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ABSTRACT

RNA regulation can be performed by a second targeting RNA molecule, such as in the microRNA regulation mechanism.
Selective 2′′′′′-hydroxyl acylation analyzed by primer extension (SHAPE) probes the structure of RNA molecules and can re-
solve RNA:protein interactions, but RNA:RNA interactions have not yet been addressed with this technique. Here, we ap-
ply SHAPE to investigate RNA-mediated binding processes in RNA:RNA and RNA:RNA-RBP complexes. We use RNA:RNA
binding by SHAPE (RABS) to investigatemicroRNA-34a (miR-34a) binding itsmRNA target, the silent information regulator
1 (mSIRT1), both with and without the Argonaute protein, constituting the RNA-induced silencing complex (RISC). We
show that the seed of the mRNA target must be bound to the microRNA loaded into RISC to enable further binding of
the compensatory region by RISC, while the naked miR-34a is able to bind the compensatory region without seed inter-
action. The method presented here provides complementary structural evidence for the commonly performed lucifer-
ase-assay-based evaluation of microRNA binding-site efficiency and specificity on the mRNA target site and could
therefore be used in conjunction with it. The method can be applied to any nucleic acid-mediated RNA- or RBP-binding
process, such as splicing, antisense RNA binding, or regulation by RISC, providing important insight into the targeted
RNA structure.
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INTRODUCTION

MicroRNAs (miRs) are small noncoding RNAs that regulate
messenger RNA (mRNA) translation by either inhibiting
protein translation or initiating mRNA degradation
(Filipowicz et al. 2008; Frédérick and Simard 2021). After
maturation, the miR is loaded into the Argonaute protein
(AGO) and forms the RNA-inducing silencing complex
(RISC). Each miR can target and regulate many mRNAs by
interacting with approximately six complementary bases,
called the seed, usually located at the 3′-untranslated re-
gion (3′-UTR) of the mRNA (Bartel 2009; Lau and MacRae
2009; Hombach and Kretz 2016; Gebert and MacRae
2019). The interaction between miR loaded into AGO
(miR-AGO) and the target mRNA initiates from the

5′ seed region (Fig. 1), then continues toward the 3′-end
of miR, the compensatory region. Generally, the number
of continuous canonical Watson–Crick (WC) base pairs in
the seed determines the efficiency of mRNA down-regula-
tion (Filipowicz et al. 2008; Bartel 2018; Frédérick and
Simard 2021), while non-WC base pairs for nucleotides 7
and 8 of the seed can reduce binding and down-regulation
(Bartel 2009; Agarwal et al. 2015). In rare cases, a strong in-
teraction in the 3′-compensatory region can overcome the
detrimental effect of mismatches in the seed region
(Brennecke et al. 2005).
X-ray structures of miR-AGO2 (human AGO2 loaded

with miR) showed that AGO2 prearranges the miR seed
into an A-form helix and that AGO2 uses its helix-7 to con-
trol for continued interaction after seed nucleotide 6
toward the 3′-compensatory region (Klum et al. 2018).
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A previous NMR study of hsa-miR-34a-5p (miR-34a) bound
to the silent information regulator 1mRNA (mSIRT1) target-
ing site revealed that structural changes can affect down-
regulation efficiency (Baronti et al. 2020). Our group deter-
mined the low-resolution structure and dynamics of the
mSIRT1:miR-34a complex using an NMR-informedMD ap-
proach (Steiner et al. 2016; Ebrahimi et al. 2019; Baronti
et al. 2020). Still, little is known about whether the compen-
satory region interaction is definedbyAGOorby themiRor
to what degree targeting specificity is determined by the
miR sequence outside the seed (Kilikevicius et al. 2021).

One approach to study RNA secondary structure is
selective 2′-hydroxyl acylation analyzed by primer exten-
sion (SHAPE) (Merino et al. 2005). SHAPE reagents chem-
ically modify nucleotides in flexible conformations by
adding covalent 2′-O-adducts (Velema and Kool 2020).
In the next step, complementary DNA (cDNA) is produced
via reverse transcription (RT), which aborts at the modified
nucleotide (SHAPE-Seq and SHAPE-CE) or incorporates a
mutation (SHAPE-MaP). The resulting cDNA sequences
are analyzed by capillary electrophoresis (SHAPE-CE), or
Illumina sequencing (SHAPE-Seq or SHAPE-MaP)
(Wilkinson et al. 2006; Smola et al. 2015b). Besides reveal-
ing secondary structure information within RNAmolecules,
SHAPE can be used to study the interaction between other
nonnatural nucleic acids, such as LNA (locked nucleic acids
[Dethoff et al. 2018]) RNA and RNA-binding proteins
(RBPs) by analyzing the protein footprint (f-SHAPE or

deltaSHAPE, Lucks et al. 2011;
Smola et al. 2015a), or RNA conforma-
tion in an RNA:DNA hetero duplex
(Kladwang and Das 2010; Palka et al.
2020). Different SHAPE approaches
are available to study RNA structure
in high throughput and its conforma-
tional space (Washietl et al. 2012;
Cheng et al. 2015; Lee et al. 2015;
Tomezsko et al. 2020; Morandi et al.
2021). Interestingly, evaluating RNA
binding to a second RNA molecule
(RNA:RNA) or an RNA-mediated pro-
tein binding (RNA:RNA-RBP), as in
the mRNA:miR-AGO complex, has
to our knowledge not yet been
addressed using SHAPE, although
SHAPE represents an ideal technique
to study structural details of miR
targeting.
Here, we applied SHAPE to study

miR targeting in vitro, abbreviated to
RNA:RNA binding by SHAPE (RABS),
by implementing the mRNA target
site into a trans-acting RNA scaffold
(trans-scaffold, Fig. 1B). This setup al-
lows the analysis of the mRNA target

interaction with miR (RNA:RNA) or miR-loaded AGO2
(RNA:RNA-RBP) with single base-pair resolution (Fig. 1A).
The proof-of-concept experiments confirmed the interac-
tion pattern found by NMR (Baronti et al. 2020). We used
two control sequences: “scrambled” which does not bind
to miR-34a and controls for interaction specificity of the
RNA-mediated protein binding (RNA:RNA-RBP), and
“scrambled seed,” which has mismatches to the seed
nucleotides 2–7 but is otherwise complementary to
miR-34a. Using RABS, we show the “scrambled seed” tar-
get is bound by the miR-34a in the absence of AGO2 via
the compensatory region, while this binding is reduced
when interacting with miR-34a loaded in AGO2, because
of the strongly reduced binding affinity, confirming current
models (Bartel 2018) and demonstrating the specificity of
the presented approach.

RESULTS

Here, we extended the SHAPE application to study RNA:
RNA interaction in miR targeting, using the example of
miR-34a and its target mRNA SIRT1 (mSIRT1). We generat-
ed two RNA scaffolds for this purpose: the trans- and cis-
scaffold. The trans-scaffold involves intermolecular bind-
ing (Fig. 1B), by which one RNA sequence of interest (in
this case mSIRT1) is inserted into the main loop of the scaf-
fold and is subsequently bound by RNA or RNA-RBP (here
miR-34a or miR-34a-AGO2, respectively). In the cis-
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D

FIGURE 1. The RNA:RNAbinding by SHAPE (RABS) approach. (A) The RABSworkflow starting
from the RNA scaffold design until the interpretation of the binding based on the data ob-
tained. (B) Trans-scaffold design containing themSIRT1 sequence, and (C ) the cis-scaffold con-
taining mSIRT1 andmiR-34a sequences. In B and C, the seed region in mSIRT1 sequence and
in mSIRT1:miR-34a, respectively, are between green dotted lines. (D) Overview of the three
different experimental conditions that we used to evaluate miR:mRNA binding with the
trans-scaffold (target sequence in light blue, miR in pink and AGO in light green).
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scaffold (Fig. 1C), both RNA sequences are inserted in the
same scaffold, resembling a typical SHAPE scaffold. The
use of both scaffolds enables a better understanding of
the impact of RNA:RNA binding on RNA structure, and a
comparison of RNA structure between RNA:RNA and
RNA:RNA-RBP complexes.
For the trans-scaffold, three different conditions were

tested: (i) unbound; (ii) +RNA; leading to the RNA:RNA
complex; and (iii) +RNA-RBP; leading to the RNA:RNA-
RBP complex (Fig. 1D). The unbound trans-scaffold acts
as a control for three factors: first, it quality controls the
scaffold for unwanted stable secondary structures be-
tween the scaffold itself and the inserted target sequence
(Fig. 1A); second, it probes for self-folding of the target se-
quence, which can compete with binding of the second
component (miR-34a or miR-34a-AGO2); and third, it pro-
vides a baseline for sequence-dependent reactivity biases.
The trans-scaffold provides the reactivity read-out for
the inserted target RNA sequence only, while the cis-scaf-
fold reads out secondary structure for both strands in
the RNA:RNA duplex (here mSIRT1:miR-34a). However,
because the 3′- and 5′-end of the microRNA must be an-
chored inside AGO2 to function (Sheu-Gruttadauria et al.
2019a,b), the trans-scaffold provides the unique advan-
tage of monitoring the effect of miR-AGO2 binding on
the mRNA target over traditional cis-type scaffolds.

Optimizing chemical probing for RNA:RNA binding

For probing of the target RNA, we designed two different
trans-scaffolds (TS#1 and TS#2; Supplemental Fig. S1a),
which differ in the buffer nucleotides in the main loop
(Supplemental Table S1). The reactivity profiles from two
independent experimental replicates (each with three
technical replicates) were used to predict the secondary
structure formation of the main loop containing the target
RNA insert, using both RNAprobing andMC-Fold (Parisien
andMajor 2008;Washietl et al. 2012). No stable secondary
structure of themain loops was observed for either TS#1 or
TS#2 (Supplemental Fig. S1), although some nucleotides
show reduced reactivity (Supplemental Fig. S1b), namely
tC4 to tC6, tA14, and tC16, which could be caused by a tran-
sient fold of the target sequence (Kladwang and Das 2010;
Bindewald et al. 2011; Mlýnský and Bussi 2018; Strobel
et al. 2018), sequence-specific biases by the chemical
modification (Weeks andMauger 2011) or the reverse tran-
scription step (Kladwang et al. 2020). Generally, base-
paired nucleotides are supposed to show low (near zero)
reactivity values (Weidmann et al. 2021). Most of the lower
reactivity is observed for sequential cytosines, possibly
caused by stacking of the single-stranded region (Tubbs
et al. 2013), and confirmed by our nine cytosine-containing
control; however, our NMR data indicates a flexible loop,
shown by mixed sugar puckers (Supplemental Fig. S2).
As neither of the scaffolds adopt stable secondary struc-

tures where the buffer nucleotides interact with the
mSIRT1 sequence, we selected TS#1 for the rest of the ex-
periments, as it showed lower propensity of structure for-
mation in the target sequence (Supplemental Fig. S1b).
A binding interaction is dependent on the binding cons-

tant (KD), and the concentration of the components.
Therefore, we optimized the concentration ratios between
the trans-scaffold, containing themSIRT1 binding site, and
the binding components (miR-34a andmiR-34a-AGO2) by
titration (Supplemental Fig. S3). The concentration was
varied from a ratio of 1:0.05 to 1:5 of mSIRT1:miR-34a
(with [miR-34a] from 4 to 400 nM and [mSIRT1] kept cons-
tant and equal to 80 nM), considering the previously deter-
mined KD of 124.3±21.7 nM by electrophoretic mobility
shift assay (Baronti et al. 2020). For nucleotides that
showed a change in reactivity, we calculated the KD and
the probability to be bound at the 1:2 ratio for each
mSIRT1 nucleotide (Supplemental Fig. S3). The KD ranged
from 4 to 160 nM and the fraction bound at 1:2 ratio from
89% (first nucleotide, reduced by end-fraying) to 99%, in-
dicating that the majority of molecules are bound at this
condition. Furthermore, the reactivity pattern agrees with
the binding pattern obtained from NMR data (Baronti
et al. 2020) already at a ratio of 1:1. A ratio of 1:2 was cho-
sen, as it provided reduced error of the reactivity signal in
the experiment (Supplemental Table S2; Supplemental
Fig. S3).
To study the mSIRT1:miR-34a-AGO2 interaction, we

produced human Argonaute 2 (AGO2) and loaded miR-
34a into the miR-34a-AGO2 complex by incubation
(Elkayam et al. 2012) and confirmed loading efficiency by
northern blot (Supplemental Fig. S4) at 5%. The 5% miR-
34a-AGO2 was compensated by using a 20-fold excess
of the wholemiR-AGO2 heterogeneous sample to achieve
a 1:1 ratio for mSIRT1:miR-34a-AGO2 binding. The pres-
ence of the high (AGO2) protein reduced the efficiency
of the following RT step. Therefore, we added a proteinase
K digestion step, after the chemical modification and be-
fore the cDNA preparation, to remove the protein and in-
crease the signal intensity. Unfortunately, adding this
digestion step reduces the overall signal intensities in the
CE profiles, likely due to lower RNA recovery after deacti-
vating of proteinase K, and a dilution effect of the scaffold
(+165 µL to a 17µL sample). We confirmed this by adding
the proteinase K digestion step to the unbound trans-scaf-
fold (Supplemental Table S3; Supplemental Fig. S5), repro-
ducing the reduction in signal intensity. Increasing the
AGO2 concentration to a 1:2 ratio (meaning 40-fold excess
of randommiR loaded AGO2 heterogeneous sample), and
thus mimicking the de facto ratio in the RNA:RNA experi-
ments, reduces the final signal intensities to near noise-lev-
els for the mSIRT1:miR experiment (Supplemental Fig. S6).
WeestimatedKDand theprobability to bebound at the 1:1
ratiomSIRT1:miR-34a-AGO2complexby titration as for the
mSIRT1:miR-34a (Supplemental Fig. S3), ranging from
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ratios 1:0.25 to 1:1.5 (with [miR-34a-AGO2] from 20 nM to
120 nM and [mSIRT1] equal to 80 nM), which was the high-
est concentration to achieve an interpretable signal (ratio
1:2 shows very little signal [Supplemental Fig. S6b]). The
KD ranged from 320 to 20 nM, and the fraction bound at
a 1:1 ratio from 60% (second nucleotide, possibly reduced
by end-fraying) to 87%, indicating that the majority of mol-
ecules are bound in this condition, however, with a some-
what weaker KD and binding probability than observed
for mSIRT1:miR-34a (Supplemental Fig. S7). We could
also show that increasing the AGO2 concentration, for ex-
ample, to a ratio of 1:1.5, shows little change (right lane,
Supplemental Table S4), indicating that the use of a 1:1 ra-
tio is reliable.

As a negative control, we designed a trans-scaffold con-
taining a scrambled sequence (scrm), which did not bind
either miR-34a or the miR-34a:AGO2 complex (Fig. 2A;
Supplemental Table S1). We confirmed experimentally
that no change in reactivity was observed upon addition
of miR-34a or miR-34a-AGO2 compared to the unbound
scrm trans-scaffold (Fig. 2B,C; Supplemental Table S5).
Importantly, with this control we could exclude that the tar-
get site nonspecifically binds the differently loaded 20-
fold excess AGO2.

Structural probing of RNA:RNA binding:
the trans-scaffold

To simplify data interpretation, we limited the reactivity
scale to 0–1 and introduced a threshold to distinguish be-
tween base-paired and unbound nucleotides (see Data

analysis in Methods). Furthermore, to compare results
from the same scaffold in different experimental condi-
tions, we renormalized the reactivity values of each nucle-
otide in the main loop over the averaged reactivity values
of the buffer nucleotides, nucleotides before and after the
target sequence in the main loop (Fig. 1B; Supplemental
Table S1). Limiting the reactivity scale to between 0 and
1 (Washietl et al. 2012) addresses the binary question of
being base-paired while eliminating negative reactivity
due to averaging artifacts or large positive values, repre-
senting different levels of dynamics, which are not relevant
here. The threshold of 0.5 for base-pairing has been used
before (Wilkinson et al. 2008; Zarringhalam et al. 2012) and
was confirmed by the observable imino resonances in
NMR spectra for the same complex (Baronti et al. 2020),
which are also indicators of stable base-pairing (Fig. 3A,B).

To compare different experiments and subtract back-
ground, we calculated ΔReactivity (equation 2, Smola
et al. 2015a), which is negativewhen a nucleotide becomes
base-paired upon binding to the second component. We
calculated a Z-factor (Zhang et al. 1999) on the renormal-
ized values to compare different experimental conditions
(see tables in the Supplemental Material for the different
conditions). We controlled for the potential of DMSO, sol-
vent for 1M7, to destabilize RNA folding (Supplemental
Table S6; Supplemental Fig. S8; Lee et al. 2013).

Typically, reactivity is displayed on a SHAPE-based pre-
dicted structure; however, here this leads to incorrect inter-
pretation, as the information of the binding partner is
missing because only one component is accessible for
probing. Instead, we show heatmaps for the trans-scaffold
without structural predictions (Fig. 3D) and display the re-
activity along the sequence (Fig. 3B). For structural predic-
tion we instead compared the unbound trans-scaffold
reactivity to the reactivity of the RNA:RNA and RNA:
RNA-RBP complexes.

There are minor differences in the reactivity patterns of
the mSIRT1:miR-34a and the mSIRT1:miR-34a-AGO2 in-
teraction (Fig. 3; Supplemental Table S7). In both com-
plexes the seed and the 3′-compensatory region are
base-paired, with a flexible 4-nt bulge in between, agree-
ing with previous NMR experiments (Baronti et al. 2020).
By comparing ΔReactivity we observe a difference in bulge
size for mSIRT1:miR-34a and mSIRT1:miR-34a-AGO2, es-
pecially tC16 and tA17 (Z-factor of 0.55 and 0.22, respec-
tively, where Z-factor >0 indicates a statistically significant
difference with P-value <0.05) (Fig. 3C; Supplemental
Table S7). The larger bulge size in the RNA:RNA complex
could be due to the larger flexibility of unpaired nucleo-
tides, which could be constrained by AGO2 in the
mSIRT1:miR-34a-AGO2 interaction. The data indicate that
AGO2 increases the stability of the interaction between
mSIRT1 andmiR-34a by stabilizing the 3′-compensatory re-
gion in the dedicated “Supplemental chamber” and there-
by reduces the end-fraying effect the bulge has on the

A B

C

FIGURE 2. Scrambled sequence, the negative control for nonspecific
binding. (A) Predicted secondary structures of unbound miR-34a
(pink) and unbound scrambled control (scrm, black) using MC-Fold
(23). (B) Normalized reactivity of the scrm control inserted in the un-
bound trans-scaffold (gray), bound by miR-34a (red) and miR-34a
loaded AGO2 with respective heatmaps in C, indicating that no un-
specific interactions with the RNA or the RNA-RBP complex occur.
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neighboring nucleotides without the AGO2 protein, as pre-
viously reported with X-ray crystallography (Sheu-
Gruttadauria et al. 2019b). The first and last nucleotides in
the mSIRT1 sequence in both the mSIRT1:miR-34a and
mSIRT1:miR-34a-AGO2 complexes, experience reactivity
>0.5 (Fig. 3), which can be explained by the end-fraying ef-
fect, the increase of dynamic of closing base pairs, observed
as well by NMR (Baronti et al. 2020).
While the unbound mSIRT1 targeting sequence shows

no secondary structure propensity, probing the unbound
miR-34a scaffold reveals secondary structure formation
within the sequence (Supplemental Fig. S9), similar to the
one observed by NMR (Baronti et al. 2020). Some reduced
reactivity is also observed in the 5′ buffer region that is re-
solved in the mSIRT1 bound form, which could be due to
residual interaction ofmiR-34awith the scaffold. The invert-
ed scaffold probesmiR-34a binding to added mSIRT1 in a

1:2 ratio, similar to mSIRT1:miR-34a, and showed thatmiR-
34a is fully bound tomSIRT1 (Supplemental Table S8), con-
firming themSIRT1 trans-scaffold data (Fig. 3). Nucleotides
gU7 to gA13 display a somewhat higher reactivity, though
still within the bound range (i.e., ≤0.5), and these also
show higher reactivity in the unbound trans-scaffold, which
could indicate that themSIRT1:miR-34a complexmight not
be 100% formed, but a small fraction could be competing
with self-folding ofmiR-34a.
The trans-scaffold only provides information on the

mSIRT1 half of the complex, because the miR sequence
is inserted by the 5′ and 3′ ends into AGO2 (Sheu-
Gruttadauria et al. 2019b), which prevents it from being in-
serted into a scaffold. Furthermore, AGO2 prestructures
miR and likely protects it from modification, therefore
even isolating the miR after probing will not provide infor-
mation about mRNA:miR interaction per se.

A

E

B D

C

FIGURE 3. SIRT1mRNA target binding measured by RABS using a trans-scaffold. (A) Observed base-pairing pattern of mSIRT1:miR-34a duplex
as determined byNMR spectroscopy (Baronti et al. 2020). (B) Averaged reactivity values of three independent replicates for the unbound scaffold
containing the mSIRT1 sequence (gray), RNA:RNA (red, +RNA) and RNA:RNA-RBP complexes (blue, +RNA-RBP), with one standard deviation
indicated by shaded regions. (C ) Reactivity values after normalization over buffer nucleotides of the main loop. Values >1 and <0 are set to 1
and 0, respectively. (D) Heatmaps of the same data presented in B. (E) ΔReactivity values in which the unbound scaffold reactivity is subtracted
from the bound reactivity at each nucleotide. Nucleotides in the mSIRT1 target sequence interacting with themiR-34a seed region are indicated
by green underlining and letters.
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Structural probing of RNA:RNA interaction within
the same construct: the cis-scaffold

As mentioned above, the main limitation of the trans-scaf-
fold is that only the targeted sequence included in the
scaffold can be probed. To provide insights into both inter-
acting RNAmolecules, we returned to classical SHAPE and
designed the cis-scaffold (Fig. 1C), as “interacting on the
same strand.” The cis-scaffold removes the concentra-
tion-dependence of the binding interactions, as both
binding partners are now within the same construct and
can therefore be considered as a reference for a fully
bound trans-scaffold. We applied the cis-scaffold to study
the interaction between mSIRT1:miR-34a and scrm-seed:
miR-34a, with experimental conditions similar to the un-
bound trans-scaffold experiments.

Figure 4A shows the observed reactivity values for the
mSIRT1:miR-34a complex in the cis-scaffold, which agree
with the binding pattern from NMR spectroscopy (Fig.
3A), and are similar to the observed pattern of the
mSIRT1:miR-34a complex in the trans-scaffold (Fig. 3;
Supplemental Table S9). To compare the scaffolds quanti-
tatively, we plotted the averaged reactivity values of both
scaffolds for the mSIRT1 sequence against each other (Fig.
4C) and were able to fit the data linearly, further indicating

similar structures. The slope of the linear fit deviates from
1, as the maximum reactivity observed depends on a num-
ber of variables, that is, sequence bias or different struc-
tural dynamics on top of base-pairing.

The cis- and trans-scaffold have minor differences, such
as diminished end-fraying in the cis-scaffold, as expected,
even though bulges were introduced at the end of the se-
quence to provide a native-like environment. The 4-nt
bulge (tC16, to tU19) shows maximum reactivity values for
the mSIRT1 target sequence in both scaffolds (Fig. 4),
and the 3′-compensatory region agrees well (Fig. 4A).
The seed region (tA20 to tA26, green in Fig. 4) correlates
less well in comparison with the 3′-compensatory region,
which might be due to a less stable complex in the trans-
scaffold than the cis-scaffold. The seed helix has seven
base pairs, of which two are AU closing base pairs (tA20:
gU7 and tA26:gU1) that are more prone to end fraying,
which is reduced in the cis-scaffold. Interestingly, the
stability of the seed in the cis-scaffold compared to the
trans-scaffold looks similar to the RNA:RNA-RBP complex
probed with the mSIRT1 trans-scaffold, which could be in-
terpreted as another indicator for a stabilization of the
seed region by AGO2 in the mRNA:miR-AGO2 complex
(Fig. 4B), as also described by X-ray crystallography previ-
ously (Schirle et al. 2014). In the 3′-compensatory region,

A B

C

FIGURE 4. Cis-scaffold comparison to trans-scaffold. (A, top) Reactivity values (three independent replicates) of mSIRT1 in the cis-scaffold (or-
ange) and in trans-scaffold (red). (Bottom) miR-34a reactivity values in the cis-scaffold (light purple) and in the trans-scaffold (dark purple). The
base-pairing indicated by lines between the sequences is based on SHAPE reactivity values (RNAprobing, Washietl et al. 2012). (B) Overlay of
the reactivity values of the mSIRT1 sequence in the trans-scaffold bound to the miR-34a-AGO2 complex (+RNA-RBP, dark blue) and the
mSIRT1 sequence in the cis-scaffold (orange). One standard deviation is indicated with shading. For charts in panels A and B, the observed re-
activity values >1 and <0 are set to 1 and 0, respectively. (C ) Correlating reactivity values of mSIRT1 sequence from RABS using the trans- (y-axis)
versus cis-scaffold (x-axis). The linear fit indicates correlations for most nucleotides, with tC16, tU18, and tA26 as outliers likely due to overall stabi-
lization of the construct and therefore reduced end-fraying. The trans-scaffold reactivity values presented in this figure are not additionally nor-
malized (see Material and Methods).
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tC15, which is located right before the 4-nt flexible bulge
(Fig. 3A), is the only nucleotide that appears almost un-
bound in both trans-(mSIRT1:miR-34a) and cis-scaffolds
(tC15

cis-scaffold = 0.6± 0.2, tC15
trans-scaffold = 0.4 ±0.3) (Fig.

4A), while it is paired in the trans-scaffold probing the ter-
nary complex, that is, mSIRT1:miR-34a-AGO2 (Fig. 4B).
This shows that the flexible bulge can destabilize the
tC15:gG8 closing base pair via end-fraying, even in the
cis-scaffold despite representing a more stable conforma-
tion than the trans-scaffold.

Seed binding is the first threshold

The results of chemical probing for the mSIRT1mRNA tar-
get sequence in the trans- and cis-scaffolds agree with
NMR data. Nevertheless, to confirm the specificity of the
interaction between mSIRT1 and miR-34a or miR-34a-
AGO2, we used another control sequence: “scrambled
seed” (scrm-seed) (Salzman et al. 2016). This sequence
binds miR-34a strongly in the 3′-compensatory region
and is designed not to interact with 6 nt of the seed region
(tA16 through tG21 in scrm-seed, Fig. 5A). The results of
probing the scrm-seed:miR-34a complex in the trans-scaf-
fold show reactivity values ≤0.5, for nucleotide tC2 to tC15,
indicating base-pairing of the entire 3′-compensatory re-
gion with miR-34a, while the seed region shows reactivity
values >0.5 and is not base-paired, as expected (Fig. 5;
Supplemental Fig. S13).

The scrm-seed:miR-34a complex in the cis-scaffold shows
a similar reactivity pattern as the scrm-seed:miR-34a trans-
scaffolds (Supplemental Fig. S10; Supplemental Table
S10), especially in the 3′-compensatory region. Differences
to the trans-scaffold are observed in the seed region, espe-
cially for tA16 and tC17 (Supplemental Fig. S10b,c;
Supplemental Table S10). The structures predicted from
the reactivities of trans- and cis-scaffolds by MC-Fold (Pari-
sien andMajor 2008), although energetically the same, pre-
sent different secondary structures (Supplemental Fig. S10).
This highlights a difference between the trans- and cis-scaf-
foldsonsecondarystructure formation,whichcan lead todif-
ferent structural interpretation, for example, by changes in
the overall restraint of the ends of the interacting RNAs.
Interestingly, the reactivity profile of the scrm-seed:miR-

34a-AGO2 interaction is different from scrm-seed:miR-
34a, especially in the 3′-compensatory region. The differ-
ence is most pronounced for nucleotides tA11 through
tC13, which are base-paired in scrm-seed:miR-34a (Fig.
5A; Supplemental Table 11). On the other hand, the reac-
tivity profiles of the 3′-compensatory region of the scrm-
seed:miR-34a-AGO2 complex and unbound are not
completely similar either (Supplemental Table S11). This
could indicate a transient scrm-seed:miR-34a-AGO2 inter-
action in the 3′-compensatory region, possibly because
AGO2 permits interaction in the 3′-compensatory region
only once seed-pairing has been established and helix-7
releases the binding constraint (Schirle and MacRae
2012; Chandradoss et al. 2015; Klum et al. 2018). Some
of the lower reactivity, especially around the tC5 and tC6,
can be attributed to artifacts/biases for sequential cyto-
sines as well as lower overall reactivity in AGO2-containing
experiments. Accordingly, the reactivity values of the
scrm-seed:miR-34a-AGO2 complex could be interpreted
as an average between transient bound/unbound condi-
tions of the 5 to 6 nt in the 3′-compensatory region. The
scrm-seed construct thus serves as an essential control
for bona fide binding of miR-34a loaded AGO2, since
only miR-34a alone completely binds the compensatory
region in the absence of AGO2 (Fig. 5A). To our knowl-
edge, this has never been observed directly for the target-
ed mRNA moiety, as the flexible nature of the mRNA part
of the complex interferes with structure determination
techniques.

DISCUSSION

In this report, we introduced a newapproach to study RNA:
RNA binding based on SHAPE (abbreviated RABS). We
designed two RNA scaffolds: trans- and cis-scaffolds (Fig.
1). The trans-scaffold contains the mRNA target sequence
that is probed upon binding the microRNA component,
and thus allowed us to study binding of an mRNA target
to a complex mediated via the RNA bound to the RNA-
binding protein (RNA-RBP) (Fig. 3). RABS can be combined

A B

C

FIGURE 5. AGO2 controls for seed binding. (A) Normalized reactivity
of unbound (gray), RNA:RNA (red), and RNA:RNA-RBP complexes
(blue) for scrm-seed and the respective heatmaps (B), with the nucle-
otides opposing the miR-34a seed in green letters/underlined. (C )
Secondary structure of the lowest energy conformation of scrm-
seed binding to miR-34a predicted with RABS-restrained MC-Fold
(Parisien and Major 2008). The normalized reactivity shows different
binding patterns for RNA:RNA versus RNA:RNA-RBP, indicating that
miR-34a binds the 3′-compensatory region of the scrm-seed, while
miR-34a loaded AGO2 does not.
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with different read-outs of the scaffold, such as SHAPE-Seq
or -MaP (Wilkinson et al. 2006; Smola et al. 2015b).

We applied our method to study the interaction between
hsa-miR-34a-5p (miR-34a) and one of its target mRNAs, the
silent information regulator 1mRNA (mSIRT1), where results
agreed well with our recent NMR data (Baronti et al. 2020).
Based on this NMR structure, we defined a range of re-
activity values≤0.5 representing base-pairing and provided
a path for analysis that is reminiscent of RNAprobing
(Washietl et al. 2012) or used by the Weeks Lab
(Wilkinson et al. 2008). Furthermore, we designed a second
RNA scaffold, a cis-scaffold, in which both mSIRT1 andmiR-
34a sequences can be probed together, analogous to the
classic SHAPE experiments (Fig. 1C). Binding patterns ob-
tained from the trans- and cis-scaffolds for the mSIRT1:
miR-34a duplex are in agreement, for example, reactivity
of tC15 indicates it is not base-paired in either (Fig. 4).

Probing of the mSIRT1 structure upon binding to miR-
34a-loaded human Argonaute 2 (mSIRT1:miR-34a-AGO2,
or RNA-RBP experiments) yielded similar results to the
mSIRT1:miR-34a complex, indicating that indeed it is the
RNA component that defines target specificity. Minor differ-
ences were observed between themSIRT1:miR-34a and the
mSIRT1:miR-34a-AGO2 complexes, for example, tC15 that
locates at the 5′ of the flexible bulge, which is likely due
to enhanced stability of RISC binding target mRNA (Fig. 3).

Controls were implemented to exclude nonspecific bind-
ing of the miR-34a-AGO2 RNA-RBP complex (Fig. 2). One
such control, the scrambled seed (scrm-seed), demonstrates
the strength of the method by allowing the investigation of
RISC complex-specific binding of the miR-34a. In the ab-
sence of AGO-loading, miR-34a binds the compensatory
region. In contrast, the miR-34a-AGO2 complex does not
bind, or only transiently binds, the scrm-seed construct as
the seed binding is absent. This checkpoint control per-
formed by RISC seems to require seed binding before 3′-
compensatory binding (Fig. 5) and is crucial in identifying
correct targets, as has been previously shown (Schirle and
MacRae 2012; Chandradoss et al. 2015; Klum et al. 2018).

In sum, the approach presented here is a reliable meth-
od to study any type of RNA:RNA and RNA:RNA-RBP inter-
actions/binding, and is particularly well suited to reveal
structural details of microRNA targeting. RABS could easily
be adopted to investigate interactions with other nucleic
acid-mediated binding complexes, for example, splicing
machinery, RNA-mediated protein aggregation or RNA
in liquid–liquid phase separation, and could thus serve as
a new tool in the RNA structure toolkit.

MATERIALS AND METHODS

RNA scaffold design

Wedesigned two different RNA scaffolds and named them based
on whether both interacting RNAs are in the same scaffold (cis-

scaffold) or the monitored RNA is alone in the scaffold (trans-scaf-
fold). Sequences are in Supplemental Information, Supplemental
Table S1. In both types of scaffolds, two small hairpin structures
were designed as references near the terminal ends of the RNA
scaffold; important for data analysis to correct for a decrease in re-
activity over the length of the sequence (Fig. 1B,C; Lee et al.
2015). In the trans-scaffolds, the sequence of interest (i.e.,
mSIRT1 or miR-34a) was introduced into the large hairpin struc-
ture located in the middle of the scaffold (called main loop, Fig.
1B). Here, the sequence of themain loopwas engineered to avoid
stable secondary structures in the RNA scaffold itself or with the
target sequences. For the cis-scaffolds, instead of the main
loop, the mRNA target and miR-34a sequences were each intro-
duced in a 5′ to 3′ orientation, with addition of symmetric 4-nt
bulges at the non-seed end of the interacting RNAs (at 5′-end
of mSIRT1 and 3′-end of themiR-34a sequence) and a 10-nt clos-
ing loop at the seed end (Fig. 1C). For both scaffolds, to stabilize
the overall secondary structure, we used GC-rich sequences for
the stems, and A-rich sequences for the buffer, single stranded re-
gions, based on guidelines (Wilkinson et al. 2006). The probability
of secondary structure formation in each RNA scaffold was pre-
dicted using the RNAstructure package (Reuter and Mathews
2010).

Control sequence design

We designed two control sequences (Supplemental Table S1).
One “scrambled” (scrm) control was generated in which the se-
quence was designed to have the lowest base-pairing possibility
with the miR-34a sequence, indicated by the highest minimum
free energy (MFE) value (MC-Fold, Parisien and Major 2008),
and that miR-34a prefers to bind to itself rather than binding to
the scrambled sequence. No guanosine nucleotides were used
in this sequence, in order to prevent the formation of GC WC
base pairs, or GU/GG/GA mismatches, as all have a reasonably
high base-pairing probability. The scrm sequence was validated
against the miRBase database (Griffiths-Jones et al. 2008) to
avoid off-target effects in luciferase assays. Only one hit was
found within the miRBase human database, hsa-miR-384 with
an E-value of 85, which is too high for any statistical significance.
The “scrambled seed” (scrm-seed) control (Salzman et al. 2016)
was designed to have no interaction with themiR-34a seed nucle-
otides (numbering from 5′-end, Supplemental Table S1).

Preparing RNA scaffolds

All DNA templates were produced by PCR assembly (Tian and
Das 2017). The primers were designed using Primerize web server
(Tian andDas 2017), so that every sense strand starts with a T7 po-
lymerase promotor sequence (sequence overview is in
Supplemental Table S1). All primers were purchased from
Integrated DNA Technologies (IDT). Phusion High-Fidelity PCR
Master Mix with HF buffer (Thermo Fisher) was used to amplify
each DNA template. The size of all PCR products were controlled
in agarose gels (1% agarose, 0.5× TBE buffer [45 mM Tris-Borate,
1 mM EDTA, pH 8.3]), 1 h at 150 V to confirm correct PCR assem-
bly. Afterward, DNA templates were purified by NucleoSpin Gel
and PCR Clean-up Kit (Macherey-Nagel), and concentrations
were calculated based on A260 absorption.

Banijamali et al.

324 RNA (2023) Vol. 29, No. 3

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079190.122/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079190.122/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079190.122/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079190.122/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.079190.122/-/DC1


Next, RNA scaffolds were produced by in vitro transcription
(IVT) of the DNA templates (Karlsson et al. 2020). Each IVT reac-
tion contains 100 mM Tris-HCl pH 8.0, 10 mM MgCl2, 10 mM
dithiothreitol, 20 mM spermidine, 5 mM GMP, 3 mM NTPs, 0.3
mg/mL T7 polymerase (produced in-house) (Borkotoky and
Murali 2018), 0.1mg/mL inorganic pyrophosphatase (iPPase, pro-
duced in-house) (Kern and Davis 1997), and 3.6 ng/mL of dsDNA
template in a total volume of 100 µL. All RNA scaffolds were pu-
rified with RNAClean XP beads (Beckman Coulter). Before and af-
ter purification, the size and purity of RNA scaffolds were checked
by denaturing polyacrylamide gel (15% polyacrylamide, 8M urea,
1× TBE buffer [90 mM Tris-Borate, 2 mM EDTA, pH 8.3], 350 V,
2 h). Finally, the concentration of RNA scaffolds was calculated
based on A260 absorption.

Preparing miR-34a and mSIRT1 RNA binding
sequences

To perform RABS, we prepared both miR-34a and mSIRT1 RNA
sequences as the second component, using IVT. The miR-34a
sample was prepared using a plasmid DNA template with tandem
repeats followed by RNase H-derived cleavage of the transcript
(Feyrer et al. 2020). The DNA plasmid containing 26 tandem re-
peats of miR-34a was linearized using 1 µg DNA plasmid, 5 µL
BamHI buffer (NEB), 1 µL BamHI (NEB), in a total volume of 50
µL; incubated at 37°C for 1 h. Next, the linearized plasmid was
used for large scale IVT (200 mM Tris-Cl pH 8.0, 10 mM MgCl2,
10 mM dithiothreitol [DTT], 25 mM spermidine, 5 mM GMP, 3
mM NTPs, 0.3 mg/mL T7 polymerase, 0.1 mg/mL iPPase, 100
ng/mL RNase H [in-house], 20 ng/mL of DNA template, 20 µM
of cleavage guide [IDT], in a total volume of 10 mL; incubated
overnight at 37°C). For the mSIRT1 RNA sequence, the template
DNA was purchased from IDT and used for IVT (200 mM Tris-Cl
pH 8.0, 10 mM MgCl2, 10 mM dithiothreitol [DTT], 25 mM sper-
midine, 5 mM GMP, 3 mM NTPs, 0.3 mg/mL T7 polymerase,
0.1 mg/mL iPPase, 3.6 ng/mL of DNA template, preannealed
with T7 promoter [Karlsson et al. 2020], in a total volume of 10
mL; incubated overnight at 37°C). Next, the IVT products were
purified with ion-exchange high performance liquid chromatog-
raphy (IE-HPLC). The buffer system used was loading buffer: 20
mM NaOAc with 20 mM NaClO4; and eluting buffer: 20 mM
NaOAc with 600 mM NaClO4 (for details, see Karlsson et al.
2020). The purity of the IE-HPLC fractions were checked with
denaturing polyacrylamide gel electrophoresis (20% polyacryl-
amide, 8 M urea, 1× TBE buffer, 350 V, 1 h).

Preparing miR-34a-AGO2 complex

Cloning and recombinant baculovirus production

The full-length human Argonaute protein 2 (AGO2) was cloned
into pFastBac dual expression vector (Thermo Fisher) and con-
tained an amino-terminal His-tag followed by a TEV cleavage
site. The construct was under the control of a polyhedrin promo-
tor. In order to generate and transform recombinant Bacmid, the
AGO2 construct was transformed into chemical competent
DH10EmBacY cells (Geneva Biotech). Following the “Bac-to-
Bac TOPO Expression System” user manual (Thermo Fisher,
Version A,15 December 2008 A10606), phenotype verification

by blue/white screening, bacmid isolation and PCR analysis was
used to confirm the recombinant Bacmid. In brief, fresh 8×105

Sf9 cells/plate (1.5 ×106 cells/mL) were transfected with recombi-
nant Bacmid (P0-AGO2), and amplification was achieved by two
rounds of additional transfections (P1-AGO2 and P2-AGO2).
Finally, 300 mL of P2-AGO2 baculovirus stock was filtered and
FBS (2% final conc.) was added. Bacmid internal GFP expression
was used for monitoring throughout baculovirus production.
Overexpression of AGO2 was confirmed by western blot
(Abcam, anti-6X His tag AB [ab18184]).

Expression, loading and purification of miR-34a-AGO2

A total of 10 mL P2-AGO2 baculovirus stock was used to transfect
1 L of Sf9 cells (1.5× 106 cells/mL, passage 22) of total 6 L grown in
Sf-900 II SFM media (Thermo Fisher). AGO2 was expressed for
∼72 h at 27°C in an orbital shaker andmonitored by Bacmid inter-
nal GFP expression under the control of a polyhedrin promotor.
After 72 h, cells were centrifuged and the pellet washed with
PBS. The total wet cell mass was ∼45 g. The cell pellet was resus-
pended in IMAC buffer A (50 mM Tris-HCl, 300 mMNaCl, 10 mM
Imidazole, 1mM TCEP, 5% glycerol v/v), and 25× EDTA-free pro-
tease inhibitor cocktail (Merck) was added. First, cells were lysed
by three cycles of freeze/thawing on dry ice. Then, cells were son-
icated for 10 min (30% amplitude, 10 sec ON, 10 sec OFF) to re-
duce the viscosity of the lysate. The lysate was centrifuged for 1 h
at 50,000 RCF (4°C). Afterward, the supernatant was filtered
through a 0.22 µm sterile filter before applying onto a preequili-
brated (IMAC buffer A) HisTrap-Ni2+ column (Cytiva, HisTrap
HP). A linear gradient was applied with buffer A (50 mM Tris-
HCl, 300 mM NaCl, 10 mM Imidazole, 1 mM TCEP, 5% glycerol
v/v) and buffer B (50 mM Tris-HCl, 300 mM NaCl, 300 mM
Imidazole, 1 mM TCEP, 5% glycerol). All protein-containing frac-
tions were pooled, with a total volume of∼15mL, and concentrat-
ed to ∼5 mL by using a 30 kDa cut-off Amicon centrifugal filter
unit (Sigma Aldrich). Next, 3 mL of a crude miR-34a IVT was con-
centrated to ∼600 µL and added for loading of miR-34a into
AGO2 in a water bath at 37°C for 4–5 h. A slight turbidity was ob-
served at the end of the reaction. After loading, the loaded pro-
tein solution was dialyzed (Spectrum, 3000 MWCO), then 200
µL of TEV (in-house production) added and dialyzed against 2 L
IMAC buffer A overnight at 8°C. The next day, significant protein
precipitation in the dialysis bag was observed, which was con-
firmed to not contain AGO2. The precipitate was removed by
centrifugation and the supernatant was loaded onto a preequili-
brated HisTrap-Ni2+ column to remove TEV-protease and other
impurities. The flow-through was collected and applied onto
the preequilibrated (buffer C: 20 mM HEPES, 100 mM KCl, 1
mM TCEP, 5% glycerol) size exclusion chromatography (SEC) col-
umn (Cytiva, HiLoad 16/600 Superdex 200 pg). All fractions of
both HisTrap-Ni2+ columns and SEC were analyzed by SDS-
PAGE (Thermo Fisher, NuPAGE 4 to 12%, Bis-Tris, 1.0 mm).
Protein concentration was determined by a Bradford-based assay
(Thermo Fisher, Pierce Detergent Compatible Bradford Assay Kit)
and BSA as standard (Thermo Fisher). All experimental steps were
followed as described in the instructions for themicroplate proce-
dure. Absorption measurements at 595 nm were performed on a
Varioskan LUX multimode microplate reader (Thermo Fisher).
Northern blot was performed to detect and estimate the loading
efficiency (Baronti et al. 2020).
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RNA SHAPE modification

The structure-specific RNA modification process for SHAPE is
based on Cordero et al. (2014) with adaptations as described
for the specific RNA scaffolds. To fold the RNA scaffolds, 1.2
pmol of RNA in 74 mM Na-HEPES (pH 8) was incubated at
95°C for 3 min, then snap cooled on ice for 20 min. After adding
MgCl2 (1.5 µL from 100 mM stock per reaction), samples were in-
cubated at room temperature for 30min (final concentration: 0.08
µM RNA, 67 mM Na-HEPES, 10 mMMgCl2). To reduce sampling
error, every RNA scaffold was folded in a total volume of 150 µL,
corresponding to a master mix for 10 reactions, which was then
divided into eight reactions of 15 µL each for the experiment.

The eight reactions were treated as follows: (i) one reaction with-
outmodifier (control); (ii) three reactions plus 1-methyl-7-nitroisatoic
anhydride (1M7, Mortimer and Weeks 2007) (technical replicates);
(iii) four reactions without modifier as Sanger sequencing ladder.
A total of 1.72 µL 1M7 (100 mM stock, dissolved in anhydrous
DMSO [Sigma Aldrich]) was added as the chemical modifier for
RNA modification per reaction, and incubated for 15 min at room
temperature. In reactions without a modifier, 1.72 µL of ddH2O
was added instead to reach the same total volume. A control for
the influence of DMSO, the solvent of 1M7, was performed, where
instead of 1.72 µL of ddH2O, 100% DMSO was added.

Next, 9.8 µL of Recoverymix (0.25MNa-MES pH 6, 1.5MNaCl,
0.006 µM 5′-poly-dA-FAM-labeled primers [IDT, Supplemental
Table S1]), which are complementary to the 20 nt at the 3′-end,
and 1.5 µL poly-dT Dynabeads (Thermo Fisher), which bind the
poly(A) of the FAM-labeled primers, were added to each reaction.
After mixing, the samples were incubated at room temperature
for 5 min and then for another 5 min on a magnetic rack
(Thermo Fisher). Next, supernatants were removed, and the mag-
netic beads were washed three times with 70% ethanol (100 µL
each time). After the last ethanol wash, samples were air dried
at room temperature (at least for 1 h, on the magnetic rack) until
the remaining ethanol had completely evaporated.

For experiments containing eithermiR-34a (RNA:RNA) or AGO2
loaded withmiR-34a (RNA:RNA-RBP), these additional steps were
taken after folding of the RNA trans-scaffold: the miR-AGO2 in
RNA:RNA-RBP reactions was prepared as previously described
(Baronti et al. 2020). After folding the trans-scaffold, the second
component (i.e., miR-34a or miR-AGO2 complex) was added to
the trans-scaffold in an RNA:miR ratio of 1:1 and 1:2; or an RNA:
miR-AGO2 ratio of 1:1, where 20-fold access of AGO2 was used,
to provide a 1:1 ratio of miR-34a-AGO2 to the RNA scaffold with
miR-34a-AGO2 being only loaded 5%. For the RNA:RNA-RBP ex-
periments, proteinase K (PK) treatment was applied after the RNA
SHAPE modification by adding 45 µL of proteinase K mix (20 µg
proteinase K PCR grade [Sigma Aldrich], 50 mM Tris-Cl pH 7.5,
75mMNaCl, 6.25mMEDTA, 1% SDS [w/v]) per reaction and incu-
bated at 65°C for 1 h. To inactivate proteinase K, 120 µL of 70%
ethanol (per reaction) was added and samples were kept on ice
for 5 min. To recover the RNA, after deactivating proteinase K,
19.6 µL of Recovery mix was added per reaction. The rest of the
protocol for the RNA:RNA-RBP samples was the same as men-
tioned above from the Recovery mix step on.

Primer extension

Primer extension was performed following the protocol by
Cordero et al. (2014). Specifically, after adding 2.5 µL of ddH2O

and resuspending Dynabeads, 2.5 µL of reverse transcription
(RT) mix (1 µL 5× First strand buffer [Thermo Fisher], 0.01 M
DTT, 1.6 mM dNTPs, 0.1 µL SuperScript III Reverse
Transcriptase [Thermo Fisher]) was added to the control and
1M7 reactions. The RT mix for four reactions that were used for
Sanger sequencing were prepared separately. For each of the
Sanger reactions, 2.5 µL of the RT mix including a 1:6 ratio of
dNTP:ddNTP were used. All samples were incubated at 50°C
for 30 min. Next, RNA hydrolysis was performed by adding 5 µL
of NaOH (0.4 M) and incubating at 90°C for 3 min. After snap
cooling on ice for 3 min, 5 µL of Acid mix (1 volume of 1.25 M
NaCl, 1 volume of 0.5 M HCl, 2 volumes of 1 M NaOAc) was add-
ed per reaction to balance the pH of the samples. After three eth-
anol washes (70% ethanol, 100 µL per reaction/time) and the air
drying as described above, a mix of Hi-Di Formamide (Thermo
Fisher) and 350 ROX size standard (Thermo Fisher) was added
per reaction (11 µL from a stock of 1000 µL Formamide mixed
with 8 µL of 350 ROX) to elute cDNA from Dynabeads. Finally,
the eluted cDNA was sent for capillary electrophoresis (CE) by
an in-house core-facility in two different dilutions: saturated sam-
ples were prepared from 4 µL of sample, diluted with 8 µL of
Formamide-ROX mix; and diluted samples were prepared from
1 µL of sample diluted with 14 µL of Formamide-ROX mix.

Data analysis

The CE profiles were analyzed with the high-throughput robust
analysis for the capillary electrophoresis (HiTRACE) (Lee et al.
2015) pipeline. Next, HiTRACE calculated the normalized reactiv-
ity values, based on the observed reactivity of the reference loops
(Fig. 1) and adjusted for the decrease in reactivity over the length
of the construct. To check the quality of obtained results between
technical replicates of each scaffold/experiment, the Spearman’s
rank correlation coefficient (RS) of themain loop nucleotides in the
trans-scaffold was calculated. For cis-scaffolds, from 5′ to 3′, the
reactivity values of the first nucleotide in the target sequence
(mSIRT1 or scrm-seed) till the last nucleotide of miR-34a (includ-
ing the 10-nt closing loop) were used to calculate RS.
Experiments with RS≥0.7 for three technical replicates were
used for further data analysis (see Supplemental File at the
GitHub repository, data availability). To account for differences
in experimental conditions, an additional normalization step
was applied. We renormalized the reactivity values of the nucleo-
tides in themain loop to the averaged reactivity values of the buff-
er nucleotides, the nucleotides before and after the target
sequence in themain loop. These values then were used to calcu-
late the Z-factor (equation 1 in Zhang et al. 1999) for the nucleo-
tides of the target sequence between unbound and experiment
with ligand (miR-34a and miR-34a-AGO2), to identify significant
changes in reactivity values. Nucleotides with Z-factor >0 are con-
sidered as showing significantly different reactivity values (P-value
≤0.05).

Z − factori = 1− 1.96(sU + sL)
|DReactivity| (1)

In this equation, σU and σL are one standard deviation of reactivity
values (calculated between independent replicates of each scaf-
fold/experiment) of unbound and with ligand experiments, re-
spectively. We also calculate the ΔReactivity, which represents
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the difference between reactivity values of two different experi-
mental conditions (equation 2, Smola et al. 2015a).

DReactivity = Reactivity+Ligand − ReactivityUnbound (2)

We also used ΔReactivity as a way to visualize the difference be-
tween different experimental conditions for trans-scaffolds. For
this, the ΔReactivity value is calculated from renormalized values
after setting reactivity values larger than 1 to 1, and smaller
than 0 to 0. We used these reactivity values (after renormalization
and between 1 to 0) to calculate the P-value (Wilcoxon paired test)
of the whole target sequence, nucleotides of the seed region, or
the 3′-compensatory region between different experimental con-
ditions. For the seed region, the reactivity value of the last nucle-
otide (at the 3′-end of the target sequence) is excluded as they
commonly show high reactivity values due to the end-fraying ef-
fect (Pinamonti et al. 2019). The significant difference between
unbound and with ligand experiments (+RNA or +RNA:RNA-
RBP) for each sequence was considered as a check-point of hav-
ing successful interaction.

For all trans-scaffolds, the results from HiTRACE, without the
added normalization steps, are presented in Supplemental
Figures S9–S11. For each construct, the averaged values of at
least two independent replicates, each consisting of three techni-
cal replicates, were used. The standard deviation was calculated
from the independent replicates and data are presented asmeans
plus/minus one standard deviation of the average value of the in-
dependent replicates, per nucleotide. The results of all scaffolds/
sequences that we used in this research (raw data and processed
data) are available on our lab GitHub page (see the Data deposi-
tion section).

To predict the secondary structure of themSIRT1:miR-34a com-
plex based on the reactivity values from cis-scaffolds, we used the
RNAProbing webserver (Washietl et al. 2012). The statistical anal-
ysis was performed using GraphPad Prism 9.0 for mac OS
(GraphPad Software). Graphs and figures were created using
OriginPro 2017 (OriginLab Corporation) and Adobe Illustrator.

DATA DEPOSITION

Raw data are available on our GitHub page: https://github.com/
PetzoldLab/RABS_data. The data can also be found on the
RMDB.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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microRNA targeting.
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