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ABSTRACT: Higher-order structure governs function for many
RNAs. However, discerning this structure for large RNA molecules
in solution is an unresolved challenge. Here, we present SHAPE-JuMP
(selective 2’-hydroxyl acylation analyzed by primer extension and
juxtaposed merged pairs) to interrogate through-space RNA tertiary
interactions. A bifunctional small molecule is used to chemically link
proximal nucleotides in an RNA structure. The RNA cross-link site is
then encoded into complementary DNA (cDNA) in a single, direct
step using an engineered reverse transcriptase that “jumps” across
cross-linked nucleotides. The resulting cDNAs contain a deletion
relative to the native RNA sequence, which can be detected by
sequencing, that indicates the sites of cross-linked nucleotides.
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SHAPE-JuMP measures RNA tertiary structure proximity concisely across large RNA molecules at nanometer resolution.
SHAPE-JuMP is especially effective at measuring interactions in multihelix junctions and loop-to-helix packing, enables modeling of
the global fold for RNAs up to several hundred nucleotides in length, facilitates ranking of structural models by consistency with
through-space restraints, and is poised to enable solution-phase structural interrogation and modeling of complex RNAs.

NA plays key biological roles as ribozymes, translation
regulators, scaffolding centers, and ligand binders. These
fundamental regulatory functions often occur when an RNA
folds into complex secondary and tertiary structures.'”>
Discovering and defining these structures provide insights
into how RNA molecules function. Chemical probing is a
powerful approach for mapping RNA structure at large scales
and in a sufficiently unbiased way as to be useful as a function
discovery tool.” Strategies for chemical probing of RNA
secondary structure, especially using selective 2’-hydroxyl
acylation analyzed by primer extension and mutational
profiling (SHAPE-MaP),>® DMS-MaP,”* and single-molecule
correlated chemical probing (RING) methods,””'" are
transforming our understanding of RNA structure—function
interrelationships. The broad applicability and accuracy of
these methods reflect, in large part, strategies in which the sites
of chemical modification in RNA are read out in a
complementary DNA (cDNA) in a single direct step. A key
insight from prior work emphasizes that methods that detect
chemical modifications in RNA directly are superior to those
that require multiple intervening biochemical steps."' ™"
Here, we introduce a concise strategy for mapping tertiary
and higher-order RNA—RNA interactions across large RNA
molecules, SHAPE-JuMP (selective 2'-hydroxyl acylation
analyzed by primer extension and juxtaposed merged pairs).
SHAPE-JuMP monitors tertiary structure via a bireactive
SHAPE chemical cross-linking reagent that reacts preferentially
with the 2'-hydroxyl groups of two nucleotides in the
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proximity of each other (Figure 1). An engineered reverse
transcriptase (RT), effectively a reverse transkiptase, then
“jumps” across the cross-link to permanently record the cross-
link site as a deletion in the resulting cDNA strand. The ability
to traverse chemical cross-links required an engineered
enzyme, RT-C8,'* which was optimized from a reverse
transcriptase previously shown to be permissive toward
alternative nucleic acid backbones.> Locations of cross-link-
induced deletions are identified by aligning sequencing reads
to a reference sequence. We show these internucleotide cross-
links report long-range through-space interactions in complex
RNA structures, useful for higher-order structure discovery and
modeling.

B RESULTS

TBIA Cross-Links RNA. We created a new bifunctional
SHAPE reagent, trans-bis-isatoic anhydride (TBIA), to cross-
link RNA nucleotides (Figure 2A). TBIA has two electrophilic
isatoic anhydride moieties, each of which can react with the
nucleotide 2’-OH group. When TBIA reacts with one
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Figure 1. SHAPE-JuMP overview. RNA is treated with a bivalent
SHAPE cross-linker (red), which covalently links proximal nucleo-
tides. Reverse transcription using an engineered jumping, or cross-
link-traversing, polymerase records the cross-linked site as a deletion
in the cDNA (blue). The cDNA is sequenced and aligned to the
reference RNA sequence to identify deletion sites and, thereby, cross-
linked nucleotides.

nucleotide, its second anhydride moiety can react with a
second, proximal, nucleotide, forming a covalent cross-link.
Cross-links can occur between nucleotides both adjacent to
and distant in the primary RNA sequence as long as they are in
close three-dimensional physical proximity. SHAPE reagents,
like TBIA, react with all four nucleotides.” TBIA will also form
monoadducts when one anhydride reacts with a nucleotide,
but the second anhydride is hydrolyzed by water. To
distinguish monoadduct formation from true cross-links, we
compared SHAPE-JuMP signals due to TBIA with mono-
adducts created using isatoic anhydride (IA) (Figure 2A), a
molecule with a structure similar to that of TBIA but with only
one reactive group.

To examine the ability of TBIA to cross-link RNA, we folded
RNA transcripts with the sequence of the Bacillus stear-
othermophilus RNase P catalytic domain'® or the A756G
mutant of the Varkud satellite (VS) ribozyme'” and treated
each with TBIA. Product formation was visualized by
denaturing gel electrophoresis as a lower-mobility band absent
in no-reagent and IA-treated controls (Figure 2B and Figure
S1). TBIA induced efficient cross-linking (5—10%) in each
RNA, and cross-linking was independent of RNA concen-
tration, indicating that cross-links reflected intramolecular
interactions (Figure S1). To establish optimal reaction times
for cross-linking RNA with TBIA, we followed TBIA
hydrolysis by monitoring the change in ultraviolet (UV)
absorbance at 296 nm (Figure 2C). The time decay fit a
double-exponential function, consistent with two-site reactivity
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Figure 2. TBIA mechanism and characterization. (A) Reaction of TBIA with RNA yields both cross-links and monoadducts. IA strictly forms
monoadducts. (B) Reaction of the RNase P RNA with no reagent (—), IA (monoadduct), or TBIA (cross-linking reagent), visualized by denaturing
electrophoresis. (C) Hydrolysis of TBIA in a buffer. The reaction was monitored by ultraviolet absorbance at 296 nm; the absorbance as a function

of time was fit to a double-exponential rate equation.
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by TBIA, and halflives (t;,) of 30 and 180 s. We
implemented cross-linking using a reaction time of 15 min,
corresponding to five half-lives of the slower reaction.
Identification of an Efficient Cross-Link-Traversing
RT. We tested diverse RT enzymes for their ability to use a
cross-linked RNA as template. These enzymes included a
processive mutant of Moloney murine leukemia virus RT
(similar to SuperScript II), Marathon RT,'® and multiple
enzymes created by directed evolution.''> We treated the
RNase P catalytic domain RNA with either the TBIA cross-
linker or N-methyl IA (NMIA, which creates monoadducts),
generated and sequenced cDNA transcripts, aligned these
sequences to the parent sequence, and quantified the deletions
that formed in the TBIA and NMIA experiments for each
polymerase. We found many enzymes had modest apparent
jumping ability, but the most useful enzyme was RT-C8,"*
which consistently showed 3-fold higher absolute rates of
deletion detection for TBIA over the NMIA background
(Figure 3). The observed deletion detection rate for TBIA over
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Figure 3. Identification of reverse transcriptase enzymes with the
ability to jump RNA cross-links. Comparison of cross-link detection
in the RNase P RNA by different RT enzymes. Deletion rates for
RNAs treated with TBIA and monoadduct-forming NMIA reagents
are red and blue, respectively.

an IA background is 1—3%, while 5—10% of RNAs form low-
mobility bands as visualized physically by denaturing gel
electrophoresis (Figure 2B and Figure S1); cross-link detection
by RT-CS8 is thus roughly 30% efficient. RT-C8 was used for all
subsequent experiments.

SHAPE-JUMP of RNAs with Complex Structures. We
evaluated the ability of SHAPE-JuMP to detect nucleotides in
the proximity by analyzing RNAs with complex structures: the
Tetrahymena thermophila group I intron P546 domain (P546,
158 nucleotides)," the aforementioned VS ribozyme (186
nucleotides)'” and RNase P catalytic domain (268 nucleo-
tides)' RNAs, and the Oceanobacillus iheyensis group II
intron®’ (group II, 412 nucleotides). We note that while the
VS RNA construct forms a dimer at high concentrations,'” it
forms cross-links in a concentration-independent manner over
the range of 0.5—2 uM, consistent with the formation of a
monomer under our conditions (Figure S1). These RNAs
form diverse structures. P546 adopts a simple tertiary structure
involving close packing of two sets of extended helices; the VS
ribozyme has a distinct fold but does not form a compact
tertiary structure with closely spaced helices and has served as
a target in the RNA-Puzzles structure prediction exercise,”"
and RNase P and the group II intron form complex structures
and are much larger than can be confidently modeled using
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current methods. These RNAs allowed us to examine SHAPE-
JuMP across diverse structural motifs and degrees of
complexity.

Each RNA was transcribed in vitro and refolded under
conditions that support native tertiary structure formation.
Folded RNAs were then treated with TBIA. The RT-C8
polymerase has a distinctive and valuable cross-link-traversing
activity; however, this polymerase does induce mutations and
deletions when copying RNA templates that do not contain
cross-links. We controlled for these background deletions by
comparing TBIA reactions with parallel experiments per-
formed with IA (Figure 2A). All TBIA-treated RNAs showed
2—5-folder higher per-read deletion rates than samples treated
with IA (Figure S2), suggesting that a majority of deletions
detected in TBIA-treated samples correspond to cross-links
resulting from proximal nucleotides rather than the back-
ground activity of the RT enzyme. We created a specialized
alignment algorithm that accounts for the complex observed
deletion and sequence mutation patterns (Figure S2B) to
accurately map TBIA-induced deletion sites and rank these by
frequency.”” RT-C8 does not detect monoadducts as IA-
treated, and no-reagent experiments showed similar deletion
rates (Figure S2) and positions (Figure S3). Full experimental
replicates showed highly correlated deletion rates, similar
deletion sites across replicates, and similar through-space
distance distributions (Figure S4). We observed cross-links
involving all four ribonucleotides, consistent with the expected
predominant reaction at the 2'-hydroxyl group.™®

We next characterized deletion lengths as quantified in the
cDNAs generated by RT-C8. Across all RNAs, average
observed (background) deletion lengths in IA-treated samples
were <50 nucleotides, while deletion lengths in TBIA-treated
RNAs varied as a function of RNA structure. For the relatively
unstructured VS RNA, deletion lengths for IA and TBIA were
similar, whereas for the highly structured RNase P (Figure 4A)
and group II intron (Figure SSA), deletion distances in TBIA-
treated samples were much longer than those in the IA-treated
controls. As measured by RT-C8, TBIA-induced deletion
lengths are thus related to the extent of structure in an RNA,
but non-cross-link-induced deletions are not.

We next examined the physical distances between
nucleotides mapped in the JuMP step as a function of cross-
link frequency and RNA. For all RNAs, cross-link frequency
correlated with a shorter through-space distance (Figure SSD).
The most frequent 3% of deletions were between nucleotides
separated in space by a mean distance of 21—-26 A, upon
comparison to the accepted structure for each RNA (Figure
4B). These distances are significantly shorter than those
obtained from random sampling, including after controlling for
the sequence length distributions of the TBIA-derived
internucleotide pairs (Kolmogorov—Smirnov test, all p values
of <107%). Across all four RNAs, 78% of the distances are <30
A, which we accept as true positive measurements. We also
observe a small fraction, 4%, of distances of >45 A, which
likely reflect some combination of false positive measurements,
conformational dynamics in these large RNAs, or other
features not reflective of internucleotide distances (see ref
22). We additionally compared deletions detected for the
RNase P RNA in the presence and absence of Mg*, an ion
essential for native tertiary folding.'®>* Probing in the absence
of Mg*" yielded a deletion distribution markedly different from
that of the fully folded structure and roughly comparable to the
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Figure 4. SHAPE-JuMP deletion detection as a function of
intervening sequence length and through-space distance. (A) Deletion
rates of a given length due to treatment with monoadduct-forming IA
and cross-linker TBIA for the RNase P RNA. Deletion rates are
normalized to sum to 1. (B) Distances between nucleotides that
mediate TBIA-induced deletions. The most frequent 3% of deletion
rates are shown with colored lines. Random internucleotide distances
based on the reference structure, which follow the same sequence
length distribution as TBIA-induced contacts, are colored gray. D, the
Kolmogorov—Smirnov metric, quantifies the separation between two
distributions on a scale of 0—1, with 0 indicating no separation and 1
indicating complete separation. All D values correspond to p values of
<1075,

result expected for random sampling of through-space
interactions (Figure ).

In summary, these data emphasize that SHAPE-JuMP
detects proximal through-space interactions at nanometer
resolution and, when native interactions are destabilized by
omitting Mg®’, the resulting cross-links capture interactions
characteristic of alternative states. Three experimental
heuristics facilitate reliable identification of through-space
tertiary RNA—RNA internucleotide interactions using the
current JuMP strategy. (i) Samples should be sequenced to a
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Figure S. SHAPE-JuMP interactions detected for the RNase P RNA
in the presence and absence of Mg*". (A) SHAPE-JuMP interactions
for the most frequent 3% of deletions for RNase P in the presence
(left) and absence (right) of Mg**. Experimentally measured distances
are shown with black lines; gray histograms represent distances of all
nucleotide pairs in the reference structure. (B) Internucleotide cross-
links, detected as cDNA deletions, superimposed on the secondary
structure, colored by through-space distance as calculated from the
reference structure.'® Nucleotides not visualized in the reference
structure are shown within gray circles.

minimum read depth of 500000 reads. (ii) The deletion rate
for the cross-linked sample should be at least 2-fold higher than
that of a no-reagent or monoadduct control. (iii) The overall
cross-link-mediated deletion rate should be >0.01 deletion per
read.

SHAPE-JUMP Identifies Diverse, Specific Internucleo-
tide Interactions. Cross-linked nucleotides identified by
SHAPE-JuMP tend to involve at least one unpaired RNA
region, consistent with the preferential reactivity of SHAPE
reagents for conformationally flexible sites in RNA. Nonethe-
less, many cross-links are recorded between an unpaired region
and a base-paired region, likely partially because the second
reactive group in TBIA can react with structurally diverse
nearby nucleotides due to an increased effective local
concentration. For example, in P546, interactions extend
from single-stranded regions adjacent to helix P6a to the base-
paired region in P4 (Figure 6A). Similar patterns are observed
in the group II intron, for example, between the ID2 loop and
the IC helix (Figure 6D).

In the test set of RNAs, SHAPE-JuMP detected internucleo-
tide interactions within every multihelix junction, as
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Figure 6. Visualization of SHAPE-JuMP interactions on complex RNA structures. Through-space interactions, detected as cDNA deletions,
superimposed on secondary and tertiary structure models of (A) the P546 intron domain'’ (PDB entry 1gid), (B) the VS ribozyme'” (4r4p), (C)
the RNase P catalytic domain'® (3dhs), and (D) the group II intron>” (3igi). Internucleotide interactions are shown as lines, colored by through-
space distance. Interactions are shown for the most frequent 3% of measured deletions. Nucleotides not visualized in three-dimensional structure

models are denoted with gray circles.

exemplified by the helix 1-2—7 three-helix junction of the VS
ribozyme (Figure 6B) and the helix III-IV—V junction of the
group Il intron (Figure 6D). We also identified internucleotide
interactions between the single-stranded regions of junctions
and their connected helices, as exemplified by the helix 3—4—5
junction of the VS ribozyme (Figure 6B) and the helix P1—
P3—P4 junction of RNase P (Figure 6C). Internucleotide
interactions identified by SHAPE-JuMP are thus not limited to
base-paired or single-stranded nucleotides or to a specific
structural motif and are particularly common in multihelix
junctions.

A majority of SHAPE-JuMP internucleotide interactions
occur in clusters, as is readily visualized when contacts are
mapped onto the known secondary and tertiary structures
(Figure 6). This clustering increases confidence that true
proximal through-space interactions are identified by SHAPE-
JuMP. Clusters occur throughout the tested RNAs and in both
solvent-accessible and inaccessible regions, as supported by
comparing the solvent-accessible surface areas of each
nucleotide 2’-OH group to the total deletion rate at each
nucleotide (Figure S6). This observation is consistent with
prior work that demonstrated that SHAPE reactivity is not
governed by solvent accessibility.”* Thus, SHAPE-JuMP
identifies proximal through-space interactions in the interior
and exterior of RNAs with complex structures.
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SHAPE-JuMP-Restrained Structure Modeling. De novo
RNA structure modeling is improving rapidly but remains
challenging for large RNAs.”"** Experimental restraints can
dramatically improve physics-based modeling,7’26‘27 and
SHAPE-JuMP identifies through-space RNA—RNA interac-
tions with mean distances on the sub-25 A scale (Figure 4),
roughly corresponding to the width of an RNA helix. We
therefore explored the usefulness of SHAPE-JuMP measure-
ments for reducing the conformational space sampled during
tertiary structure modeling. SHAPE-JuMP restraints can, in
principle, be incorporated into any modeling framework. Here,
we explored the impact of SHAPE-JuMP restraints using
discrete molecular dynamics (DMD)***” to model the global
folds of the RNAs examined in our study. We represent the
RNA structure in a simplified way for DMD simulations. Each
nucleotide is modeled as three beads, corresponding to the
phosphate, ribose, and nucleobase. SHAPE-JuMP restraints
were incorporated by applying an energy bonus to the subset
of DMD models during a simulation in which cross-linked
nucleotides are within specified distance thresholds.”*’

Restraints were applied in three steps during the DMD
simulation, motivated by both the classes of internucleotide
interactions directly measured by SHAPE-JuMP and the
hierarchical nature of RNA folding.” In step 1, secondary
structure restraints, corresponding to canonical base pairing,
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Restraints included:
Base pairing + Junctions + Tertiary

Restraint
well limits (A)

(2]
c
S mm 30
8 35
3
3

RMSD (RMSD, )
Shortest
range 20 (16) 17 (13) 15 (10) 30 (18)
Centroid 20 (16) 21 (16) 14 (9) 33 (19)
Mini
’%ﬂg’g 15 (12) 15 (11) 149) 27 (16)
Length
(nts) 158 186 268 412
P546 intron VS RNase P Group I
domain ribozyme catalytic domain intron

Figure 7. SHAPE-JuMP directed structure refinement. (A—C) Restraints superimposed on secondary structure and resulting three-dimensional
models for the stepwise DMD refinement of the P546 intron domain. Five modeled structures (transparent red), consisting of the centroid and four
models with the lowest RMSD compared to this centroid, aligned with the reference structure' (gray) are shown. Restraints were added stepwise,
(A) starting with the base-paired secondary structure, (B) adding SHAPE-JuMP restraints at multihelix junctions (orange lines), and (C) adding
high-frequency proximity interactions (purple lines). Lengths of restraint wells used during DMD refinement are color-coded. Structures obtained
using JuMP data-informed DMD aligned with the (D) PS46 domain (PDB entry 1gid), (E) VS ribozyme (4r4p), (F) RNase P catalytic domain
(3dhs), and (G) group II intron (3igi). JuMP restraints were mapped onto final models. The five models with the shortest restraint distance ranges
were taken as being representative of the simulation. Structures are colored by major helical elements. Modeled and accepted structures are shown
with transparent and solid backbone traces, respectively. RMSD values are shown for models with the shortest restraint distance range, the centroid
of the largest cluster, and the lowest-RMSD model obtained. RMSD ¢, values (in parentheses) report a length-normalized RMSD.* Regions not
visualized in accepted structures are denoted with small spheres.

were applied (Figure 7A). Accurate secondary structure each RNA in the test set.”*"** This step did not use SHAPE-
models for most RNAs are readily obtained by SHAPE-MaP JuMP data. In step 2, restraints corresponding to SHAPE-
and PAIR-MaP chemical probing”' and were available for JuMP interactions identified within multihelix junctions were
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added (Figure 7B, orange and yellow lines). In step 3, SHAPE-
JuMP-informed restraints corresponding to through-space
tertiary structure proximity were added (Figure 7C, blue and
purple lines). Restraints corresponding to the most frequently
measured deletions were awarded bonuses at shorter distances
(Figure 7C and Figure SSD). A final representative model was
obtained from step 3 by selecting the model most consistent
with the SHAPE-JuMP data: we calculated distances between
SHAPE-JuMP-connected nucleotides for the junction and
tertiary restraints for each RNA and selected the model with
the shortest range of restraint distances.

SHAPE-JuMP-directed refinement yielded final models with
root-mean-square deviation (RMSD) values ranging from 15
to 30 A, relative to the accepted structure, with longer
molecules having larger RMSD values, as expected (Figure
7D—G). Models show marked improvements in RMSD after
modeling steps 2 and 3, emphasizing the value of solution-
phase SHAPE-JuMP restraints (Table S1). RMSD values
normalized to a length of 100 nucleotides™ (RMSD ) fell
into a narrow range of 10—18 A. For P546, the three groups of
SHAPE-JuMP restraints yielded a refined model that captured
the overall structure of the RNA with the exception of the PSb
region, which lacked proximity interactions linking it to the
rest of the structure (Figure 7D). For VS, the refined model
clearly captured the global architecture of the reference
structure (Figure 7E). RNase P was an especially favorable
case, as the overall fold and helix positions were in good
agreement with the accepted structure (Figure 7F). Similarly,
the SHAPE-JuMP-directed model of the group II intron has
the correct boxlike shape of the accepted structure’® and
correctly places the helices comprising the catalytic core in the
center of the structure (Figure 7G).

Bl DISCUSSION

SHAPE-JuMP embraces two distinctive findings informed by
our previous work. First, experience with other RNA structure-
probing technologies has revealed that the sensitivity and
accuracy for detection of chemical adducts in RNA are strongly
dependent on the directness of the strategy used to record the
chemical event in a sequencing readout. In SHAPE-JuMP, sites
of cross-linking are read out in a single direct step in which an
engineered reverse transcriptase extends through a cross-link
site and permanently records this site as a deletion in the
synthesized cDNA. Second, the cross-linking reagent, TBIA,
reacts preferentially with a generic site in the RNA, the 2’-
hydroxyl, such that nearly all high-frequency cross-links report
higher-order internucleotide proximity corresponding to multi-
helix junctions, through-space helix packing, and other tertiary
interactions.

SHAPE-JuMP thus has unique features relative to the
current generation of cross-linking approaches, which are read
out by high-throughput sequencing. Several approaches for
identifying RNA—RNA interactions use UV-mediated psoralen
cross-linking and primarily detect secondary structure.’>~*
For psoralen-based methods, cross-link sites are read out by
multistep ligation strategies, and psoralen shows marked
sequence and structural preferences.'”>**”*' Psoralen-based
methods have the notable advantage of being successfully used
in cells and the ability to detect long-range and intermolecular
interactions. There are also several information-rich strategies
for mapping throu§h—space interactions that employ extensive
mutagenesis of ** or introduction of pre-structure-probing
chemical modifications into™”** RNA transcripts. These
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methods are complex to implement that, to date, has reduced
their wide adoption.

The JuMP strategy is thus unique in its experimental
directness and concision, can read out multiple classes of cross-
links (including those induced by TBIA, psoralen, and UV
irradiation),”” and will likely prove a foundational approach for
future high-throughput RNA tertiary structure discovery
technologies. Current limitations include that SHAPE-JuMP
does not detect all tertiary contacts in the benchmark RNAs
and the fraction of false positive interactions merits improve-
ment. In addition, SHAPE-JuMP currently works best in an
amplicon format in which RNA-specific primers are used to
amplify a defined sequence. These limitations can likely be
addressed by the development and use of alternative cross-
linking reagents and by further optimization of the jumping
activity of the RT-C8 polymerase. SHAPE-JuMP in its current
form has the potential to detect very long-range and
intermolecular interactions in RNA, which can be examined
using alternative benchmarking systems.

Median through-space distances measured by SHAPE-JuMP
are ~23 A. This distance is independent of the size of the RNA
in our test set, which range in length from 158 to 412
nucleotides. The 23 A distance is comparable to the width of
an RNA helix but longer than the 7 A distance between the
reactive carbonyl sites in TBIA, indicating that detection of
through-space interactions is governed, in part, by features
beyond simple physical proximity, likely reflective of RNA
flexibility and dynamics. SHAPE-JuMP has a strong propensity
for identifying two classes of through-space interactions. First,
SHAPE-JuMP detected multiple interactions across every
multihelix junction present in the RNAs of known structure
evaluated here (10 junctions across four RNAs). This property
of SHAPE-JuMP will likely prove impactful in future work as
RNAs with multihelix junctions are overrepresented among
functional RNAs. Second, SHAPE-JuMP measures through-
space interactions between an unpaired loop and either a
second loop or a closely packed helix. These interactions are
especially valuable in modeling large RNAs with globular folds.

In this study, we focused on large RNAs that are generally
difficult to model de novo. There are two core challenges in
modeling RNA structure in solution, and SHAPE-JuMP makes
a useful contribution to each. SHAPE-JuMP cross-links can be
used, first, as restraints for modeling three-dimensional RNA
folds and, second, to rank models created by modeling. The VS
ribozyme modeled in our study was a target in the RNA-
Puzzles competition, whose entries spanned a 26 + 6 A
RMSD, with the best model yielding a 20 A RMSD.”' Our
SHAPE-JuMP-directed modeling and selection strategy yielded
a structure for the VS ribozyme with a 17 A RMSD,
outperforming the best RNA-Puzzles model. Selecting the
best final model by assessing agreement with SHAPE-JuMP
restraints was important and improved the model accuracy
from 21 to 17 A RMSD, relative to simply selecting the
centroid of the lowest-energy cluster (Figure 7E). The RNase
P and group II intron RNAs are considerably longer than those
either available in the RNA-Puzzles competition or generally
attempted by de novo modeling. SHAPE-JuMP-restrained
DMD modeling outperformed prior data-driven modeling
efforts for the RNase P catalytic domain (including prior work
from our lab)”**® and for variants of the group II intron.*”*®

There are two additional promising features of SHAPE-
JuMP-directed interrogation of large-scale RNA structure.
First, VS lacks long-range tertiary interactions and has an
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extended topology, and SHAPE-JuMP did not detect tertiary
structure where none exists. Second, modeling accuracy, as
measured by the length-normalized RMSD , fell in a compact
range, 10—18 A, despite the variety of architectures modeled
and the large sizes of the RNase P (268 nucleotides) and group
II intron RNAs (412 nucleotides). These insights suggest that
the concise SHAPE-JuMP experiment, coupled with restraint-
directed modeling, will specifically prove useful for the
discovery and modeling of large RNA architectures in viral
RNAs, mRNAs, and long noncoding RNAs.

B METHODS

TBIA Synthesis. A sample of S00 mg (2.55 mmol) of 2,5-
diaminoterephthalic acid (Sigma-Aldrich catalog no. 717312)
was dissolved in 11 mL of fresh anhydrous dioxane (Acros
Organics) under nitrogen in a stirred three-neck round-bottom
flask with a condenser. Next, 0.5 mL (4.18 mmol) of
diphosgene was added dropwise, and the flask was heated to
90 °C for 2 h. A second addition of 0.25 mL (2.09 mmol) of
diphosgene was added dropwise; the temperature increased to
95 °C, and the reaction continued for a further 3 h. The
reaction mixture was then chilled to 4 °C in an ice bath,
precipitating the product. The precipitate was filtered in a
vacuum flask, washed several times with anhydrous diethyl
ether, and dried under vacuum at room temperature. Reactions
using diphosgene were performed in a hood that functioned
well, and all waste was neutralized with a saturated sodium
bicarbonate solution. The final product was a green solid, in
70% yield ['"H NMR (D¢-DMSO) & 11.9 (2 NH s), 7.6 (2 ArH
s)].
TBIA Hydrolysis. Hydrolysis rates were determined by UV
(Nanodrop 2000) in a cuvette preheated to 37 °C. Reactions
were initiated by adding 900 uL of prewarmed 1X folding
buffer [100 mM HEPES (pH 8.0), 100 mM NaCl, and 10 mM
MgCl,] to 100 L of 40 nM TBIA in DMSO. Spectra were
recorded continuously for 11 min. During this time period, a
narrow peak at 296 nm was lost, and a broad peak centered at
425 nm shifted to 395 nm. The absorbance at 296 nm was
biphasic, consistent with two hydrolysis processes for the
reaction; a double-exponential decay model was used to fit
(Prism 8) the data:

—k —kg
Y= (YE) - Yﬁnal)(ffast)e st + (YO - Yﬁnal)(l _ffast)e ot

where Y, and Y, are the initial and final absorbance,
respectively, f. is the fraction of the signal associated with the
fast rate (ideal = 0.5), kg and ky,,, are the rate constants for
each of the sites, and ¢ is the time in seconds.

Reverse Transcriptase Polymerase. The reverse tran-
scriptase RT-C8 was selected using in vitro mutagenesis and
optimized using compartmentalized bead labeling'* starting
with the previously developed relaxed fidelity, XNA incorpo-
rating, reverse transcriptase RT521K," itself derived from the
Thermococcus gorgonarius replicative polymerase.*”* Large-
scale expression and <puriﬁcation of RT-C8 was performed as
described previously.‘1 Briefly, RT-C8 was expressed in BL21
CodonPlus-RIL Escherichia coli cells (Agilent Technologies);
protein expression was induced in mid log phase (ODgy =
0.4—0.6) with anhydrotetracycline (final concentration of 0.4
ug/mL) for 4 h at 37 °C. A 1 L culture was harvested by
centrifugation and resuspended in 10 mL of lysis buffer A [S0
mM Tris-HCl (pH 7.4) and 1% (w/v) glucose] with 30 mL of
lysis buffer B [10 mM Tris-HCI (pH 7.4), 50 mM KCl, 0.5%
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NP40, and 0.1% Triton X-100] and 10 mL of S M NaCl and
lysed by incubation at 75 °C for 30 min. Cell debris were
pelleted by centrifugation, and the lysate was diluted 20-fold
with running buffer [SO mM NaCl, 10% glycerol, 0.02% NaNj,
and 20 mM Tris-HCl (pH 7.4)] and loaded onto a DEAE
Sephadex A-25 column (GE Life Sciences) equilibrated in
running buffer. The flow-through was collected and loaded
directly onto an equilibrated HiPrep Heparin FF 16/10
column (GE Life Sciences). The heparin column was washed
with running buffer, and a linear gradient from 50 mM to 1 M
NaCl was used to elute bound protein. RT-C8 typically eluted
at 0.5 M NaCl. The protein was exchanged into 2X polymerase
storage buffer [1 M KCl, 2 mM EDTA, and 20 mM Tris-HCI
(pH 7.4)] by filter dialysis (Amicon Ultra-15 centrifugal filter
unit, SO kDa cutoff, MerckMillipore) and stored in 50%
glycerol at —20 °C.

In Vitro RNA Transcript Synthesis and Folding. DNA
templates (IDT) for all RNAs were synthesized with the
addition of S’ and 3’ structure cassettes.” RNAs were
transcribed in vitro with T7 polymerase [40 mM Tris (pH
8.0), 25 mM MgCl,, 2.5 mM spermidine, 0.01% (v/v) Triton
X-100, 10 mM DTT, NTPs (2.5 mM each), 15 ng/uL
polymerase chain reaction (PCR)-generated template, and
0.05S mg/mL T7 RNA polymerase at 37 °C for 4 h], and the
RNA product was treated with TURBO DNase (Invitrogen).
Products were purified and exchanged into 0.5x TE buffer [S
mM Tris (pH 8.0) and 0.5 mM EDTA; RNAClean XP beads,
Agencourt]. RNAs were refolded by being heated for 1 min at
95 °C, placed on ice for S min, and incubated at 37 °C for 30
min. Folding buffers were: P546 intron domain [100 mM
HEPES (pH 7.5), 100 mM NaCl, and 10 mM MgCl,],* M-
Box riboswitch and RNase P catalytic domain [100 mM
HEPES (pH 8.0), 100 mM NaCl, and 10 mM MgCL,],>* VS
ribozyme [200 mM HEPES (pH 8.0), S0 mM KCJ, and 10
mM MgCl,],>* and group II intron [90 mM HEPES (pH 8.0),
90 mM KCl, and 115 mM MgCl,].**

Visualization of Cross-Linked RNA by Gel Electro-
phoresis. Folded RNA (either RNase P or VS ribozyme) was
treated with !/,, volume of 40 mM TBIA dissolved in DMSO,
IA dissolved in DMSO, or neat DMSO and incubated at 37 °C
for 15 min. Reactions were performed at 0.5 yM for RNase P
and 0.5, 1.0, 1.5, and 2.0 uM for VS RNA. Reaction mixtures
were purified using a G-50 spin column (GE Healthcare).
Aliquots normalized to 200 ng of RNA each were denatured in
an equal volume of loading buffer [95% deionized formamide,
0.025% (w/v) bromophenol blue, 0.025% (w/v) xylene cyanol,
and S mM EDTA] at 95 °C for 2 min. The denatured RNA
was loaded into a denaturing acrylamide gel (6% TBE-urea,
ThermoFisher) and resolved in 1X TBE running buffer [89
mM Tris-borate (pH 8.3) and 2 mM EDTA] at 180 V for 2 or
1 h for the RNase P or VS RNAs, respectively. The gel was
stained (30 min with 1X GelStar stain in TBE, Lonza) and
imaged using a UV transilluminator, using a non-saturating
exposure.

Cross-Linking, Reverse Transcription, and Sequenc-
ing Library Preparation. After folding, S pmol of RNA in
folding buffer was added to 40 mM TBIA, IA, or neat DMSO
at a 10:1 volume ratio. The samples were incubated at 37 °C
for 15 min for TBIA, 30 min for IA, and 30 min for no-reagent
controls; the incubation times were chosen to be five half-lives
of the reagent. Samples were desalted (G-50 spin columns, GE
Healthcare). RNAs were incubated with 10 pmol of a primer
specific to the 3’ structure cassette’ at 95 °C for 1 min and
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then placed on ice. Samples were then subjected to reverse
transcription [20 mM Tris-HCI (pH 8.8), 10 mM (NH,),SO,,
10 mM KCl, 2 mM MgCl,, 0.1% (v/v) Triton X-100, 200 uM
dNTPs, and 0.04 mg/mL RT-C8] at 65 °C for 4 h. Samples
were desalted (G-50 spin column, GE Healthcare). The cDNA
product was amplified and barcoded via a two-step PCR
approach® using a high-fidelity DNA polymerase (QS hot-
start, NEB). In step 1, 12 uL of the 50 uL reverse transcription
reaction mixture was amplified in a 50 yL PCR for 25 cycles
with forward and reverse primers containing Illumina
sequencing adapters. The excess primer was removed (DNA
beads at a 1:1 sample:bead ratio; Ampure DNA Beads,
Agencourt). In step 2, the product of step 1 was diluted to 0.5
ng/uL, and 1 ng was subjected to a 10-cycle PCR using
primers complementary to Illumina sequencing adapters that
contained TruSeq (Illumina) barcodes to differentiate samples
in the sequencer. Short products were removed prior to
sequencing (Ampure DNA beads, Agencourt; 1:1 sample:bead
ratio).

To identify an optimal RT enzyme, the steps described
above were performed for a diverse group of reverse
transcriptase enzymes, including MMLV-M (a mutant of
MMLYV reverse transcriptase with activity similar to that of
SuperScript 1I), Marathon RT,"® RT521K," and RT-C8,'*
except that NMIA was used as the monoadduct control.
Reverse transcriptase conditions were modified to correspond
to the reported optimum for each enzyme. For MMLV-M,
modified SHAPE-MaP reverse transcription conditions were
used.” Treated RNA (7 pmol) was incubated with 2 pmol of
the 3’ structure cassette’ primer and 2 gmol of dN'TPs at 65
°C for S min and then cooled to 4 °C for 2 min. The RNA/
primer mixture was incubated for 2 min at 25 °C in reverse
transcription buffer, and then MMLV-M was added [final
conditions of 50 mM Tris-HCI (pH 8.0), 75 mM KCl, 10 mM
DTT, 1 M betaine, 6 mM MnCl,, and 0.05 mg/mL MMLV-
M]. Reverse transcription proceeded for 90 min at 42 °C
followed by 10 cycles of 2 min at 50 °C and 2 min at 42 °C.
The reaction was stopped by heating the mixture to 70 °C for
10 min. For Marathon, a modified version of reported reverse
transcription conditions was used;'® 0.25 pmol of treated RNA
was incubated with 0.2 pmol of the 3’ structure cassette’
primer at 95 °C for 30 s and placed on ice. The incubated
RNA-primer was then subjected to reverse transcription [S0
mM Tris-HCl (pH 8.0), 100 mM KCl, 2 mM MgCl,, S mM
DTT, 500 uM dNTPs, and 0.5 uM MarathonRT] at 42 °C for
1 h. The reaction was stopped by heating the mixture in 300
mM NaOH at 95 °C for S min, and the reaction mixture was
neutralized with an equivalent amount of HCL For RTS521K,
the reverse transcription reaction was identical to that for RT-
C8 except that 2 mM MnCl, was substituted for 2 mM MgCl,.

Sequencing and Data Analysis. Samples were sequenced
on an Illumina MiSeq instrument using a 300-nucleotide kit for
P546, M-Box, and VS RNAs, a 500-nucleotide kit for RNase P,
and a 600-nucleotide kit for the group II intron; kit sizes
provided full coverage of the target sequence. A minimum read
depth of 500000 was achieved for all samples. FASTQ_files
were trimmed, left to right, of nucleotides with an average Q
score of <10 in a window of five nucleotides, as described.?
Reads were aligned with BWA-MEM.>* Custom Python scripts
were used to identify deletions of >10 nucleotides. Deletion
counts were normalized by the square root of the square of
median read depth across a five-nucleotide window at the 5’
and 3’ ends of the deletion; the rate of a given deletion in the
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control sample was subtracted from the deletion rate in the
cross-linked sample. The M-Box RNA was examined in this
work (see Figure S2A) but had a prohibitively low deletion
rate and was excluded from further analyses. All computational
analysis tools were packaged into a single pipeline; scripts are
available at weekslab.com or Github.com/Weeks-UNC. Full
independent replicates of all SHAPE-JuMP experiments were
performed in parallel. Replicates were reproducible as
determined by comparing overall deletion rates (Figure
S2A), correlation between individual deletion rates and
locations, and analyzing three-dimensional distance distribu-
tions (Figure S4) between replicate samples.

Analysis of the Significance of Through-Space
Distance Measurements. Random sampling was used to
assess whether the observed distributions of three-dimensional
cross-linking distances were distinct from the distribution of
distances based on random interactions of nucleotides as
positioned in the RNA tertiary structure. For each RNA, 1
million random internucleotide distances were sampled from
the reference structure. The random internucleotide distances
were sampled such that the distribution of sequence lengths
followed the same deletion length distribution as observed for
the most frequent 3% of TBIA-induced deletions. A
Kolmogorov—Smirnov test was performed to test if the
sampled and experimentally observed distance distributions
were significantly distinct from each other, as quantified by the
D statistic. D measures the degree of separation between two
distributions on a scale of 0—1, where a value of 0 indicates
that the two sample distributions are sampled from the same
population distribution and a value of 1 indicates that the two
distributions are distinct.

Restraint-Directed Three-Dimensional Structure
Modeling. Three-dimensional RNA structure modeling was
performed using the DMD iFoldRNA framework.”> We have
used this framework for prior (no-restraint) entries in the
RNA-Puzzles competitions.””> Models for all RNAs were
generated identically, with the exception that DMD steps were
doubled for the group II intron RNA, due to its larger size.
Modeling was performed in three steps. In step 1, a linear,
unstructured model was generated, composed of all residues in
the RNA, in which each nucleotide was represented by beads
for the phosphate, ribose, and nucleobase moieties. A 400000-
step molecular dynamics simulation was performed with
canonical base pairs restrained on the basis of the accepted
secondary structure. Eight identical sets of 10 replicas were run
with replica temperature factor values of 0.22, 0.24, 0.26, 0.28,
0.30, 0.32, 0.34, 0.36, 0.38, and 0.40 kT; each set had a unique
random seed. Structures extracted from all eight sets were
ranked on the basis of free energies, and the 1% lowest-free
energy structures were clustered using a 15 A RMSD cutoff.
The centroids of the eight largest clusters were then used to
seed the eight replica sets of the next step. Step 2 was
performed with the same parameters as step 1, except that the
number of modeling iterations was reduced to 200000 and
SHAPE-JuMP internucleotide interactions at multihelix and
external junctions were applied as energy bonuses (Figure 7B).
Internucleotide interactions between single-stranded regions of
a junction or between a single-stranded region and a closing
junction base pair were ascribed to the energy bonus (of —0.12
kcal/mol) when the paired nucleotides were within 30 and 35
A, respectively (see Figure 7C). Internucleotide distances used
as restraints were filtered by secondary structure proximity’ to
prevent artifactual disruption of base pairs by the restraints.
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Briefly, each SHAPE-JuMP contact was defined as nucleotide
positions n; and n; and compared against all base pairs, with
each base pair defined as positions m; and m;. If In; — m| + In; —
mjl < 4, the contact was not included.” An energy bonus was
also applied to each of the first three base pairs for those
helices branching from a junction (Figure 7B, green lines).
Bonuses were applied to base pairs within 8.6—8.9 A. Step 3
was executed in a manner similar to that of step 2, with the
addition that high-frequency tertiary SHAPE-JuMP internu-
cleotide interactions were included as restraints. Nucleotides
involved in SHAPE-JuMP interactions within the most
frequent 5%, 3%, 1%, and 0.5% of deletion rates were awarded
an energy bonus when participating nucleotides were within
50, 45, 40, and 35 A, respectively (Figure 7C and Figure SS).
These contacts were filtered by secondary structure proximity,
as described above, using a distance of 11 instead of 4; this step
removed restraints that reflect local secondary structure rather
than tertiary structure. At the end of step 3, the 1% lowest-free
energy structures were extracted from the eight replica
simulations. A representative model was selected by mapping
the SHAPE-JuMP (deletion) restraints onto these low-energy
structures, and the five models with the shortest restraint
distance range (largest minus shortest distance in the model,
calculated from those detected by SHAPE-JuMP) were
subjected to all-atom reconstruction®® and aligned with the
accepted reference structure (Figure 7D—G). We also analyzed
the final models by a more conventional approach and
clustered the low-energy structures using an RMSD cutoft
equal to the sequence length divided by 10, as described
previously.”” The centroid structure of the largest cluster was
aligned to the accepted reference structure.

RMSD Calculations. RMSD values for RNA structures
modeled using SHAPE-JuMP restraints were calculated using
the standard definition of the RMSD based on the positions of
all atoms

Z,’ di2

n

RMSD =

and based on normalizing this value to an RNA of 100
nucleotides (RMSD,,):>"

RMSD

RMSD,,, = —M8M8M8MM
100 —134+0S5Inn

where d is the distance between a pair of equivalent atoms and
n is the total number of atoms in the structure. The latter
metric facilitates comparison of modeling results for RNAs of
differing lengths.
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