti-fluorescein
monoclonal antibody and protein A/G magnetic beads. After extensive washing, bound
oligoribonucleotides were eluted and quantified using a fluorescence plate reader (Figure
4a). Final concentrations of RNA-A-Cy3 and RNA-I-Cy5 after pull-down were compared to
input ratios to calculate fold-enrichment. As shown in Figure 4b, acrylamidofluorescein
labeling coupled with IP enables upwards of 7-fold enrichment of inosine-containing
oligoribonucleotides, with the highest enrichment factors achieved for samples containing
the lowest ratios of the inosine-containing RNA.

Chemical modification strategies coupled with affinity capture have significantly improved
the sensitivity and accuracy in sequencing, mapping, and characterizing several modified
RNA bases.10-18 However, there are no extant methods for enriching A-to-1 edited
transcripts, greatly limiting our ability to understand the true scale and impact of A-to-I
modifications on cell and tissue function. Here we address this challenge through the
synthesis of a novel acrylamidofluorescein reagent that chemically labels inosine and
enables the enrichment of A-to-1 edited transcripts.

While the observed reactivity between acrylamidofluorescein and ¥ may seem problematic
for the effective isolation and enrichment of inosine-containing transcripts from biological
samples, ¥ is found predominantly in ribosomal RNAs and tRNAs, and thus effective
fractionation of total RNA samples can remove significant quantities of this modified base.
In coding RNAs, | also vastly outnumbers ¥, with current estimates of ~500:1 I:'¥.7- 17,25
Additionally, methods have now been developed to selectively label and/or deplete ¥ from
total RNA pools using biotinylated carbodiimide reagents.1” We envision that
acrylamidofluorescein could be coupled with carbodiimide labeling to achieve simultaneous
selective modification and separate enrichment of transcripts containing | and ¥,
respectively. We also recognize the potential to improve enrichment by reducing reactivity
with the natural ribonucleosides U and G, and efforts are underway to explore alternative
acrylamide structures toward this goal. Regardless, given the present lack of methods for

Bioconjug Chem. Author manuscript; available in PMC 2019 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Knutson et al. Page 5

isolating inosine-containing RNAS, the research presented here represents a critical first step
toward integrating chemical labeling and enrichment methods for this important application.

A-to-1 RNA editing is among the most widespread epitranscriptomic modifications and is
integral to a variety of cellular processes. Additionally, direct links to malfunctions in A-to-I
RNA editing are being rapidly discovered for a growing number of diseases. Robust
identification and characterization of these RNA modifications is vital to understanding their
biological function and dynamics. The research reported here is anticipated to advance the
study of A-to-1 RNA editing by enabling a more comprehensive and deeper detection of
inosines in the transcriptome through pre-enrichment of edited transcripts from complex
RNA mixtures. While our initial investigation utilized acrylamidofluorescein, the acrylamide
scaffold offers considerable flexibility for the attachment of other affinity handles and
functional probes. Thus, we envision that our labeling and affinity capture approach can be
expanded into a rich toolbox for elucidating the true scale and dynamics of A-to-I editing.
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addition products. (c) Acrylamidofluorescein labeling enables affinity capture of transcripts
containing inosine.
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(a) Representative HPLC traces depicting the reaction between inosine and
acrylamidofluorescein over 24 hours. Disappearance of inosine (1) correlates with the
appearance of a new putative A2-fluoresceinacrylamidoethylinosine (FAELI) product peak.
(b) ESI-MS analysis confirming mass identity of FAEI product. (c) Reactivity panel of
acrylonitrile and acrylamidofluorescein with ribonucleosides after 24 hours. (d) Dependence
of reaction rate constants on pH for the major reacting nucleosides inosine (1) and

pseudouridine (V).
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(a) Denaturing PAGE analysis of synthetic oligoribonucleotides labeled with

acrylamidofluorescein. (b) Densitometric quantification of oligoribonucleotide labeling.
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(a) Workflow for quantifying pulldown efficiency with acrylamidofluorescein labeling and

immuno-precipitation. (b) Fold enrichment of inosine-containing oligoribonucleotides from
varying mixtures.
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