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ABSTRACT: RNA 2'-OH acylation is widely used both for mapping structure and for conjugating RNA, generally relying on
selective reactions with unpaired nucleotides over paired ones. Common reagents for this acylation have been chiefly restricted to
two similar aryl scaffolds, leaving open the question of how more broadly varied reagent structure might affect selectivity. Here, we
prepared a set of 10 structurally diverse acylimidazole reagents and employed deep sequencing to profile their reactivity and
selectivity in an RNA library of systematically varied structure. We show that structure-directed reactivity profiles vary significantly
with the reagent scaffold, and we document new acylating agents that have altered selectivity profiles, including reagents that show
elevated selectivity within loops, as well as compounds with reduced off-target reactivity in loop closing base pairs. Interestingly, we
also show that the simplest reagent (acetylimidazole) is cell permeable and is small enough to map RNA structure in the presence of
protein contacts that block other reagents. Finally, we describe reagents that show elevated selectivity within small loops, with
applications in site-selective labeling. The results provide new tools for improved conjugation and mapping of RNA.

B INTRODUCTION

Acylation of RNA is a rapidly growing field for studying RNA-
related cellular processes’ and for development of RNA-
associated biotechniques.” It has been widely used both in
mapping folded RNA structures and interactions,”* as well as
in labeling, caging, and general functionalization of RNAs.>®
The primary target of this acylation is the 2’-OH group, which
occurs at essentially every position of an RNA strand, thus
enabling the probing of folding along virtually the entire
sequence. In addition, with proper reagent design, high-yield
conjugation of transcripts can be performed in either the
genegagl sense (via stochastic polyacylation)®” or at specific
sites.”

With the existing RNA-acylating reagents studied to date, it
is generally understood that reactivity of the 2’-OH group to
acylation is greater at unpaired nucleotides than it is in the
double-stranded structure as the right-handed A-form helix
shields 2'-OH groups sterically from access by reagents.' The
differences in trace-level acylation of unpaired versus paired
nucleotides are employed widely in mapping of the folded
secondary structure, by assigning nucleotides of higher
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reactivity to non-paired regions, and segments of low reactivity
to paired duplexes via selective 2’ hydroxyl acylation analyzed
by the primer extension (SHAPE) methodology originated by
Weeks.” A number of studies have further been carried out to
better understand, from the RNA standpoint, how different
folded domains compare in their reactivity to an acylating
reagent for accurate structure prediction.'"”'” In addition, this
selectivity for unpaired groups has recently been exploited in
high-yield local RNA conjugation reactions, by use of
complementary DNAs that induce reactive loops while
protecting other nearby RNA sequences.”’

Opverall, both chief applications of RNA acylation—mapping
and conjugation—rely on the selectivity of an acylating reagent
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Figure 1. Reagent structures and differential reactivity patterns. (a) Schematic of acylation profiling of structure-varied reagents with a folded RNA
library, revealing scaffolds with new acylation properties. Reagent structures (C1—C10, NAIN3, and 1M7) and RNA elements (hairpin, bulge
loops, internal loops, three-way junctions, and single-stranded RNAs) studied in this work are shown. (b) Acylation profiles of structurally different
reagents for each nucleotide in the folded RNA library (884 nucleotide positions in all), showing variations in positional reactivity. Band intensities

represent the reactivity of the reagent at each nucleotide.

generically for unpaired structures over base-paired ones.
However, only a few acylating probes have been explored
quantitatively for their structure selectivity till date. Indeed,
virtually all RNA structural mapping studies have relied on
only two aryl scaffolds, namely, the isatoic anhydrides (1M7
and NAIM) and nicotinic acylimidazoles (NAI and NAIN3),
and the two classes show similar (although not identical)
selectivity,”*~'® likely due to their comparable sizes and aryl
frameworks (Figure la). In addition, these structures have
reactivity features that could potentially be improved upon; for
example, current reagents show a bias for reaction at 5’-ends of
loops over the 3'-region, and they often give elevated off-target
reaction at base-paired positions (closing base pairs) adjacent
to loops.12 Arguably, for structure mapping, it would be helpful
to identify reagents with better loop/stem dynamic range, less
positional bias in loops, and low off-target reactivity at base
paired nucleotides. Ideally, reagents would be cell permeable as
well, for reacting with RNAs in cells. One recent example is 2-
aminopyridine-3-carboxylic acid imidazolide (2A3), which
shows increased reactivity and sensitivity, especially in bacterial
RNAs."

Although general selectivity data exist for only two classes of
the reagent structure, RNA acylating activity has recently been
reported to occur more broadly with a wider range of
structurally varied reagents having both aryl and alkyl
scaffolds.'>'® Till date, very little is known about how reagent
structure and reactivity affect acylation selectivity among
different RNA structural elements. Given that a reagent’s
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reactive carbonyl group must closely approach the bulky RNA
substrate for successful reaction, it seems likely that reagent
shape, its steric bulk, its reactivity, and other physicochemical
features could have substantial influences on selectivity in
acylating RNAs. It further seems probable that different RNA
secondary structures also play a direct role in this selectivity as
the steric and dynamic accessibility of a given reacting 2'-OH
varies widely depending on its local structural constraints."’
Investigating such reagent/RNA interactions is significant
because the results may identify specific reagent/structure
combinations that give unusual selectivity and reactivity, which
can have practical applications in developing new methods for
conjugating and labeling RNAs. Moreover, it can define and
rank reagent selectivity for basic mapping applications,
quantifying dynamic ranges, and assisting users in reagent
choice for improving the analysis of RNA structure and
interactions. Finally, it may help elucidate structural and
reactivity features in reagents that govern their selectivity,
pointing to future reagent design strategies for both
conjugation and mapping purposes.

To address these issues, here we have employed deep
sequencing to quantitatively profile a set of structurally diverse
acylimidazole agents (compounds C1—C10, in comparison to
NAIN3 and 1M7, Figure 1a) in reaction with a systematically
varied library of RNA secondary structure elements (Figure 1
and S1). Most of the reagents have not been described before,
and they vary substantially in steric bulk near the reactive
carbonyl. The results identify new reagents with superior
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selectivity profiles. They also elucidate differences and
similarities among the range of reagent structures, suggesting
structural elements that can be useful in RNA labeling and
mapping. We further identify new compounds that have
elevated selectivity for site-directed conjugation and cell-
permeable reagents that have altered selectivity profiles for
structure mapping in solution and in cells.

B RESULTS AND DISCUSSION

Acylation Profiling with a Systematically Varied RNA
Library. To study the role of the reagent structure on
reactivity and selectivity with RNAs, we prepared a panel of 10
acylimidazole reagents (C1—C10) with diversified substitution
near the reactive carbonyl group (Figure 1a). Two common
structure-mapping reagents, IM7'” and NAIN3,'® were added
as benchmarks. The acylating reagents vary substantially in
their physicochemical features, including alkyl versus aryl
scaffolds as well as increasing steric crowding near the reactive
acyl group. We also included compounds (C8—C10) that
contain g)olycyclic moieties reported to have affinity for
RNA."”?" All compounds were shown independently by
mass spectrometry to selectively react with an RNA
oligonucleotide over a DNA oligomer having the same
sequence, thus indicating reaction at 2’-OH groups rather
than exocyclic amines (see Figure S2).

We investigated the reaction of these reagents with a
sequence-generic RNA library that has been employed recently
for evaluation of loop reactivities with NAIN3 and 1M7.'* The
library contains 43 secondary structures and sequence
elements with homogeneous loops (polyadenosine or poly-
uridine sequence) including hairpins, bulge loops, internal
loops, and three-way junctions in varied loop sizes, as well as
single strands (Figure la). The handling and analysis of
reactions between each reagent and the generic RNA library
followed previously established methods'” (Figure S1).
Acylation was analyzed at each nucleotide by quantifying
reverse transcriptase (RT) stops after library preparation and
deep sequencing. Average number of reads for each RNA/
reagent combination was ~7 million, providing ample data for
analysis. To achieve single-hit kinetics for each reagent with the
RNA library, we first optimized the reaction conditions of
compounds C1—C10 with a short model RNA (Figure S3a) to
adjust for differential reactivity. A ranking of general reactivity
of the reagents is provided in Figure S3b. Under the optimized
conditions, we then carried out the acylation profiling (see
positional map comparisons in Figure 1b).

Given the general assumption that all reagents prefer
unpaired over paired nucleotides, surprising differences in
the reactivity patterns are seen, sometimes even for subtle
structural modifications. For example, pyridyl reagent C1 is
structurally very closely related to NAIN3 (which is different
only by an azidomethyl group, Figure 1a), and although the
patterns are similar, notable reactivity differences are seen at
some RNA positions. However, the addition of two ortho
methyl groups to Cl, giving the sterically more bulky C2,
results in one of the most divergent reactivity patterns in the
entire data set. Pairwise comparisons of the patterns reveal
quantitative differences and similarities among the reagent set
(Figure S4). For example, the RNA structure-directed
reactivity patterns of C1 vs. NAIN3 or CI vs. C3 showed
relatively high Pearson correlations (r = 0.71 and 0.80,
respectively), while NAIN3 versus C6 or C7 revealed
dramatically different reactivity patterns, with Pearson
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correlation values (r) of 0.22 and 0.20, respectively. The
significantly distinct acylation profiles encouraged us to further
interrogate how reagent structure affects the reactivity and
selectivity among varied RNA-folded motifs.

Variations in the Loop/Stem Dynamic Range. For the
previously known RNA acylating reagents, the literature has
established a general reaction preference for 2’-OH groups of
unpaired nucleotides over those in base-paired positions.'’
Given this preference, one can provide a measure of selectivity
by quantifying the dynamic range of reactivity, averaging
reactivity with loops over duplex stems (L/S) (Figure 2). We

(a) Acylation of loops vs. stems for different reagents

Loop/Stem > 1

L/s

o\‘\n, CIPPL LA PO
&

Figure 2. Reagent variations in dynamic range as measured by
averaged loop/stem reactivity ratios. (a) Schematic of different
reagents carrying out acylation in loops (purple) and stems (green) in
library RNAs. (b) Bar graph of RNA loop-stem reactivity ratios (L/S)
of acylating reagents.

find that dynamic range varies from less than L/S = 2 to over 5
(Figure 2b). The lowest dynamic range was seen for
compound 10, containing a reported RNA-binding motif,”’
which might be explained by ligand-directed enhancement of
the reaction in the duplex regions of the RNAs. The top four
reagents with the highest loop-stem selectivity (L/S > 4) are
NAIN3, C1, CS, and 1M?7. Gratifyingly, the most common
employed structure mapping reagents rank high. Our results
with C1 are in general agreement with a recent study that
found favorable loop/stem selectivity for the compound in
ribosomal RNAs."”” The new results indicate that new
compound CS could potentially also be highly effective as
the SHAPE reagent for RNA structure mapping (see below).

Acylation Features of Reagents among Unpaired
RNA Motifs. Next, we explored how reagent structures affect
the acylation patterns among varied loop motifs (Figure 3a),
with the aims of (a) identifying reagents that may avoid some
existing loop biases and (b) to identify loop/reagent
combinations that might be highly selective for applications
in site-specific conjugation. Low positional selectivity would be
desirable for mapping, where all unpaired nucleotides might
show similar levels of the reaction. Conversely, high positional
selectivity would be a favorable property for site-specific
conjugation.

We first calculated the average reactivity of reagents for each
type of unpaired RNA motif (hairpin, bulge loop, internal loop,
three-way junction, and single strand) (Figure 3b). We found
that loops are far more reactive than single strands for nearly
all acylating reagents irrespective of structure, which is
consistent with previous observations with mapping reagents.'”
However, the acylation selectivity among RNA loop motifs
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Figure 3. Localized acylation features of different reagents among unpaired RNA motifs including hairpin (HP), bulge loop (BLP), internal loop
(ILP), three-way junction (TWJ), and single strands (SS). (a) Schematic of RNA motifs. (b) Average reactivity comparison of RNA motifs across
different acylating reagents (C1—C10, 1M7, and NAIN3). (c) Waterfall graph of positional reactivity of all library RNA loops for each acylating
reagent; note labeled individual cases with exceptional positional selectivity; (d) acylation selectivity profile of reagents among RNA loop
nucleotides. Selectivity was evaluated by the relative standard deviation (RSD) of loop positional reactivity of each acylating reagent. Reagents with
larger RSD have higher localization of reactivity. (e) Positional reactivity comparison of selected reagents (C6, C7, C2, and NAIN3) showing
elevated selectivity in all bulge loops (B1—BS: 1—S5 nt bulge loops). (f) Positional reactivity comparison of NAIN3 with reagents (C6, C7, and C2)
revealing elevated selectivity in all internal loops (I11,121,122,132,133: 1 X 1 nt, 2 X 1 nt, 2 X 2 nt, 3 X 2 nt, 3 X 3 nt internal loop). (g) Positional
reactivity comparison of NAIN3 with reagents C1 and CS, showing more balanced acylation in certain RNA loops (H2—H7: 2—7 nt hairpin; T1-
T3: 1-3 nt three-way junction; B1—BS: 1—5 nt bulge loop; and I11-133: 1 X 1—3 X 3 nt internal loop). (h) Examples of steric effects modulating
acylation selectivity. Pyridyl reagents with increased steric bulk show more localized acylation within a tetranucleotide bulge loop.

differed with the structures of reagents. We examined the 3c). Examining positional reactivity among these most highly
positional reactivity of each reagent in all loop nucleotides of
the folded RNAs, evaluated by variance in the positional
reactivities (Figure 3c,d and detailed methods in Supporting
Information). We found that the reagents C6, C7, and C2
exhibited very high localized preferences among loop

nucleotides compared with others including mapping reagents

reactive loops (Figure 3e,f), we find that acylation by C6, C7,
and C2 was localized to certain nucleotides (chiefly the first
and the second nucleotide) in BLP and ILP cases. In addition,
reagents preferred to acylate the over-numbered side of
asymmetric internal loops. Taken together, the results suggest

NAIN3 and 1M7 (Figure 3d). In addition, the nucleotides
with the highest reactivity are all located in bulge loops (BLP)
and internal loops (ILP) as compared with hairpin loops (HP)
or three-way junctions (TW]J) for all three reagents (Figure
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that the combination of a small bulge loop or internal loop
with one of the new highly selective reagents (C6, C7, and C2)
could potentially yield improved selectivity for site-specific
RNA conjugation (see further investigations below).

https://doi.org/10.1021/jacs.2c09040
J. Am. Chem. Soc. 2023, 145, 143—-151


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09040/suppl_file/ja2c09040_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09040/suppl_file/ja2c09040_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09040?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c09040?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c09040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Having quantified localized nucleotide selectivity with the
diversified reagents, we then turned our attention to the
converse possibility of more balanced acylation along loop
nucleotides. To this end, we examined the positional reactivity
of reagents C1 and CS, which displayed the lowest selectivity
and the smallest size, respectively (Figure 3g). Overall, C1 and
CS revealed balanced acylation along the loops that was equal
to or better than that of the SHAPE reagent NAIN3 (see e.g.,
the loops of H6, T3, BS, and 133 in Figure 3g). This finding,
along with the high loop-stem reactivity ratio for C1 and CS
analyzed above, suggests that these two reagents could be
candidates for improved SHAPE mapping of folded RNAs
(Figure SS) (see additional experiments below).

To survey the data as a whole, we conducted PCA analysis
to study the relationship of physicochemical characteristics for
all reagents with their activity features (Figure S6, Table S3).
Interestingly, we found some observations in common. First,
the reagents C8, C9, and C10 are grouped well away from the
others, and given their unfavorable selectivity properties, they
were ruled out for further analysis (Figure S6a). Second, the
reagents with the highest loop-stem reactivity ratio (C1, CS,
NAIN3, and 1M7) generally contain fewer hydrogen bond
acceptors (Figure S6b). Third, the reagents (C3, C4, CS, and
C6) showing higher reactivity in adenosine (A) loops than
uridine (U) loops have smaller geometrical sizes (Figure S6¢),
potentially less blocked by the larger purine bases. Finally, we
observe that the reagents with highest positional selectivity are
either highly hydrophilic (C6 and C7) (Figure S6d) or
sterically bulky (C2) (Figure S7). By further comparing the
loop positional reactivity of the reagents with different
substitution near the carbonyl, we observed more localized
acylation with reagents possessing greater steric bulk (Figure
3h). These observations may offer some hints for future
reagent structure—activity relationships, although more studies
with greater numbers of compounds are needed for
verification.

Improving Site-Specific Conjugation with Selective
Reagents. To further test the above discovery of high
positional selectivity, we evaluated the reagents C6, C7, and
C2 with our recently developed method (RAIL, RNA
Acylation at Induced Loops)® to look for possible improved
site-specific conjugation. The RAIL method employs a
complementary DNA to induce a reactive bulge loop in an
RNA of interest and protect the remaining residues for
localized RNA acylation (Figure S8). In the early description
of the method, we performed high-yield site-selective
modification of RNA with the NAIN3 reagent; however,
significant off-target acylation occurred at the adjacent bases
next to the intended looped-out nucleotide (see e.g. Figure 4b,
last two lanes). To test whether improvements to yield single-
nucleotide selectivity are possible, we examined the new
combinations of bulge loop/internal loop and highly selective
reagents (C6, C7, and C2) observed above. We conducted the
experiments following previous procedures (Figure S8).
Briefly, RNA-DNA bulge loop or internal loop complexes
were assembled by addition of an inducer DNA, and then, the
loop complexes reacted with reagents, followed by DNA
removal with DNase I and click chemistry for further labeling,
We tested 1 and 3 nt A/U bulge loops (B1A, B1U, B3A, and
B3U) and 3 X 2 A/U internal loops (I32A and 132U) with Cé,
C7, and C2 reagents.

After optimization of conditions (Figure S8), we found that
an induced A-loop in RNA is more locally selective than a U-
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Figure 4. Site-specific RNA labeling in vitro by acylation in induced
adenosine loops (RAIL+), employing new reagents with improved
specificity. (a) Schematic of new reagents (C7 and C7N3) with
elevated selectivity for improved conjugation at a specific loop
nucleotide via “RAIL+” method. RNA bulge loops or internal loops
were induced by a DNA oligonucleotide through hybridization. (b,c)
Gel electrophoretic analysis of reverse transcriptase (RT) stops for
RNA samples reacting with C7, C7N3, and NAIN3 under different
conditions, revealing presence and absence of reactivity at positions
adjacent to the intended site. RNA was constructed to either 1 nt A
bulge (B1A) or 3 X 2 nt A internal loop (I32A) (Figure S8). The
sequences and sites of the bands in the gel are shown. Note that RT
stops (and corresponding bands) occur at the nucleotide immediately
3’ to the acylated residue. (d) Fluorescent image of gel analysis of
CyS-labeled RNAs via RAIL + method with NAIN3 and C7N3. RAIL
+ with C7N3 show significantly higher site-specificity compared with
the prior acylating reagent, NAIN3.

loop for acylation, and new methoxyethoxyacetyl reagent C7
performed the best among the reagents (Figure 4a). PAGE gel
analysis (Figure 4b) with reverse transcriptase (RT) primer
extension for the 1 nt A-bulge samples (B1A-C7) revealed that
the band only appeared at C, which is the position
corresponding to RT stopping immediately before the acylated
nucleotide. No off-target acylation was observed in the
adjacent nucleotides for all conditions with increased
concentrations and reaction times. This reveals that the
acylation occurs virtually exclusively at the intended bulged A
residue. Analysis of single-adduct acylation with 3 nt A-bulge
loop RNA (B3A-C7 vs B3A-NAIN3) also exhibited higher
selectivity for C7 over NAIN3 (Figure S9a,b). The localization
phenomenon is also striking in the induced 3 X 2 internal loop
cases (I32A-C7 vs. I32A-NAIN3); the acylation was
completely selective to the center nucleotide of the AAA
triloop for reagent C7, while the reaction was scattered over all
three nucleotides for NAIN3. To enable further functionaliza-
tion, we synthesized a terminal azide-substituted analogue of
C7 (C7N3, see Supporting Information for details), which
showed the same positional selectivity as C7 (Figure 4a,c).
MALDI-TOF mass spectra independently showed a single
adduct for C7N3 in the I32A-type induced loop, while up to
four adducts for NAIN3 were seen (Figure S10). We improved
the acylation yield of C7N3 by reducing the temperature and
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Figure S. In-solution and in-cell RNA structure mapping with new acylating reagents. (a) Secondary structure of flavin mononucleotide (FMN)
riboswitch predicted by the RNAFOLD folding algorithm. Primer binding site (light green) for reverse transcriptase primer extension and detected
loop region (orange: L1-L9) are shown. (b) In-solution SHAPE probing of FMN RNA by our acylating reagents (200 mM C1, 100 mM CS)
compared with a common mapping reagent (200 mM NAIN3) at 37 °C for 10 min. Sequencing lanes labeled with C and A are used to calibrate
the acylation position at nucleotide resolution. (c) Structure of human SS rRNA (PDB 4UGO). The loop regions (yellow) and helix regions
(magenta) of 5SS rRNA are shown. (d) Structure of human 5SS rRNA with interacting ribosomal proteins (PDB 4UGO). Gray: interacting proteins;
yellow: loops in SS rRNA; and magenta: helices in 5SS rRNA. (e) In-cell SHAPE probing of human 5SS rRNA with 100 mM C1 and CS5 for 5—15
min and 100 mM NAIN3 for 5 min in HEK293 cells. The loop regions (yellow), helix regions (magenta), and protein interaction sites (blue) are
denoted in the gel corresponding with the 5S rRNA structure. Significant differences of probing between CS5 and C1, NAIN3 are noted in the gel
(red dots). Sequencing lanes are labeled with G, U, and C for each nucleotide identification. (f) In-solution and in-cell SHAPE probing comparison
of human 5S rRNA. Nucleotides showing significant differences between solution and cellular experiments are labeled in green. Sequencing lanes
are labeled with A, C, and G for nucleotide identification.

dispensing the reagent in portions (Figure S9) and further isatoic anhydride and acylimidazole scaffolds (e.g, 1M7 and

confirmed the site selectivity of C7N3 by comparing the RT- NAIN3, respectively).'”'® Our above data suggested that
stops of acylated RNAs with NAIN3 under similar acylation compounds C1 and C5 have potentially reduced selectivity
yield (Figure S9c). To further test utility for in vitro biases than the above reagents, while preserving high dynamic

conjugation of RNAs, we carried out a post-acylation strain-
promoted click reaction to label the RNA with CyS$
fluorophore at a single position. Fluorescence images of the
CyS-labeled RNA revealed a single band in the gel (Figure 4d).
These results demonstrated that C7N3 can be a useful ; ) ] ) oL )
acylating reagent for local RNA labeling with single-nucleotide flavin mononucleotide (FMN) riboswitch RNA™ in solution
specificity. with C1, CS, and NAIN3 (Figure Sa,b). All three reagents

Application of New Acylating Reagents for RNA identified the expected loop regions correctly. We found that
Structure Mapping in Solution and in Cells. The two the reactivity profile of C1 was almost identical with that of
types of commonly used RNA mapping reagents are based on NAIN3; however, C5 showed more bands in loops, disclosing

range. Since C$ has a smaller size, we further confirmed the
efficiency of generating RT stops by comparison with NAIN3
in titration experiments (Figure S11). To verify the ability of
C1 and CS in profiling RNA structure, we first probed a 157 nt
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more loop information as compared with NAIN3 [see, e.g, L3,
L4, and LS (Figure Sb)].

Encouraged by the in-solution mapping experiments, we
next evaluated whether C1 and CS would be amenable to
probe RNA structures in cells, which requires high cell
permeability to achieve robust signals in a short time.'® We
chose human SS ribosomal RNA (rRNA) as a target since the
structure is well studied. Human SS rRNA consists of five loop
regions (two hairpin loops C and D, two internal loops B and
E, and one junction loop A as a hinge) and five helix regions
(Helix I-V), with two conserved adenosine bulges (A49 and
AS0) in helix I1I and extrahelical cytosine (C63) flipped out of
the helix I in two different conﬁgurations22 (Figure Sc).
HEK293 cells were treated with 100 mM C1 or CS for 5 min
or 15 min, similar to the published use of 100 mM NAIN3 for
5—10 min, which has been used to map intracellular 5SS rRNA
structures previously.'® We found that we could achieve 58
rRNA modification in § min for all the reagents, with a suitable
signal-to-noise ratio at accessible regions, suggesting that, in
addition to NAIN3, C1 and CS5 are viable as cell-permeable
probes of RNA structures (Figure Se). The SHAPE profile of
pyridyl compound C1 in cells is overall similar to that of
NAINS3, and comparison of its in-cell and in-solution profiles
reveals protected positions in cells where associated ribosomal
proteins block reagent access, as was previously seen for
NAIN3'® (Figure Sf).

Interestingly, the acylation profile of reagent CS (acetylimi-
dazole, the smallest compound in the study) with 5SS rRNA in
cells is quite distinct from those of C1 and NAIN3, disclosing
more nucleotides in protein-contacting regions, such as loops
A, B, and C (Figure Se, highlighted with red dots). Comparing
our SHAPE data to the crystal structure of the human 80S
ribosome, which contains the 5SS rRNA and its interacting
proteins (PDB 4UGO) (Figure Sc,d), we find that the
additional sites revealed by CS relative to C1 and NAIN3
are all interacting with ribosomal proteins in cells. We
hypothesized that due to its small size, CS may have enhanced
accessibility to probe positions that are near in space to protein
surfaces. To explore this further, we compared the in-cell data
with in-solution SHAPE profiles of SS rRNA to exclude
protein interaction effects (Figure 5f). Strikingly, the in-cell
SHAPE reactivity profile of CS is almost identical with its in-
solution data and is similar to the other in-solution profiles
generated by NAIN3 and C1, adding support to the hypothesis
that CS can profile RNA structures with greatly reduced
influence by associated proteins (Figures Sf and S12b). We
further examined published ribosome crystal structures to
examine specific nucleotides (Fig. 5f, labeled in green) that can
only be detected in solution with the cell-permeable mapping
reagent NAIN3 (Figure S13). We found that the 2’-OH
groups at these positions are all facing protein surfaces nearby,
providing limited spaces and/or dynamic accessibility for
acylation by CS while apparently excluding reagents with larger
size. Additional experiments were also carried out probing
human 18S rRNA in HEK293 cells, showing similar differences
in accessibility by the smaller reagent (see additional analysis
and experiments in Figures S14 and S15).

In sum, the reagents C1 and CS are both applicable for RNA
structure mapping both in solution and in cells. In particular,
CS may have added benefit over the commonly used cell-
permeable reagent NAIN3 by showing less bias along loop
positions. More strikingly, the acetylimidazole reagent (CS), at
least in this limited initial test, exhibits an extraordinary ability
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to map in-cell RNA structures that are associated with proteins
that block access by other larger reagents. We conjecture that it
may be broadly useful in mapping intracellular RNA structure;
more studies are required to confirm this. Acetylimidazole was
early on studied by Sutherland as a reagent for protecting a
terminal 2'-OH group in solution with oligoribonucleotides.”
More recently, we showed that it can react with RNA 2’-OH
groups more generally in superstoichiometric yields*> and also
showed that it could be used for SHAPE mapping of FMN
riboswitch RNA. In addition, Weeks and co-workers recently
showed that acetylimidazole can be employed for in-solution
SHAPE analysis by nanopore sequencing.”* Overall, acetyli-
midazole appears to have a number of promising properties for
mapping RNA structure based on its cell permeability and
small size.

Bl CONCLUSIONS

Our profiling data reveal that reagent structure can indeed have
substantial effects on selectivity in acylating RNA 2’-OH
groups. Different RNA secondary structures can also play a
critical role in this selectivity. We find that all reagents in our
study react preferentially with unpaired loops over base-paired
stems in folded RNAs; however, selectivity varies greatly with
the reagent structure, and we find high dynamic ranges for our
reagents C1 and CS, which are as high or higher than those of
existing reagents NAIN3 and 1M7. This property may prove
useful in future structure mapping applications, aided by the
finding that they show lower positional bias among loop
nucleotides as compared with existing mapping reagents.
Moreover, C1 and CS are cell permeable and react with RNAs
in intact mammalian cells within S min, providing useful new
tools for in-cell analysis of RNA structures and interactions.
Recently, the Incarnato group has introduced a 2-amino-
pyridyl imidazolide reagent (2A3), as a probe for in-cell RNA
structure analysis.'”” This reagent provided improved loop
nucleotide information in bacterial ribosomal RNA compared
with the compound lacking the amino group (here denoted
C1). Thus, both that earlier study and our current results show
that small structural changes near the reactive carbonyl group
can have large effects on acylation selectivity profiles.

Our new data reveal that new alkoxy reagents C6 and C7
and sterically bulky reagent C2 exhibit high positional loop
nucleotide selectivity (chiefly at first and second nucleotides)
particularly in bulge loops and internal loops. This is in
contrast to C1 and CS, which show more balanced reactivity
along loops. We conclude that the physicochemical character-
istics of reagent structures (e.g, steric bulk and reactivity) and
the local structural constraints of RNA together govern the
access of the reagent carbonyl group to specific 2’-OH groups,
thus defining the selectivity of acylation. Understanding this
reagent/RNA interaction will provide new insights into future
efforts to leverage reagent designs for both conjugation and
structure mapping.

Acylation positional selectivity is critical for site-specific
conjugation of RNAs. We have applied the highly selective
combination of reagent C7 with bulge loops or asymmetric
internal loops to conjugate RNAs in vitro at specific nucleotide
positions, with significant reduction of unwanted reactions at
neighboring nucleotides. Employing our recent DNA-directed
loop induction strategy (RAIL),® we achieved precise RNA
labeling with azido-C7 (C7N3) by inducing a single nucleotide
bulge loop (B1A) or an internal loop (I32A) in RNA strands.
This enabled post-synthesis placement of a fluorescent label in
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the RNA at a single nucleotide position. These data suggest an
improved RNA functionalization method (RAIL+) with high
site specificity. Future studies will explore this methodology
with larger biologically relevant RNA targets.

Our initial observation that CS (acetylimidazole) may have
the ability to map RNA structure underlying associated
proteins is notable and suggests that the reagent is potentially
applicable for broader intracellular analysis. We report here
that it is cell permeable and reacts rapidly with intracellular
RNAs. Although more work is needed to confirm generality,
our early data suggest that the small size of the reagent may
enable it to access 2'-OH groups in sterically crowded spaces
as compared to larger cell-permeable reagents. Overall, our
findings expand the choice of mapping reagents and can assist
users for improved RNA structure and interaction analysis.
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