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ABSTRACT

RNAs are often studied in nonnative sequence contexts to facilitate structural studies. However, seemingly innocuous
changes to an RNA sequence may perturb the native structure and generate inaccurate or ambiguous structural models.
To facilitate the investigation of native RNA secondary structure by selective 2’ hydroxyl acylation analyzed by primer ex-
tension (SHAPE), we engineered an approach that couples minimal enzymatic steps to RNA chemical probing and muta-
tional profiling (MaP) reverse transcription (RT) methods—a process we call template switching and mutational profiling
(Switch-MaP). In Switch-MaP, RT templates and additional library sequences are added postprobing through ligation
and template switching, capturing reactivities for every nucleotide. For a candidate SAM-I riboswitch, we compared
RNA structure models generated by the Switch-MaP approach to those of traditional primer-based MaP, including
RNAs with or without appended structure cassettes. Primer-based MaP masked reactivity data in the 5’ and 3’ ends of
the RNA, producing ambiguous ensembles inconsistent with the conserved SAM-I riboswitch secondary structure.
Structure cassettes enabled unambiguous modeling of an aptamer-only construct but introduced nonnative interactions
in the full-length riboswitch. In contrast, Switch-MaP provided reactivity data for all nucleotides in each RNA and enabled
unambiguous modeling of secondary structure, consistent with the conserved SAM-I fold. Switch-MaP is a straightforward
alternative approach to primer-based and cassette-based chemical probing methods that precludes primer masking and
the formation of alternative secondary structures due to nonnative sequence elements.
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INTRODUCTION spectroscopy, chemical probing, small-angle X-ray scatter-
ing, and cryo-electron microscopy. X-ray crystallography
and NMR spectroscopy in particular have provided
gold-standard atomic-resolution 3D models and critical in-
sights into the structure/function relationship of numerous
RNAs (Edwards and Ferré-D'Amaré 2006; Thore et al.
2006; Dann et al. 2007; Garst et al. 2008; Assmann et al.
2023).

In contrast, chemical probing approaches like selec-
tive 2’ hydroxyl acylation analyzed by primer extension
(SHAPE) and mutational profiling (MaP), while currently un-
able to generate atomic-resolution 3D models alone, pro-
vide accurate and nucleotide-level resolution information
on secondary and tertiary RNA structure features, includ-
ing for long RNAs in solution and natively inside cells
(Siegfried et al. 2014; Dethoff et al. 2018; Christy et al.
2021; Przanowska et al. 2022). Many MaP experiments

In recent decades, the discovery of functional noncoding
(nc) RNAs has increased exponentially (Reinhart et al.
2000; Eddy 2001; Lagos-Quintana et al. 2001; Lau et al.
2001; Lee and Ambros 2001; Wassarman et al. 2001;
Vogel et al. 2003; Kawano et al. 2005; Mattick and
Makunin 2006; Tian et al. 2010; Cech and Steitz 2014;
Santosh et al. 2014; Mattick et al. 2023). However, the
structural characterization of ncRNA elements—an impor-
tant step in gaining mechanistic insight to their function—
has not kept pace with their rapid discovery. Many struc-
tural biology methods have been employed to character-
ize RNA secondary and/or tertiary structure: including
X-ray crystallography, nuclear magnetic resonance (NMR)
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lack reactivity data from 5" and 3’ ends of an RNA, due to
the use of primers during reverse transcription (RT) and po-
lymerase chain reaction (PCR) steps that mask mutations in
these regions. Because MaP RT enzymes extend a DNA
primer complementary to the 3’ end of an RNA template,
modifications within that 3’ sequence will not be captured
in the cDNA product. Because this region cannot contain
any mutational information, no reactivity data can be re-
covered. The RT primer may also anneal differently to
RNA molecules depending on their level of modification
in the primer-binding site, potentially masking the detec-
tion of structural variants with unique reactivity in the prim-
er-binding site. Primer masking also occurs during cDNA
amplification, where mutations and/or deletions in both
forward and reverse primer-binding regions are not trans-
ferred into the PCR products.

Strategies to overcome primer masking include post-
modification ligations or premodification inclusion of struc-
ture cassettes. Ligation approaches—including sequential
3"and 5’ ligations to modified RNA directly (Maguire et al.
2020) or cDNA circularization following RT from a ligated 3’
adapter (Loughrey et al. 2014; Yamagami et al. 2022)—can
effectively capture probing information for all nucleotides
within an RNA. However, ligation approaches involve mul-
tiple enzymatic steps, require significant RNA input, and
can involve multiple gel extractions and purifications.
Alternatively, the inclusion of “structure cassettes” flanking
an RNA structure of interest streamlines data acquisition by
enabling RT and PCR of modified RNA directly (Merino
et al. 2005; Wilkinson et al. 2006). Cassettes are typically
small, structured hairpins that are presumed to fold inde-
pendently and not alter the structure of the RNA of interest.
These cassettes serve as primer-binding sites for RT and
downstream cDNA library preparation, eliminating the
loss of mutational data in the RNA of interest due to primer
masking. However, addition of nonnative sequence ele-
ments may perturb the native RNA fold and lead to inaccu-
rate structural models.

To overcome the limitations of existing technologies, we
developed an approach that enables direct chemical prob-
ing of an RNA and limits additional preparatory steps while
retaining reactivity data for all nucleotides. Our new
Switch-MaP approach (template switching mutational pro-
filing) relies on a single RNA ligation step to append a 3’
sequence (Loughrey et al. 2014) and template switching
(Zhu et al. 2001) during MaP RT to append the 5' se-
quence. Like sequential ligation methods, Switch-MaP
adds all additional sequences necessary for analysis after
chemical probing of an RNA in a native sequence context.
The major innovation of Switch-MaP is the use of template
switching to incorporate 5’ sequences during MaP RT,
eliminating downstream enzymatic steps present in exist-
ing protocols. This new library design approach generates
cDNA products that can be amplified with PCR primers
that do not mask probed RNA sequences, enabling full-
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length readout of chemical probing information from na-
tive sequence contexts.

We validated Switch-MaP by experimentally determin-
ing the SHAPE-informed secondary structure of a candi-
date S-adenosylmethionine (SAM) class | riboswitch. We
compared models derived from both primer-masked and
structure cassette MaP experiments to those generated
from Switch-MaP. SAM-| riboswitch aptamer domain sec-
ondary and tertiary structures have been extensively char-
acterized and represent an excellent model system for the
validation of our MaP method (Winkler et al. 2003;
McDaniel et al. 2005; Fuchs et al. 2006; Montange and
Batey 2006; Lu et al. 2010 ; Montange et al. 2010;
Stoddard et al. 2010; Schroeder et al. 2011). SAM ribos-
witch element A (SreA) was identified as a candidate
SAM-| riboswitch in the Listeria monocytogenes EGD-e
genome (Toledo-Arana et al. 2009). The SreA aptamer
domain has high sequence conservation with the SAM-|
riboswitch family and is expected to fold into a four-way
helical junction with helices P1-P4 and junctions J1/2,
J2/3, J3/4, and J4/1 (Batey 2011). Limited structure is ex-
pected in the 5 leader sequence of the full-length ribos-
witch, while the expression platform downstream from
the aptamer domain is anticipated to sample mutually
exclusive “terminator” (transcription OFF) and “antitermi-
nator” (transcription ON) conformations. We applied
Switch-MaP to full-length and aptamer domain SreA
RNA constructs and found that Switch-MaP-derived reac-
tivities permitted accurate and unambiguous modeling
of highly conserved features of the SreA riboswitch.
Access to reactivity information for all nucleotides was
essential for accurate prediction of P2, P3, and J3/4 and
correct assignment of terminator/antiterminator confor-
mation. In contrast, data from primer-masked or structure
cassette constructs supported either incorrect or ambigu-
ous structure models.

RESULTS

Issues with incomplete and nonnative MaP data

The interest in developing Switch-MaP came from at-
tempts to chemically probe the structure of the candidate
SAM-| riboswitch SreA. We probed a variety of SreA RNA
constructs in solution with the well-established SHAPE re-
agent 1-methyl-7-nitroisatoic anhydride (1M7) or, as a
background control, DMSO. We prepared both native
RNA constructs and RNA constructs that include 5 and
3’ structure cassettes, with variants including the SreA
riboswitch or only the ligand-binding aptamer domain.
RNA was transcribed from a DNA template by T7 RNA po-
lymerase, purified, and folded in solution before chemical
probing, and modified RNAs were used to prepare MaP
libraries (Fig. 1).
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FIGURE 1. Schematic comparison of SreA MaP approaches. A schematic comparing the proposed Switch-MaP approach (left) with traditional
primer-based (center) and cassette-MaP (right). SHAPE reagent and SHAPE-acylated nucleotides are indicated by red pentagons and circles, re-
spectively. In the Switch-MaP approach, the RT primer-binding site is added postprobing via ligation of a 5'-5' adenylated oligo containing a
dideoxy (H) 3’ terminal nucleotide (green). Subsequent G-capping (orange) supports template switching with a template-switching oligo
(TSO, violet) during the MaP RT step. Post-RT, the resulting cDNA is amplified with primers specific for these appended sequences, preserving
reactivity information in the native sequence. Indexing PCR, generating the sequencing library, results in full capture of nucleotide reactivities for
the native RNA producing an accurate and unambiguous structure model. In comparison, primer-based MaP approaches lose reactivity informa-
tion due to primer masking on the 5" and 3’ ends of the modified RNA (indicated by open circles). This information loss introduces ambiguity in the
resulting structural models. The use of structured cassettes (right) provides sequence handles for downstream processing but may introduce non-
native structure to the RNA of interest (cassette interference).
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Direct MaP of 1M7 probed SreA yields incorrect and
ambiguous structure models

We first acquired SHAPE reactivities from MaP RT and PCR
of the TM7-modified SreA aptamer domain using primers
complementary to the 5" and 3’ ends. Primers are incorpo-
rated directly into cDNA libraries, meaning their sequenc-
es carry no modifications and prevent acquisition of
reactivity data from complementary sequences on the
RNA. We measured the SHAPE reactivities of the remain-
ing aptamer domain nucleotides—which do not include
primer-binding sites—and used these as added restraints
in RNAStructure (Deigan et al. 2009; Reuter and Mathews
2010; Hajdin et al. 2013; Busan and Weeks 2018) to model
secondary structure (Fig. 2; Supplemental Fig. S3). This
approach yielded two structure models with similar
SHAPE-informed pseudo-free energies: one resembled
the expected structure (Fig. 2, left), and the other included
a bifurcated P2 stem and an extended P3 stem (Fig. 2,
right). Because the major differences between the struc-
tures include alternative pairings within the primer-binding
regions, it was not possible to assert from this data alone
whether one of the structures was correct or if these con-

SHAPE Reactiviti

I I |
No Data 0.4 0.6 0.8

formations are representative of a meaningful dynamic
ensemble.

We also modeled the secondary structure of the full-
length SreA riboswitch (including the native 5 leader se-
quence and expression platform) from a primer-based
SHAPE-MaP (Fig. 3). In this experiment, regions comple-
mentary to the MaP RT and PCR primers were outside of
the aptamer domain but included 5’ leader and 3’ expres-
sion platform sequences (Supplemental Table S4). Again,
the minimum free energy model was inconsistent with
the highly conserved SAM-| riboswitch aptamer domain
secondary structure. Without reactivity data for primer-
masked nucleotides, structure modeling favored the for-
mation of an antiterminator hairpin and disruption of P1
and P2 (Fig. 3A). The modeled structure was not consistent
with either expected conformation of the riboswitch.
Instead, this model likely results from the absence of reac-
tivity data for 3’ nucleotides. Low SHAPE reactivity at +45A
to +55C would favor their inclusion in the terminator stem
(OFF state), while high SHAPE reactivity at +45A to +62U
would favor the formation of P2 while conserving forma-
tion of the antiterminator (ON state). To test this hypothe-
sis, we simulated reactivity data for nucleotides that were

SreA Aptamer Primer MaP
Structure 1: - 62.1 kcal/mol

SreA Aptamer Primer MaP
Structure 2: - 61.3 kcal/mol

FIGURE 2. Primer-based SHAPE-MaP informed secondary structure of the SreA aptamer. Primer-based MaP of the SHAPE modified of the SreA
Aptamer construct produced two competing models with comparable pseudo-free energies. Structure 1 (left) is consistent with the expected
SAM-| riboswitch aptamer domain secondary structure, containing a four-way junction with well-folded P1-4 helices. Structure 2 (right) is char-
acterized by an elongated P3 helix that incorporates portions of the P2 helix and adjacent junction. Secondary structures are numbered based

on the native SreA Aptamer domain (nt 0-116).
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FIGURE 3. Primer-MaP informed secondary structure model of the full-length SreA riboswitch. (A) The secondary structure model generated
from primer-based MaP revealed a structure incongruent with the expected SAM-| fold due to the loss of reactivity in the 3’ end from primer mask-
ing. (B,C) Simulated reactivity data, indicated by the blue highlights, generate expected terminator (B) or antiterminator (C) conformations by
modeling. (D) The pairing probabilities (colored arcs) of the SreA riboswitch derived from SHAPE-informed partition function. Normalized
SHAPE reactivities are plotted (bar graph) per nucleotide, along with primer masked or high background sites (gray boxes over nucleotides).
The antiterminator helix is the predominant fold in the structural ensemble, nt 110 to +43. Numbering is oriented to the native aptamer sequence

(nt 0-116).

masked by either 5" or 3’ primers to favor the formation the
terminator stem (Fig. 3B) or antiterminator stem (Fig. 3C).
Manual inspection of SHAPE reactivities supported either
conformation (Fig. 3B,C), while the majority of structures

present in an ensemble derived from a SHAPE-informed
partition function (RNAStructure Suite) (Matthews 2004) in-
cluded the antiterminator stem (Fig. 3D). As with the
aptamer-only construct, we were left with an ambiguous
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structure model when relying on primer binding within the
target sequence.

Structure cassettes can interfere with native RNA
structures

Next, we engineered full-length and aptamer constructs
that included extended structure cassettes. These extend-

60 SHAPE Reactivit

No Data 0.4 0.6 0.8

— -
5' Cassette 3’ Cassette

SreA Aptamer Cassette MaP Model

SreA Riboswitch Cassette MaP
No Data Model 2: -98.9 kcal/mol

3' Cassette

ed sequences serve as primer-binding sites for library
construction, allowing the capture of full reactivity data
for the target RNA. If the structure cassettes do not inter-
fere with the native RNA structure, this approach can pro-
vide reactivity information for all nucleotides within an
RNA target along with an internal control for SHAPE
reactivity from included cassette helices. Indeed, 1TM7
probing of an SreA aptamer construct including structure

-
3' Cassette

SreA Riboswitch Cassette MaP
No Data Model 1: -100.1 kcal/mol

FIGURE 4. Structure models of SreA aptamer and riboswitch including structure cassettes. (A) SHAPE-informed secondary structure of the SreA
aptamer with flanking structure cassettes, including expected four-way junction structure and P1-4 helices characteristic of SAM-| riboswitches. (B)
SHAPE data-independent model of the SreA riboswitch with included structure cassettes and (C) equivalent energy model including pairing with
3’ structure cassette. (D) The SHAPE-informed secondary structure model of the cassette-containing SreA riboswitch includes unintended base
pairs with a structure cassette and yielded a model incongruent with SAM-1 riboswitches.
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cassettes yielded an unambiguous structure model that
agreed with the expected aptamer conformation (Fig.
4A; Supplemental Fig. S4).

However, the SreA riboswitch suffered from incorrect
modeling when structure cassettes were included.
Without SHAPE data, structure modeling of this construct
yielded two structures with comparable free energies; an
expected structure, including an antiterminator stem
(Fig. 4B), and an incorrect structure, where the 3’ structure
cassette base-paired with P2 (Fig. 4C). When 1TM7 SHAPE
reactivities were included in the structure modeling, mini-
mum free energy models (and the majority of modeled
structures) included nonnative pairing between P2 and
the 3’ structure cassette (Fig. 4D; Supplemental Fig. S5).
While structure cassettes can retain full reactivity informa-
tion, unintended sequence interactions may perturb the
RNA structure.

The failures of primer-masked and structure cassette ap-
proaches necessitated the development of a broadly
applicable alternative approach to acquire full-length
probing information. To address these limitations, we de-
veloped the Switch-MaP strategy.

The Switch-MaP strategy

3’ adapter ligation

In the first step of a Switch-MaP library preparation, the 3’
ends of modified RNA (1M7-treated) and unmodified RNA
(DMSO-treated) are ligated to a DNA adapter with impor-
tant features: (1) a 5'-5 linked adenylate diphosphate (5'-
App), obviating the need for ATP during ligation that
would otherwise permit RNA-RNA ligation, (2) seven ran-
dom nucleotides that serve as both a unique molecular
identifier and increase sequence diversity during lllumina
cluster generation, (3) additional sequence important
for lllumina library generation, and (4), a 3’ dideoxy
terminal nucleotide that prevents concatemerization of
the adapter during ligation (Fig. 1, Switch-MaP workflow)
(Supplemental Table S1). The adapter sequence serves
as the binding site for RT initiation, acts as a sequence han-
dle for downstream library ampilification, and is a standard
addition in existing workflows (Loughrey et al. 2014).

5’ capping

After adapter ligation, a guanylate cap (Gc,p) is added en-
zymatically to the 5’ end of the RNA to enhance template
switching activity of the RT enzyme (Wulf et al. 2022). The
Geap—in this work added by the Vaccinia Capping System
capable of m’G cap methylation—is intentionally not
methylated during the capping reaction to maximize tem-
plate switching activity (Wulf et al. 2022). The capping step
is potentially omittable, as a variety of 5 ends are capable
of initiating template switching. However, yield of the tem-

plate-switching step is enhanced by—and in the case of
RNAs with a 5" U nucleotide, dependent—on the presence
of a cap structure (Wulf et al. 2022). Adapter-ligated and G-
capped RNA serves as a template for MaP RT with
SuperScript Il enzyme (SSIIRT), with a DNA oligonucleo-
tide complementary to the 3’ adapter serving as the RT
primer.

Coupled template switching and mutational profiling RT

SSIIRT enzyme is capable of both MaP RT, where nontem-
plated nucleotides are added into cDNA product at the
site of RNA modifications, and template switching, which
enables the extension of cDNA beyond the end of an initial
RNA template when a template-switching oligonucleotide
(TSO) is provided (Fig. 1, Switch-MaP workflow) (Zhu et al.
2001). Our TSO is a chimeric DNA/RNA oligonucleotide
containing specific critical features: (1) a 5’ 5-methyl iso-
deoxycytosine nucleotide that limits further template
switching beyond one TSO, (2) sequence important for
lllumina library generation, (3) seven random nucleotides
that serve as both a unique molecular identifier and in-
crease sequence diversity during lllumina cluster genera-
tion, and (4) three 3’ guanosine ribonucleotides (rG) that
anneal to nontemplated cytosine nucleotides added by
SSIIRT to the 3’ end of cDNA (Supplemental Table S1).
The result of successful template switching is a continuous
cDNA product that includes sequences antisense to the 3/
adapter, the full-length RNA, and the TSO. When per-
formed under MaP RT conditions (substituting manganese
for magnesium in the buffer, see Methods), the cDNA se-
quence antisense to the original RNA contains deletions
and nontemplated nucleotides (mutations) at sites corre-
sponding to chemically modified RNA nucleotides. This
cDNA product can be amplified with standard barcoding
primers in preparation for lllumina sequencing while pre-
serving all mutation information in the RNA sequence of in-
terest (Fig. 1, Switch-MaP workflow).

Switch-MaP structure models provide unambiguous
information

We modeled the secondary structure of the SreA
aptamer and full-length riboswitch from 1M7 probed
RNA and Switch-MaP generated libraries (Fig. 5A). For
our aptamer-only construct, modeling yielded a single un-
ambiguous minimum free energy model consistent with
the conserved SAM-| riboswitch aptamer domain (Fig.
5A, left; Reuter and Mathews 2010). P1-P4 were predicted
to fold and were arranged in the anticipated four-way junc-
tion with only small differences in the structure of the P3
and the P4 apical loop. Switch-MaP of the full-length
SreA riboswitch yielded three similar pseudo-free energy
models that support terminator stem formation (Fig. 5A,
right, 5B). Formation of the terminator stem was supported
by a partition function calculation, where the terminator
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FIGURE 5. Switch-MaP models of the SreA aptamer and full-length SreA riboswitch. (A) Switch-MaP SHAPE-informed secondary structures of the
SreA aptamer (left) and full-length SreA riboswitch (right). P1-4 helices of the expected four-way junction are labeled. In the full-length construct
(right), the expression platform is modeled with a terminator helix. (B) Similar pseudo-free energy alternative models of SreA full-length RNA. (C)
Pairing probability arc plots of aptamer (top) and riboswitch (bottom) generated from Switch-MaP. The riboswitch plot is inverted and manually
aligned to the aptamer plot. Normalized SHAPE reactivities are also plotted as colored bars for every nucleotide. Two 3" terminal U nucleotides of
the riboswitch are grayed out due to high background mutation rates (common during MaP of homopolymeric regions like this one).

stem was present in more than 80% of the modeled struc-
tural ensemble (Fig. 5C). For the full-length SreA ribos-
witch, Models 1 and 2 (Fig. 5A, right, 5B, left) also
support correct folding of the aptamer domain, with the
third model retaining only P3 and P4 (Fig. 5B, right).
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Interestingly, in all three models, the nonnative 5 terminal
G nucleotides, included in the sequence as a consequence
of T7 RNA polymerase-based synthesis, are predicted to
be involved in base pairs. These 5 Gs are paired with ei-
ther highly reactive nucleotides or nucleotides that form
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very small duplexes (3 nt), however may still represent true
members of the measured ensemble. Pairing probability
arc plots for both the SreA aptamer and full-length
SreA riboswitch were generated based on Switch-MaP
reactivities (Fig. 5C). Manual alignment of the pairing
probability plots, anchored by the aptamer domain, re-
vealed agreement between the models, including well-
determined P1-4 helices. Switch-MaP-derived pairing prob-
abilities of the full-length SreA riboswitch supported termi-
nator stem formation in the expression platform, which is in
contrast to the primer- (Fig. 3) or structure cassette-derived
MaP structures (Fig. 4), which favored the antiterminator or
misfolded expression platform, respectively.

Structure modeling relies on critical nucleotide reactivities

To highlight the importance of retaining reactivity data for
each nucleotide in the RNA, we simulated primer masking
of the SreA aptamer using our Switch-MaP data (Fig. 6).
We modeled the secondary structure of the SreA aptamer
excluding reactivity data for 5’ and 3’ regions where cDNA
amplification primers would otherwise anneal in a primer-
based experiment. When reactivity data for both primer re-
gions were omitted (-2 to 15 and 99 to +2), the minimum
free energy model included perturbed P2, P3, and J3/4 el-
ements (Supplemental Fig. S6), similar to our experimen-
tally derived primer-MaP data (Supplemental Fig. 2). We
next sequentially reduced the length of the 5 masked re-
gion to determine which reactivities were critical for proper
modeling (Supplemental Fig. S6). We discovered that the
inclusion of reactivity data for G13, at the base of the P2
stem, was sufficient to restore the correct structure in the

SHAPE Reactivit

No Data 0.4 0.6 0.8

minimum free energy model (Fig. 6, compare left to cen-
ter), and that no further masked region shortening had
any impact on modeling (Fig. 6, right). Interestingly, simu-
lated 3’ primer masking alone did not influence modeling
of the aptamer fold. Therefore, it is difficult to predict how
few or how many nucleotides will have a significant impact
on modeling outcomes, underlining the importance of ob-
taining as complete a set of reactivity data as possible.

DISCUSSION

In contrast to traditional primer-based and cassette-based
structure mapping techniques, Switch-MaP eliminates
primer masking artifacts and precludes observation of non-
native RNA secondary structures. Additionally, traditional
MaP techniques can be problematic for novel RNA targets
which lack structural characterization or known homology
that inform the design of primers and/or noninterfering
structure cassettes. Therefore, Switch-MaP may be appro-
priate for the characterization of novel RNAs, for which full
coverage of the native sequence is imperative. Switch-
MaP also represents a streamlined workflow, combining
the addition of 5’ flanking sequences in the MaP RT itself.
Any laboratory capable of MaP will be able to rapidly inte-
grate Switch-MaP into their workflows.

Two additional extensions of Switch-MaP are clear: (1)
application to any MaP-based approach, including those
that measure RNA structure ensembles (Tomezsko et al.
2020; Morandi et al. 2021; Olson et al. 2022) or RNA-
protein interactions (Weidmann et al. 2021), and (2) chemi-
cal probing of RNAs inside cells. Application to other chem-
ical probing methods is straightforward: RNA probed with

FIGURE 6. Simulated primer masking demonstrates critical nucleotide reactivities. Secondary structure predictions based on exclusion of exper-
imental Switch-MaP reactivities for nt —2 to 13 and 99 to +2 (indicated by blue highlight) of the SreA aptamer construct (left). Restoration of G13
reactivity generated the expected aptamer fold (center) and is equivalent to structural prediction encompassing full reactivity data for 5" end

(right).
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any chemical reagent can be used as a template for Switch-
MaP library preparation, including RNA that was probed in-
side cells. Indeed, dual ligation approaches have success-
fully been applied to generate full-length probing data for
tRNAs inside cells (tRNA structure-seq) (Yamagami et al.
2022), and substitution of secondary ligation with tem-
plate-switching MaP would be a straightforward way to re-
duce preparative steps in similar approaches. In summary,
Switch-MaP represents a straightforward approach for
more complete analysis of RNA chemical probing data,
and we expect the technology to be widely adopted for
its ease of use and modularity with existing workflows.

MATERIALS AND METHODS

Construct design

The sequence of full-length SreA was identified from the L. mono-
cytogenes EGD-e genome (Loh et al. 2009; Toledo-Arana et al.
2009). A gene block for full-length SreA was ordered from
Integrated DNA Technologies (IDT) and contained the full-length
riboswitch sequence, a T7 promoter, a 5" hammer head (HH) ribo-
zyme, and flanking restriction sites (Supplemental Table S2). The
SreA gene block was restriction digested and cloned into
the pUC57 plasmid. The conserved aptamer domain of SreA
was identified by secondary structure prediction using the
Dynalign algorithm from RNAstructure (Reuter and Mathews
2010). RNA sequences for SreA and the B. subtilis yitJ) SAM-|
riboswitch sequence were included in Dynalign structure predic-
tion to help model a SAM-I riboswitch-like secondary structure
(Supplemental Table S3; Grundy and Henkin 1998). Cassette con-
structs were generated via Overlap Extension PCR in a three-step
assembly with gel purification to append the cassette sequences
to the 5 and 3’ position of both the full-length SreA and SreA
aptamer constructs (Supplemental Table S2).

PCR amplification of DNA templates for T7 RNA
polymerase

DNA templates for full-length, aptamer domain and cassette
SreA constructs were generated by PCR amplification of SreA
pUC57 plasmid with EconoTaqg PLUS 2x Master Mix (Lucigen)
and various primers (Supplemental Table S4). For a full-length
SreA template, primers were complementary to a pUC57 se-
quence upstream of the transcription start site and to the 3’ end
of the full-length riboswitch sequence (Supplemental Table S4).
For the SreA aptamer domain, primers were complementary to
the 5" and 3’ ends of the P1 stems identified during structure pre-
diction (Supplemental Table S4): The forward primer included a 5’
T7 RNAP promoter sequence followed by two G residues to facil-
itate transcription initiation with T7 RNAP, and the reverse primer
contained two 5’ C residues meant to base-pair with the addition-
al G residues. These primers’ result is the addition of two nonna-
tive G-C base pairs at the base of the P1 stem. Reverse primers for
full-length and aptamer domain PCR strategies contained two 2'-
O-methyl residues on the 5’ end to help limit nontemplated tran-
scription (Kao et al. 1999).
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RNA synthesis with T7 RNA polymerase

RNA was prepared by in vitro transcription using established
methods (Zhang et al. 2020). Transcription reactions were per-
formed in T7 transcription buffer (40 mM Tris-base pH 8.5, 5
mM DTT, 1 mM spermidine, 0.01% Triton-X) with T7 RNA poly-
merase (prepared in house). The transcription reaction included
3-6 mM rNTPs, 10-20 mM MgCl,, 30-40 ng/uL DNA template,
0.2 U/mL yeast inorganic pyrophosphatase, ~15 uM T7 RNA po-
lymerase, and 10%-20% (vol/vol) DMSO (Helmling et al. 2015).
The reactions were incubated at 37°C for 3-4h and were
quenched using a solution of 7 M urea and 250 mM EDTA (pH
8.5). RNA was purified from the reaction mixture by preparative
scale denaturing polyacrylamide gel electrophoresis (PAGE).
The target RNA was UV shadowed, excised, and electroeluted
from the gel in TBE gel elution buffer (44.5 mM Tris-base, 44.5
mM boric acid, 5.0 MM EDTA, pH 8.3). The RNA was spin-concen-
trated, salt-washed with 2 M ultrapure NaCl, and exchanged into
water using 10 kDa molecular weight cut-off Amicon Centrifugal
Filter Units (MilliporeSigma).

Acylation of RNA for Switch-MaP and primer-based
SHAPE-MaP

Riboswitch RNA at a concentration of 71.4 nM was denatured by
heating to 95°C for 3 min and cooling on ice for 3 min. Denatured
RNA was added to folding buffer at a 1.1x buffer concentration
(110 mM HEPES pH 8.0, 110 mM NaCl, 5.5 mM MgCl,) and
was incubated for 20 min on 37°C heat block. The RNA sample
was divided into two equal volume aliquots. While incubating
on a 37°C heat block, one aliquot was added to 1/10th volume
of anhydrous DMSO, and the second aliquot was added to
1/10th volume of 100 mM 11M7 prepared in anhydrous DMSO,
resulting in 1x folding buffer reactions (100 mM HEPES pH 8.0,
100 mM NaCl, 5 mM MgCl,), with 1.4 mM DMSO and 10 mM
1M7 in the treated sample. The samples were incubated for 2
min (in excess of the 17 sec aqueous half-life of 1M7) at 37°C
and 250 rpm on the heat block (Busan et al. 2019). The RNA sam-
ples were exchanged into water using 10 kDa molecular weight
cut-off Amicon Centrifugal Filter Units. This procedure was ap-
plied successfully to a range of RNA starting amounts between
10 and 1000 pmol.

Primer-masked MaP RT

MaP RT of the full-length SreA construct was performed largely as
previously described. In 10 pL of total volume, 5 pmol of modified
RNA was denatured at 70°C for 5min in a mixture containing 20
nmol of each dNTP base and an RT primer complementary to
the 3’ end of the RNA (Supplemental Table S4). After 5 min, the
mixture was immediately placed at 4°C for 2 min. Nine microliters
of freshly made 2.22x MaP buffer (111 mM Tris-HCI [pH 8.0],
167 mM KCl, 13.3mM MnCl,, 22mM DTT, and 2.22 M betaine)
was added to the mixture, which was then equilibrated at 25°C
for 2min. Subsequently, 1 pL (200 units) of SSIIRT (Invitrogen)
was added to the reaction, which was then placed in a thermocy-
cler with the following settings: 10 min at 25°C, 90 min at 42°C,
10 cycles of 2 min at 42°C and 2 min at 50°C, and finally 10 min
at 70°C to heat inactivate the SSIIRT.
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Ligation of preadenylated DNA adapter to SHAPE-
modified aptamer domain and full-length RNA

In total, 20 pmol of purified aptamer domain RNA was ligated to
40 pmol of the 3’ preadenylated DNA adapter (Supplemental
Table S1) at 25°C for 2 h in a reaction mixture containing 10%
DMSO, 25% PEG 8000, 10 U T4 RNA ligase 1 (NEB), 50 mM
Tris-HCl pH 7.5, 10 mM MgCl,, and 1 mM DTT. RNA was purified
from the ligation reaction using the RNA Clean and Concentrator-
5 Kit (Zymo) and eluted in 20 pL of water. Ligation products were
verified with a high-sensitivity RNA ScreenTape on a 4150
TapeStation System (Agilent) (Supplemental Fig. S1). For the
full-length SreA riboswitch, purification proceeded using the
RNA Clean and Concentrator-5 kit (Zymo) using the size selection
protocol to remove excess 3’ preadenylated DNA adaptor.

Guanosine capping of aptamer domain RNA

To promote template switching during RT, the Vaccinia Capping
System (NEB) was used without SAM to add a G, structure to the
5" end of the adapter ligated RNA templates. Twenty microliters
of adapter ligated RNA was denatured at 65°C for 5 min and
cooled on ice for 5 min. The adapter ligated RNA was subse-
quently incubated at 37°C for 30 min in a reaction containing
0.5 mM GTP and 0.5 U/uL vaccinia capping enzyme and capping
buffer (50 mM Tris-HCI pH 8, 5 mM KCI, T mM MgCl,, T mM DTT).

Map RT with template switching oligonucleotide
(Switch-MaP)

To collect SHAPE reactivity information at the 5 end of the SreA
aptamer domain RNA, we included a TSO (Supplemental Table
S1) in a MaP-RT reaction. Switch-MaP-RT reactions were carried
out on G-capped RNA under the same reaction conditions as the
primer-based MaP RT reactions, except for the addition of 100
pmol of TSO to the template solution and an RT primer complemen-
tary to the ligated 3’ adapter (Supplemental Table S1). Incorporation
of the TSO complementary sequence in the cDNA product was ver-
ified with a high-sensitivity DNA ScreenTape on a 4150 TapeStation
System (Supplemental Fig. S2). For the full-length SreA construct,
unincorporated TSO was removed via the RNA Clean and
Concentrator-5 kit (Zymo) using the size selection protocol.

Library preparation and sequencing

Targeted amplicon sequencing libraries were generated by PCR.
One microliter of cDNA from the MaP-RT reaction was used as a
template for PCR with 5 plL each of 5 pM i5/i7 indexing primers
(Supplemental Table S4) and Q5 hot-start polymerase (NEB) in
a total reaction volume of 50 pL. The reactions were performed
in a thermocycler with the following conditions: 30sec at 98°C,
15 % (10 sec at 98°C, 30sec at 67°C and 30 sec at 72°C), and
2 min at 72°C. PCR products were purified with 1x volume of
SPRI beads, beads were washed twice with 80% ethanol, and li-
braries were eluted with 15 pL of nuclease-free water. Size distri-
butions and purities of amplicon libraries were verified (4150
TapeStation, Agilent). About 120 pmol of each library was se-
quenced on a MiSeq instrument (lllumina) with 2x 150 paired-
end sequencing.

Analysis with ShapeMapper2 and RNAStructure

FASTQ files from sequencing runs were input into ShapeMapper2
for read alignment to the SreA sequence and mutation counting
(Busan and Weeks 2018). ShapeMapper2 defaults were used,
other than the —-min-depth FLAG, which was reduced to 4000.
Normalized reactivity values from “.shape’ outputs generated
by Shapemapper2 were used for downstream structural model-
ing. Models of RNA secondary structures were generated from
normalized SHAPE reactivities using RNAstructure Fold with de-
fault folding parameters and the -sh FLAG (Reuter and Mathews
2010; Busan and Weeks 2018). Partition function calculations
were performed using RNAStructure partition with the -sh FLAG
when including .shape information. Pairing probability dot plot
text files were created using RNAStructure utility ProbabilityPlot
and the partition .pfs output with the -t FLAG. Pairing probability
arc plots were generated from probability dot plots, .shape reac-
tivity files, and the arcPlot.py software (available at https:/github
.com/Weeks-UNC/arcPlot).

DATA DEPOSITION

Raw sequencing data and intermediate processed files are avail-
able through the Gene Expression Omnibus (GEO) with accession
number GSE274121.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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