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Abstract

SHAPE-MaP is unique among RNA structure probing strategies in that it both measures flexibility
at single-nucleotide resolution and quantifies the uncertainties in these measurements. We report a
straightforward analytical framework that incorporates these uncertainties to enable detection of
RNA structural differences between any two states, and we use it here to detect RNA-protein
interactions in healthy mouse trophoblast stem cells. We validate this approach by analysis of three
model cytoplasmic and nuclear ribonucleoprotein complexes, in 2-minute in-cell probing
experiments. In contrast, data produced by alternative in-cell SHAPE probing methods correlate
poorly (r=0.2) with those generated by SHAPE-MaP and do not yield accurate signals for RNA-
protein interactions. We then examine RNA-protein and RNA-substrate interactions in the RNase
MRP complex and, by comparing in-cell interaction sites with disease-associated mutations,
characterize these non-coding mutations in terms of molecular phenotype. Together, these results
reveal that SHAPE-MaP can define true interaction sites and infer RNA functions under native
cellular conditions with limited pre-existing knowledge of the proteins or RNAs involved.

INTRODUCTION

Nearly all RNAs, regardless of function, interact with one or more protein partners in order
to function properlylyz. Characterizing ribonucleoprotein (RNP) complexes is thus an
important step in understanding RNA function. Several well-validated approaches have been
developed to explore RNP complexesa. These methods provide many valuable insights but
often have a limited scope due to affinity purification steps that require prior knowledge
about the RNA or protein of interest. As RNA structure studies expand to ‘omics scales,
direct and accurate approaches for uncovering sites of interaction between the transcriptome
and the proteome will become increasingly important.

SHAPE-MaP (selective 2’-hydroxyl acylation analyzed by primer extension and mutational
profiling) combines well-validated SHAPE RNA structure probing chemistry‘ll5 with
massively-parallel sequencing to enable high-throughput interrogation of RNA flexibility at
single-nucleotide resolution®”. When probed with SHAPE reagents, conformationally
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flexible nucleotides exhibit high reactivity. Conversely, nucleotides constrained by base
pairing or by other interactions show low reactivities. The quantitative relationship between
SHAPE reactivity and conformational flexibility is maintained even for nucleotides that are
not solvent accessible as visualized in static RNPSS, indicating that SHAPE can be used to
probe the interiors of RNA-protein complexes. Previous work has shown that SHAPE
reagents readily modify RNAs in living cells®*, Finally, SHAPE-MaP uniquely allows for
thorough and quantitative analysis of specific individual RNAs within the contents of an
entire transcriptome with the use of targeted primers6~14. Thus, SHAPE-MaP offers a
broadly useful strategy for probing the structure of the entire transcriptome, or elements
thereof, under diverse experimental conditions.

A wide variety of RNA structure probing methods have been proposed15v16, most of which
depend on accurately identifying and quantifying cDNA ends created when reverse
transcriptase enzymes encounter a chemical adduct or cleavage site. These methods all
involve a critical adapter-ligation step. In principle, these methods make it straightforward to
perform RNA structure probing on the entire contents of a given transcriptome; in practice,
it is currently almost impossible to perform the adapter-ligation step quantitatively”vls.
Moreover, transcriptome-wide experiments are strongly subject to the classic multiple and
sparse measurement problems such that many measurements are unlikely to be statistically
significant6 and thus do not survive follow-up validation™. An important challenge in large-
scale and in-cell RNA structure analyses is to robustly detect significant structural changes.

We hypothesized that most RNA-protein interactions would affect the flexibility of
nucleotides at the binding site and that by comparing SHAPE reactivities of deproteinized
RNA (ex vivo) with reactivities obtained by probing RNA in living cells (in cellulo), it
would be possible to characterize sites of RNP interactions (Fig. 1a). We developed an
analysis framework that enables detection of RNP interactions (Supplemental Fig. 1) based
upon three principles: (/) RNA-protein interactions strongly affect SHAPE reactivity, either
positively or negatively; (/) due to measurement errors and the large number of reactivity
measurements made, not all apparent reactivity changes are significant; and (/77) most RNA-
protein interaction sites? will span sites of five or more nucleotides in primary sequence.

To identify changes in SHAPE reactivity associated with protein interactions, we used the
SHAPE reagent 1-methyl-7-nitroisatoic anhydride (1M7) to generate /n cellulo and ex vivo
SHAPE-MaP datasets for U1, 5S, and SRP RNAs (Fig. 1a). These RNAs enable evaluation
of RNPs located both in the nucleus and in the cytoplasm and high-resolution structures of
their complexes with proteins are available?’?® . Alternative SHAPE reagents have been
proposed for in cellulo modificationsvlz. We compared 1M7 SHAPE-MaP with recently
published in-cell SHAPE (icSHAPE), which uses a clickable RNA acylation reagent (NAI-
N3) to allow enrichment of RNAs modified with this relatively weakly reactive reagent. We
found that icSHAPE measurements show very low correlation with those obtained with
SHAPE-MaP. Thus, we chose 1M7 for its short half-life, ability to accurately report RNA
secondary structure ex V/V04'7'27 and in living cellsg'll, and because in-cell reactivity of
1M7 is sufficiently robust that downstream enrichment is not required.
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Differences in SHAPE reactivities (ASHAPE) were calculated by subtracting /n cellulo
SHAPE reactivities from ex vivoreactivities (Fig. 1b, upper left) and averaging over a three-
nucleotide sliding window to reduce local signal fluctuation. By this definition, positive
ASHAPE values indicate protection from modification in the cellular environment, and
negative ASHAPE reports enhanced reactivity in cells.

In a SHAPE-MaP experiment, discrete mutation events contribute to the overall reactivity at
each nucleotide and are well modeled by a Poisson distribution’. The standard error in the
SHAPE reactivity measurement can therefore be estimated for every nucleotide’. We used
these error estimates to perform a modified Z-factor testev28 for all positions in a given RNA
(Fig. 1b, upper right). This test compares the magnitude of ASHAPE with the associated ex
vivo and in cellulo measurement errors, identifying nucleotides for which the magnitudes of
the errors are too large for the ASHAPE values to be significant. We formulated the Z-factor
test such that the underlying ex vivo and in cellulo SHAPE reactivities must differ by more
than 1.96 standard deviations (Z-factor > 0), ensuring that the 95% confidence intervals of
each measurement do not overlap.

For many nucleotides, SHAPE-MaP reactivity measurements have very small errors,
allowing for the possibility that a trivially small ASHAPE could be considered significant
according to the Z-factor test. We expected most stable protein-RNA interactions to have a
strong effect on the reactivity of nucleotides at the binding site, so we calculated a standard
score at each nucleotide to identify the largest ASHAPE values (Fig. 1b, lower left). This
metric compares ASHAPE of a given nucleotide with the ASHAPE of all other nucleotides
in the RNA, regardless of Z-factor. We required that the absolute value of each standard
score be = 1, meaning that individual ASHAPE values must be at least one standard
deviation away from the mean ASHAPE. Thus, only the largest ASHAPE values are
considered for further analysis. To determine final RNA-protein interaction sites, we filtered
by Z-factor and standard score simultaneously (Fig. 1b, lower right). If, in a 5-nucleotide
window, at least three nucleotides had a Z-factor > 0 and an absolute standard score > 1,
those three (or more) nucleotides were considered to have significant cell-induced changes
in SHAPE reactivity.

In this work, we show that biochemical RNA structure probing data generated with the well-
validated SHAPE-MaP approach can be used to identify significant, meaningful changes in
RNA structure between two states. Here, these states are the RNA in healthy mouse
trophoblast stem cells and the same RNAs gently extracted from cells. We validate our
approach with the abundant and well-characterized U1 small nuclear RNA (snRNA), 5S
rRNA, and signal recognition particle (SRP) RNP complexes, illustrating that the statistical
filters implemented in our analysis robustly identify sites of protein interactions. We then
examine RNase MRP, an important RNP complex whose in-cell architecture is relatively
poorly understood. Our analysis confirms several reported RNA-protein interactions within
the complex, and also characterizes the underlying molecular phenotype of many disease-
associated mutations.
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EXPERIMENTAL

In cellulo modification

Mouse trophoblast stem cells (TSCs) were cultured as describedzg. Live TSCs were washed
once with PBS, and 900 pl of fresh growth media was added. For samples subjected to in-
cell SHAPE probing, 100 pl of 100 mM 1M7 in neat DMSO (10 mM final concentration)
were added and rapidly mixed by swirling the culture dish. Cells were then incubated at

37 °C for 5 minutes (although the 1M7 reagent is completely quenched by hydrolysis in ~2
minutes). Media was removed and the cells were washed once with PBS before isolation of
total RNA (1 mL TRIzol; Ambion). The no-reagent negative control RNA was prepared
similarly with the exception that neat DMSO was used instead of 1M7 in DMSO.

Ex vivo RNA extraction and modification

To preserve native secondary structures, RNA for ex vivo analysis was extracted using a
gentle procedure, avoiding the use of harsh chemical denaturants. Approximately 108 TSCs
were washed and pelleted in ice-cold PBS, resuspended in 2.5 ml Lysis Buffer [40 mM Tris,
pH 7.9, 25 mM NaCl, 6 mM MgCl,, 1 mM CaCl,, 256 mM sucrose, 0.5% Triton X-100,
1,000 U/ml RNasin (Promega), 450 U/ml DNase | (Roche)], and rotated at 4 °C for 5
minutes. Cells were then pelleted at 4 °C for 2 minutes at 2250 g, resuspended in 40 mM
Tris pH 7.9, 200 mM NaCl, 1.5% SDS, and 500 pg/ml of Proteinase K, and rotated at 20 °C
for 45 minutes. RNA was then extracted twice with phenol:chloroform:isoamyl alcohol
(24:24:1) pre-equilibrated with 1x Folding Buffer (100 mM HEPES, pH 8.0, 100 mM NacCl,
10 mM MgCly,), followed by one extraction with chloroform. Note that use of TRIzol and
similar reagents should be specifically avoided for native-like purification of RNA. RNA
was exchanged into 1.1x Folding Buffer using a desalting column (PD-10, GE Life
Sciences) and incubated at 37 °C for 20 minutes. Approximately 3 pg RNA was then added
to a one-ninth volume of 100 mM 1M?7 in neat DMSO (10 mM final concentration) and
incubated at 37 °C for 5 minutes. Modified RNA was purified (RNeasy Midi spin column,
Qiagen) and eluted in approximately 50 pl H,O. No-reagent negative control RNA was
prepared in the same way but substituting neat DMSO for 1M7.

Denaturing control

TSCs were grown as described29 and total RNA isolated using TRIzol (Ambion).
Approximately 500 ng RNA was then resuspended in 1.1x Denaturing Control Buffer [55
mM HEPES pH 8.0, 4.4 mM EDTA, 55% formamide (v/v)] and incubated at 95 °C for 1
minute. An aliquot of 45 pl of denatured RNA was added to 5 pl of 1700 mM 1M7 and
allowed to react at 95 °C for 1 minute. After modification, RNA was purified (RNeasy Mini
spin column, Qiagen) and eluted in approximately 50 ul H,0.

U1, SRP, and 5S SHAPE-MaP

Mutational profiling reverse transcription reactions were carried out using RNA-specific
primers (Table 81)6'14, which maximizes efficient use of sequencing reads. cDNA was

purified using G-50 spin columns (GE Life Sciences). SHAPE-MaP sequencing libraries
were created for each experimental condition (ex vivo +1M7, ex vivo DMSO, in cellulo
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+1M7, in cellulo DMSO, denaturing control +1M7) and RNA (U1 snRNA, 5S rRNA, SRP
RNA) using the targeted specific-RNA approach6 with minor changes. PCR 1 followed the
touchdown format™ and was performed as follows: 98 °C for 30 s, 20 cycles of [98 °C for
10s, 72 °C for 30 s (decreasing by 1 °C per cycle until 64 °C), 72 °C for 20 s], 72 °C for 2
min. PCR 2 was performed for 10 cycles using 2 ul unpurified PCR 1 product as template in
a 50 pl reaction. Final libraries were then purified (PureLink PCR Micro spin columns; Life
Technologies) prior to sequencing.

Whole-transcriptome SHAPE-MaP

Total RNA was modified as described above and then depleted of ribosomal RNA (mouse
RiboZero; Epicentre). Mutational profiling reverse transcription reactions were primed with
random DNA nonamersevl“. cDNA was purified (Agencourt RNAClean XP beads, Beckman
Coulter) and then converted to double-stranded DNA (NEBNext mRNA second-strand
synthesis kit, New England Biolabs). The resulting DNA was purified (Ampure XP beads,
Beckman Coulter) before construction of whole-transcriptome sequencing libraries (Nextera
XT, Hlumina).

Sequencing and SHAPE profile generation

Purified U1, 5S, SRP, or whole-transcriptome sequencing libraries were sequenced on an
Illumina MiSeq (U1, 5S, and SRP) or NextSeq (transcriptome) instrument, generating 2 x
150 paired-end datasets. Initial SHAPE reactivity profiles, including error estimates, were
created by aligning reads to U1 snRNA, 5S rRNA, SRP or RNase MRP RNA reference
sequences (GenBank accession no. FM991912.1, M31319.1, HG323689.1, and
NR_001460.1, respectively) using ShapeMapper (v1.0, http://chem.unc.edu/rna/
software.html)ev“. Median per-nucleotide read depth was greater than 8,500, 153,000,
100,000, and 17,000 for U1, 5S, SRP, and RMRP, respectively.

From transcriptome-wide datasets, we identified the 50 most abundant transcripts using
7'0,0/7auf3 ! SHAPE reactivity profiles were then generated for each of these RNAs by aligning
to respective sequences with ShapeMapper. Transcripts with complete sequencing coverage
and sufficient depth (median read depth > 5,000) were selected for comparison to icSHAPE
profiles.

SHAPE reactivity normalization

SHAPE-MaP quantifies adduct formation based on the observed mutation rates of modified
RNA relative to no-reagent and denaturing controlse. We observed higher mutation rates in
ex vivo-modified U1 snRNA than in the 5S and SRP RNAs (Supplemental Fig. 2). As a
result, the SHAPE reactivities of U1 snRNA were generally elevated compared to the other
RNAs. Independent normalization of U1 snRNA did not preserve the intrinsically high
reactivity of this RNA relative to 5S and SRP. Thus, we normalized SHAPE reactivities with
a common normalization factor to preserve the relative distribution of reactivities among the
three simultaneously probed RNAs. RNase MRP SHAPE profiles were normalized
independently, as they were derived from RNA probed separately from the three model
RNAs. Initial SHAPE reactivities for both 7n cellulo and ex vivo-modified RNAs were first
pooled together into a single distribution from which primer-binding sites were excluded.
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The first five nucleotides synthesized during reverse transcription were also excluded to
eliminate spurious mutations caused by the suboptimal processivity of initiating retroviral
reverse transcriptasegz. A normalization factor for the entire distribution was calculated by
the boxplot method27: the interquartile range (IQR) of the distribution was calculated; and
reactivity values greater than 1.5 times the IQR were excluded as outliers with the number of
outliers capped at 10%. The average of the 10% most reactive remaining nucleotides was
then calculated, yielding the common normalization factor. Initial individual SHAPE
profiles were then adjusted by dividing each reactivity and standard error by the common
normalization factor.

icSHAPE profile generation

icCSHAPE reads12 were downloaded from the gene expression omnibus (http://
www.nchi.nlm.nih.gov/geo, accession GSE60034). Reads corresponding to U1 snRNA, 5S
rRNA, SRP and RNase MRP RNA were extracted by alignment to the respective sequence.
Relevant reads were then converted to fastq format and analyzed using the published
icCSHAPE pipeline (https://github.com/qczhang/icsHAPE)lZ. Limited reads for U1 snRNA,
5S rRNA, and RNase MRP RNA resulted in icSHAPE profiles with unanalyzably sparse
data, so we restricted our comparison of RNP complexes to the SRP RNA.

Calculating standard error, ASHAPE, Z-factors, and standard scores to determine binding

sites

The derivation of nucleotide-resolution standard error values associated with SHAPE
reactivity measurements has been described fullye, and is reviewed briefly here. Mutation
rates for each experimental measurement (+1M7, no-reagent, denaturing control) are
modeled as a Poisson distribution because discrete mutation events contribute to the overall
reactivity at each nucleotide. The variance of a Poisson distribution equals the number of
observations, and the standard error of a mutation rate (SE,4,) can be estimated as

_ VA _ Vrate
reads +/reads (1)

where ) is the number of mutations observed, reads is the read depth at a given nucleotide,
and rate is the number of mutation events per read. The standard errors from each
experimental measurement are then combined to yield SHAPE reactivity standard errors’.

The change in SHAPE reactivity (ASHAPE) for each nucleotide 7was calculated as

(Ex)-(20)]

where Xand Care the ex vivoand /n cellulo SHAPE reactivities, respectively. This
produces ASHAPE values that reflect the difference in reactivity between ex vivoand in

ASHAPE,;=

W
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cellulo conditions averaged over a three-nucleotide sliding window. To account for
smoothing, standard error values were averaged as

1
SEZ:g V Ui2—1+gz'2+012+1 (3)

where o;and SE;refer to the original error and smoothed error at nucleotide / respectively.
Z-factors (Z)28 for each nucleotide 7were calculated according to Eqn. 4, where the
subscripts Xand Cindicate ex vivoand in cellulo conditions, respectively. Nucleotides for
which Z> 0 were considered to undergo significant changes in SHAPE reactivity.

1.96 (SE +SE,,)
~ |ASHAPE;| @)

Zi=1

Standard scores (S) were calculated for each nucleotide 7according to Egn. 5, where
UnsHapeand o sspape represent the mean and standard deviation of the distribution of
ASHAPE values, respectively.

— Hasiars

O asHAPE (5)

g ASHAPE;

i

Putative binding sites were identified as regions within five-nucleotide sliding windows for
which at least three nucleotides had Z> 0 and |§ = 1. Nucleotides that met these
requirements were denoted as undergoing changes in SHAPE reactivity due to the influence
of the cellular environment.

The model of the complete U1 snRNP complex used in this study was generated from three
individual models. Phosphorus atoms in a U1 snRNP model (omitting stem-loop 2 and the
U1A protein and kindly provided by Kiyoshi Nagai) were first aligned to the phosphorus
atoms in a 5.5-A model of the complete complex (PDB: 3PGW)23. To incorporate the U1A/
stem-loop 2 interaction, we aligned the Ca atoms of U1A in a high-resolution model (PDB:
4PKD)™ to the 5.5-A model. The model of the SRP S domain bound to SRP68/72, SRP19,
and SRP54 was generated by overlaying the SRP68- and SRP19-bound structure (PDB:
4P3E)** with the SRP19- and SRP54-bound structure (PDB: 1MFQ)?* via alignment of the
SRP19 atoms.

Comparison of SHAPE-MaP and icSHAPE

We compared the similarity of RNA structure probing data for SHAPE-MaP and icSHAPE12
experiments using the SRP RNP complex and six mRNAs. When probing SRP ex vivo, we
found that strong icSHAPE signals are generally indicative of flexible nucleotides
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(Supplemental Fig. S3), as expected for SHAPE reagents. However, in comparison to
SHAPE-MaP, the icSHAPE results appear roughly binary, with relatively few intermediate
reactivity values. In comparing /n cellulo data, SHAPE-MaP and icSHAPE data show very
poor correlations. The differences between ex vivoand /n cellulo icSHAPE values exhibit
strong, punctate positive values throughout the RNA and dramatically strong negative values
near the 5" end (Supplemental Fig. S3). The icSHAPE data would suggest that the SRP RNA
undergoes extreme and widespread conformational changes in cells, which is not consistent
with prior work on this RNA24v25. Further in cellulo comparison of six mMRNAs produced
similar results; the correlation between icSHAPE and SHAPE-MaP was consistently poor,
with correlation coefficients ranging from 0.1-0.3 (Supplemental Fig. S3). This analysis
suggests that icSHAPE does not measure the same features of RNA as does SHAPE-MaP
and that icSHAPE does not accurately measure in-cell RNA structure.

Validation of the ASHAPE approach

We used SHAPE-MaP to analyze three model RNAs ex vivo and in cellulo. The U1 snRNA
is localized in the nucleus and forms the U1 snRNP complex upon binding several proteins:
U1A, U1C, U1-70K, and the heteroheptameric Sm ring. Comparison of U1 snRNA ex vivo
and /n cellulo SHAPE reactivities revealed distinct qualitative reactivity differences
throughout the RNA (Fig. 2a). Due to differences in the number of individual mutation
events observed relative to the times a given nucleotide was sequenced, the estimated errors
vary as a function of nucleotide position and are greater for some reactivity measurements
than others. This is a feature shared by all RNA structure probing experiments read out by
massively parallel sequencing but is explicitly and uniquely measured using the MaP
strategy. If a naive approach had been taken that ignored these errors, multiple regions would
have been (incorrectly) identified as having significant SHAPE reactivity differences (Fig.
2b, grey and green shading). Only a subset of these regions are involved in true RNA-protein
interactions; the remainder are analysis artifacts caused by the measurement uncertainties
that occur in any experiment, especially those read out by massively parallel sequencing.
When we applied the complete analysis framework in which the Z-factor test is used to
account for these errors, only three regions of significant ASHAPE were identified (Fig. 2b,
green shading only). The locations of these positive ASHAPE values correspond precisely to
known interactions sites of U1-70K, U1A, and the Sm ring proteins (Fig. 2c and
Supplemental Fig. 4).

We next examined the differences in reactivities of the SRP RNA ex vivo versus in cellulo
(Fig. 3a). The SRP RNA associates with six proteins and is comprised of an Alu domain at
the 5’ end connected by a long central helix to the S domain. The Alu domain is bound by
the SRP9-SRP14 (SRP9/14) heterodimer, and the larger S domain interacts with SRP19,
SRP54, and the SRP68-SRP72 (SRP68/72) heterodimer. The SHAPE reactivity changes
identified by our analysis were largely localized to these two domains (Supplemental Fig.
5b), consistent with a lack of protein binding in the central helix.

In the Alu domain, we observed /n cellulo protection at the SRP9/14 binding site (nts
24-26). We also detected enhanced /n cellulo reactivity at nucleotides 35-37 and 46-48,
consistent with protein-induced tertiary structure changes (Fig. 3b). In the S domain, we
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observed extensive /n cellulo protection where SRP19 and SRP54 bind (Fig. 3c). Binding by
SRP68/72 involves insertion of an a—helix into the major groove of the central helix, causing
an adjacent asymmetric internal loop to open24. Consistent with this observation, we detect
enhanced /n cellulo reactivity on the opened side of this loop at positions 230-232 (Fig. 3c).
The interaction between SRP RNA and the complete SRP68/72 heterodimer has not been
characterized at high resolution; however, cryo-electron microscopy data provide evidence
that a portion of SRP68/72 interacts with the central helix at an internal “hinge” loop
comprised of nucleotides 97-104 and 249—25325. In-cell SHAPE supports this observation,
as enhanced /n cellulo reactivity was noted on both sides of the loop at nucleotides 99-101
and 251-253, and suggests a local conformational change also occurs at nucleotides 230-232
(Supplementary Fig. 5b). Overall, every region of significant /7 ce/lulo protection in the SRP
RNA identified by our analysis framework corresponds to sites of direct protein binding.

In examining the 5S rRNA, which forms a complex with ribosomal protein L5, we detected
several regions of /n cellulo protection (Fig. 4a). These sites correspond to previously
identified contacts between 5S rRNA and L5 (Fig. 4b)8v34. There were no other sites with
significant ASHAPE values, although many ribosomal proteins are known to be located near
the 5S particle in fully assembled ribosomes. These results are consistent with the
observations that a significant fraction of cellular 5S RNPs are not ribosome—associated35
and that 5S rRNA adopts multiple conformations even when associated with the ribosome®
We infer that ASHAPE analysis primarily detects only the stable protein-RNA interactions
in the 5S rRNA, and that these involve L5.

Application of ASHAPE to RNase MRP

We next applied the ASHAPE analysis framework to in-cell analysis of the RNA component
of mouse RNase MRP (RMRP). This RNA forms a complex with 10 proteins in eukaryotes
that functions in rRNA processing and mitochondrial replication37. In humans, numerous
mutations within RMRP RNA cause a spectrum of autosomal recessive skeletal diseases
ranging from cartilage-hair hypoplasia (CHH) to anauxetic dysplasia (AD)38. The structure
of and protein interactions with the RNA component of RMRP have been investigated /in
vitro using affinity selection, chemical probing, and crosslinking experiments37'39'4l. A
recent cryo-EM study has revealed the overall three-dimensional architecture of the complex
in yeast42. However, the precise binding sites of proteins and interactions with substrate have
not been examined natively in cells.

Multiple regions of the RMRP RNA have statistically significant enhanced reactivity or
protection in cellulo (Fig. 5a) and many of these can be attributed to interaction with protein
components. These include in the P3 domain, a functionally critical element (Fig. 5b)43, as
well as nucleotides near the junction of helices P8, P9, and P12. Cryo-EM data suggest this
latter region interacts with protein Pop4 and perhaps additional proteins (Fig. 5¢). We also
observed enhanced reactivity at internal loops in helix P12. Although the complete P12 helix
is not present in the cryo-EM model, its proximity to the Pop3 protein suggests that the
reactivity enhancements located in the P12 helix may be due to conformational changes
induced by Pop3 (Supplemental Fig. 6).
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We also observed protections involving helices P2 and P19 that are not attributable to RNA-
protein interactions. In the cryo-EM model of RMRP, these two regions are adjacent to the
active site and are oriented such that they may stabilize or direct RMRP substrates to the
catalytic center (Fig. 5d). Additional density in the cryo-EM map adjacent to these sites of
protection may reflect RMRP substrates co-purified with the complex, and supports the
hypothesis that P2 and P19 play roles in substrate recognition. There is notable overlap
between ASHAPE-detected protection in P2 and P19 and sites of disease-associated
mutations in RMRP (Supplemental Fig. 6)44. The substantial level of in-cell protection in
the RMRP active site cleft suggests that this RNP enzyme is saturated with its RNA
substrates37 in the cellular steady state.

DISCUSSION

Our experiments with the well-characterized U1, SRP, and 5S RNPs validate the ability of
the ASHAPE analytical framework (Fig. 1), enabled by SHAPE-MaP, to correctly and
specifically identify regions of RNA protected by stably-associated proteins 7 cellulo, even
in the context of a large number of individual measurements and variable level of confidence
in each. In addition, this work illustrates the robust ability of the well-validated 1M7 reagent
to react with RNP complexes located in both cytoplasmic and nuclear compartments in cells.

In comparing SHAPE-MaP with icSHAPE, we found poor agreement between the two
approaches. SHAPE-MaP has previously been extensively validated against a large set of
RNASs with complex structurese, suggesting that icSHAPE does not provide a robust view of
RNA structure ex vivoor in cellulo (Supplemental Fig. 2). icSHAPE also reports that the
SRP RNA undergoes extensive internal conformational changes in cells, which is not
consistent with prior studies of this RNAZ%.25, icSHAPE differs from SHAPE-MaP in
important ways. First, NAI-N3 reacts more slowly than 1M7 (t1/2, = ~30 min vs. ~17 sec,
respectively), which has important consequences. These include, first, that slow (but not
faster) reagents are highly sensitive to specific ion and buffer choices™ making it very
difficult to compare in-cell and ex vivo experiments and, second, that long reaction times
will reflect RNP assembly and disassembly, cellular turnover, and other events unrelated to
the steady-state structure of an RNA. icSHAPE is also one of the many proposed strategies
that require a complex purification procedure followed by multi-step adapter-ligation
sequencing library construction, steps that are difficult to perform quantitativelyﬂ'lg.

In addition to defining in-cell RNA-protein and RNA-substrate interactions, we investigated
whether ASHAPE analysis might enable categorization of disease-associated mutations in
terms of their likely phenotypic effects (Fig. 5a). Our analysis supports the interpretation
that most mutations leading to CHH/AD spectrum diseases in the RNase MRP complex
result from misfolding of the RNA secondary or tertiary structure, as they are not located
near protein or substrate interaction sites. These structural changes occur in helices P1, P3,
P4, P9, and P12 (Fig. 5a, blue nucleotides). We also identified a subset of CHH/AD-related
mutations located near protein interaction sites (Fig. 5a, in red). In individuals with these
mutations, which are most concentrated within helix P8 and the P8-P9-P12 junction,
improper assembly of the RNase MRP RNA-protein complex may be the root cause of
disease. Finally, the remaining disease-related mutations are most consistent with
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compromising RNA-substrate interactions. These involve nucleotides that comprise the
active site along with portions of P2 and P19 that are protected /17 ce/lulo due to putative
substrate interactions (Fig. 5a, yellow).

The ASHAPE analysis framework is clearly a broadly useful tool for defining RNA-protein
interactions. ASHAPE is also subject to limitations. Because ASHAPE requires a change in
SHAPE reactivity between conditions, proteins that interact primarily with double-stranded
RNA may be difficult to detect. For the RNAs studied here, in-cell protections almost always
corresponded to direct protein-RNA interactions, while enhancements generally reported
RNA conformational changes. In other cases, protein-induced conformational changes may
lead to apparent protections in regions unrelated to protein binding. While the ASHAPE
framework correctly identified sites of stable RNA-protein interaction, the stringency
implemented here may lead to missing weaker protein binding sites. For example,
nucleotides stably bound by Sm ring proteins are detected by ASHAPE (Fig. 2) but other
nucleotides inside the Sm ring do not display protection. Finally, as with any chemical
probing experiment, ASHAPE requires sufficient sequencing coverage of the RNA of
interest in both tested conditions.

In sum, SHAPE-MaP efficiently and accurately detects RNA-protein interaction sites and
occupancy in living cells. Using simple and intuitive statistical filtering, significant
differences between ex vivoand in cellulo SHAPE reactivities were identified while
avoiding false positive detection. The analysis framework developed here identified RNA
binding sites for all stably bound protein factors for three model RNPs, found in both
cytoplasmic and nuclear compartments, under native growth conditions without the need for
specialized affinity purification. Application to the RNase MRP ribonucleoprotein enzyme
complex both identified sites of RNA-protein interaction and extensive substrate recognition
in the active site cleft, and also facilitated categorization of CHH/AD-related mutations by
molecular phenotype.

This analysis framework works well for de novo identification of functionally essential
regions in non-coding RNAs, and is complementary to RNA-protein crosslinking and
immunoprecipitation (CLIP)3 experiments. Critically, ASHAPE specifically detects the
occupancy of a given site. As RNA structure studies increasingly shift towards in-cell and
transcriptome-wide analyses, the robust analytical approach presented here will become an
essential tool for rapid discovery and analysis of true RNA-protein interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Experimental and analytical framework for detecting SHAPE-MaP reactivity differences. (a)
Total cellular RNA is treated with 1M7 under native conditions in living cells (top) or
following non-denaturing extraction into folding buffer (bottom). RNAs that interact stably
with cellular proteins (green) exhibit different SHAPE reactivities under in cellulo versus ex
vivo conditions. Black, orange, and red illustrate low, moderate, and high reactivities,
respectively on the secondary structure diagram and in SHAPE-MaP profiles. (b)
Calculation of differences in SHAPE reactivities (ASHAPE) between experimental
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conditions A and B (upper left). If (/) the Z-factor for a nucleotide is greater than zero,
indicating that the 95% confidence intervals of measurements in the two conditions do not
overlap, (/) the standard score is greater than one standard deviation from the mean
ASHAPE (lower left), and (/) three of five nucleotides in a sliding window meet both Z-
factor and standard score criteria (lower right), the (ASHAPE) reactivity difference is
accepted as significant.
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Identification of protein binding sites by ASHAPE analysis. (a) Smoothed SHAPE
reactivities for U1 snRNA in cellulo (blue) and ex vivo (red). (b) ASHAPE values for the Ul
snRNA. Significant reactivity changes as established by the ASHAPE analysis framework
are shaded green. If measurement errors were not taken into account, several off-target
interaction sites would have been incorrectly identified as significant (grey shading). Primer-
binding regions for which no data are available are shown with dashed lines. (c) Model of
the human U1 snRNA complex including U1-70K (orange), U1-C (red), U1A (blue), and
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Sm ring proteins (purple; subunit D1 excluded for clarity). RNA is shown as a ribbon.
Nucleotides that exhibit significant ASHAPE values are emphasized as spheres.
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Figure 3.
Summary of results obtained for the SRP RNA. (a) ASHAPE profile for the entire SRP

RNA. /n cellulo protections are shaded green, and /n cellulo reactivity enhancements are
purple. Locations of the Alu and S domains are indicated. (b) Crystal structure of the Alu
domain bound to SRP9/14. Nucleotides with significant reactivity differences are labeled.
(c) Model of the S domain bound to SRP68, SRP19 and SRP54 with significant reactivity
differences indicated.
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Figureb5.
In-cell analysis of RNase MRP RNA interactions. (a) Secondary structure of the RNA

component of RMRP46, showing RNA-protein interactions detected by ASHAPE analysis.
Nucleotides protected /n cellulo are shaded green, and those with enhanced reactivity are
purple. Nucleotide positions corresponding to disease-associated mutations that affect
function due to inferred (based on ASHAPE analysis) RNA structure, protein interactions, or
catalysis and substrate recognition are shown in blue, red, and yellow, respectively. (b)
Crystal structure of eukaryotic Pop6 (orange) and Pop7 (yellow) proteins interacting with
the P3 domain of RMRP (3iab)47. Nucleotides 31-37 show ASHAPE protection /n cellulo
(green spheres) and interact tightly with Pop7. Nucleotides on the opposite side of the P3
internal loop are not tightly associated with Pop6/Pop7 and, correspondingly, do not exhibit
strong interactions as assessed by ASHAPE. (c) Model of the junction between RMRP RNA
helices P8, P9, and P12, showing interactions with Pop4 (tan). Nucleotides exhibiting
significant ASHAPE values are shown as spheres and colored as in panel (a). In the cryo-EM
model, yeast Rpr2 (a potential homolog of Snm1) also binds in this region ~ and this protein
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or an alternative mouse protein may interact with nucleotides 82-84, 195-199, and 201-203.
(d) Model of core regions in the eukaryotic RNase P RNP, showing regions of protection and
enhanced reactivity as in (a-c). Conserved active site nucleotides are colored red.
Nucleotides 217-220 and 239-245 are protected /n cellufo and form a path to the active site,
supporting a role in substrate recognition.
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