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ABSTRACT: Capturing the folding dynamics of large, functionally important RNAs has relied primarily on global measurements of
structure or on per-nucleotide chemical probing. These approaches infer, but do not directly measure, through-space structu
interactions. Here we introduce trimethyloxonium (TMO) as a chemical probe for RNA. TMO alkylates RNA at high levels in
seconds, and thereby enables time-resolved, single-molecule, through-space probing of RNA folding using the RING-MaP correlz
chemical probing framework. Time-resolved correlations in the RNase B RNetional RNA with a complex structure
stabilized by multiple noncanonical interactiomgealed that a long-range tertiary interaction guides native RNA folding for both
secondary and tertiary structure. This unanticipated nonhierarchical folding mechanism was directly validated by examining t
consequences of concise disruption of the through-space interaction. Single-molecule, time-resolved RNA structure probing w
TMO is poised to reveal a wide range of dynamic RNA folding processes and principles of RNA folding.

hemical probing is widely used to monitor RNA foldingcorrelated chemical probing has been carried out using

reactions. Broadly, chemical probing involves reacting dimethyl sulfate (DMS).
RNA with a small molecule that is sensitive to the underlying DMS is widely used to examine interrelationships between
nucleic acid structute' Chemical probing has revealed RNA structure and cellular function, including in'célls.
numerous features of RNA biology and allows complex RNAMS has high reactivity with unpaired adenosine and cytidine
structures to be modeled with good to outstandingiucleotides, and our laboratory has developed reaction
accuracy.” However, most chemical probing strategiesonditions that now enable DMS to modify uridine and
merely infer RNA structure from observed reactivity, but dguanosine at structurally informative levelspgorting
not measure RNA structure directly. Methodsand refl0. DMS reacts slowly with RNA, with a

RNA interaction groups analyzed by mutationaligo  reaction half-life of12 min Figure C).

(RING-MaP) technologies directly detect through-space We sought to identify a chemical probe with the advantages
structural communication in RNA. In RING-MaP, RNAs ar®®f DMS but much faster reactivity. Trimethyloxonium
modied at high per-nucleotide rates such that multipldetra uoroborate (TMO)® is highly soluble, reacts through
chemical adducts occur in the same RNA strand and aR¥NA alkylation and self-quenching hydrolysis, and has a half-
comprehensively detected by a processive reldedist life in bu ered solution of 7.5 Sigure C, S.upporting Figure
reverse transcription (MaP) reactioff. RING-MaP meas- 1) TMO thus reacts 90 times more rapidly than DMS, does
ures reagent-induced sequential unfolding of RNA molecul&®t require an explicit quenching step, and probes RNA
however, every molecule is perturbed in a unique manner aiding on the seconds time scale. .
perturbations average out over a population of moféfules. We compared TMO and DMS reactivities by probing the
Modi cation of one nucleotide in a dynamically exposed bag&ucture of thé. stearothermophiiimonuclease P (RNase
pair or tertiary interaction can block local refolding, increasirfg) catalytic domain, an RNA with a complex secondary and
the probability of subsequent modtion of the pairing Ertiary structurE?™® TMO and DMS both achieve the high
partner Figure A). Through-space structural communication!€vel of reactivity required for correlated chemical probing

is detected as the subset of interdependent or correlatégigure ). TMO, like DMS, measures RNA structure in
modi cation events in the same molecular strand of RNACCUrate and useful ways, as shown by multiple experiments.
(Figure B). RING-MaP chemical probing can be used to First, superimposition of TMO and DMS reactivities on the

measure multiple features of RNA structure, depending gigcondary structure of RNaseFRj(re B) and a second
how correlation data are interpreted. RING-MaP has bee=

used to directly detect RNA duplexes (termed PAIRNfaP), Received: June 9, 2020 2JALS
to de ne multiple conformational states in an RNA Published: October 23, 2020 o
ensemblg,and to reveal tertiary interactions and through-
space structural communicdtion’ (Figure B). In this &w
study, we focus on the latter, examining through-space -

RINGs, in a time-resolved way. To date, RING-MaP
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A Folded = Unfolded B Per-nucleotide reactivity (Figure 2 Supporting Figure),2these data emphasize that
high-level TMO reactivity measures RNA structure accurately
=\ and does not disrupt the underlying RNA structure.
| BN ’T““‘A”f“ Given this extensive validation, we used TMO to follow
g RN time-dependent RNA folding processes in two ways: (i) time-
: : T - I series per-nucleotide reactivity data to reveal folding kinetics

. Chemical | and (ii) pairwise correlation data to map through-space RNA
modification ‘L Through-space RING correlations interaction networkgi(gure B)

- Correlated ! We performed time-resolved probing experiments with
TMO, in replicate Supporting Figure)4to characterize the
—Independent V @ g folding landscape of RNase P. RNA folding was initiated by
adding Mg (to 10 mM) to RNase P (5M, pH 8) at 37°C.
1 1 1

Aliquots were removed at 5 to 1200 s intervals aftér Mg
%o i . addition and were added to one-tenth volume of TMO (to
100 mM nal). TMO reactivity prdes were used to generate
c fN\H:‘ ; L2 o, data-directed structural models of the RNase P RNA as a
| QAL
/

<’: B function of time. Roughly 40% of nucleotides in the RNA
showed time-dependent behavior.

RNase P architecture is comprised of canonical base pairing
in helices P1P19, noncanonical pairing and stacking
throughout the catalytic core, and a Iong-range tertiary pairing
ho Reagent La(:0)  Stuc between loops L5.1 and L15Fg(re 3).* Prior to Mg*

Hydrolysis (| S29°T here addition, helices P2, P5, and P15 were reactive and thus not
0. 0 formed. P2, in particular, forms a pseudoknot critical for
CHs DMS 690 HSC\O:‘S:O,CH3 tertiary folding of the RNA. Nucleotides in the catalytic core
H3C-0 and in the L5.1L15.1 looploop interaction were also
CH,OH CH, reactive and thus not formed (detailed reactivities shown in
TMO 75 H3C—o:+ Supporting Figure).5Time-resolved TMO probing revealed
CHy that nucleotides in the P2, P5, and P15 helices refolded
relatively slowly upon Kfgaddition, with nucleotides in the
catalytic core showing even slower reactivity change® (

TMO
CH
3 CH
/ ;73
M- Methylation HaC-0
CH, y

Figure 1. Correlated probing and TMO reactivity. (A) Mechanism of

correlated chemical probing. Fluctuations in base-pairing or highegs O
order structure enable chemical muation, such that one %IB)' Conversely and intriguingly, loops L5.1 and L15.1 were

modi cation event promotes reaction with a second site (correlater(?lat,'\,/eIy rapidly protected from TMO reaction, suggestive of
adducts). In contrast, modations at low-structure sites occur @ Cfitical role for this element in the folding landscape.
independently. Reactive sites emphasized with red backbone. (BfSlobal structural transitions of the RNase P catalytic
Strategies for analyzing time-resolved probing data. (Top) Conveiomain have been monitored previously by their circular
tional time series of per-nucleotide reactivity changes and (bottordjchroism prde. These studies revealed that the RNA folds
pairwise through-space RING correlations. (C) RNA methylatiothrough a, currently uncharacterized, metastable intermediate
and hydrolysis reactions for TMO. to form the equilibrium structure.Time-resolved TMO
reactivity data suggested that P2, P5, the catalytic core, and
model RNA Gupporting Figure) 2eveals that both reagents the L5.1 L15.1 interaction might all contribute to formation
react with all four RNA nucleotides and preferentially witlof intermediates in the RNase P RNA folding pathway.
unpaired RNA regions. Second, TMO reactivities correlate We next analyzed these same TMO data based on pairwise
strongly with those for DMSFifjure Z) and, third, RING correlations Higure A,B). Extensive changes in
discriminate strongly and similarly between paired anihrough-space structural communication occur as the RNase
unpaired positions at all four ribonucleotid&spiforting P RNA foldstigure &€, green lines and heatmap intensities).
Figure 3 A few nucleotides show eliences, rective of Interactions are relatively sparse in the absence?bf Mg

distinct probe structure and charge feattigsres C, 2A); consistent with the role of RMgn stabilizing tertiary RNA
specically, adenosine residues that form Hoogsteen base paitgictures. Correlations linking P4 and P7, and P2 and P15.2
react preferentially toward DMSgure £). occurred in the absence of?Mgut disappeared in theal

Fourth, per-nucleotide reactivity data direct accurate modeigucture, indicative of misfolding in the**Mge structure.
of the RNase P secondary structure using both DMS ar{dorrelations between the L5.1 and L15.1 loops appeared
TMO, which requires both good detection of unpaired sitegapidly upon addition of Migand then decreased gradually as
and maintenance of the overall RNA struttlrsvhen  the RNA folded Rigure €, Supporting Figure).6 The
reactivities are converted to pseudo-free energy chandgcrease in correlation density in LB16.1 after 60 s likely
restraints, DMS reactivity-informed modeling of both RNase ects that fewer pairwise maeditions are observed as
P and other model RNA structures recovered both long- amiicleotides in these stable noncanonical interactions become
short-range helices and a pseudoknot, as exXpeEmo; unreactive. In sum, visualization of through-space folding
reactivity data yield secondary structure models of comparabfegure &,D, Supporting Figure eveals rapid formation of
accuracyKigure B, Supporting Figure).2 the tertiary L5.1L15.1 loop loop interaction followed by
Fifth and nally, TMO reactions performed at 40 and 100slower folding of the P2 pseudoknot and catalytic core.
mM reagent are highly correlaté € 0.96; Supporting Our study thus far suggested that the 1L3.3.1 tertiary
Figure 4A\ Taken together with accurate structure modelingnteraction guides native RNase P RNA folding. We made a
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Figure 2. Comparison of TMO and DMS reactivities. (A) Raw reactivity rates (top) for the RNase P catalytic domain RNA. RNA adducts were
identi ed using MaP*° median modkations per strand were& Loop (L) and junction (J) landmarks are emphasizestate rates are

labeled. Dierential reactivity (bottom) occurs preferentially at sites of noncanonical base pairing (labeled nucleotides). (B) Reactivities
superimposed on the RNase P secondary structure. Red, yellow, and black nucleotides indicate high, medium, and low reactivities, respecti
Dashes and circles connecting nucleotides show VZaiskrand noncanonical base pairing, respectively. (C) Correlation between TMO and
DMS reactivity. Points indicate individual nucleotides. Positions with preferential reactivity toward DMS (red) correspond to Hoogsteen-pairec
adenosine nucleotides and were excludedRframlculation. (D) Chemical probing-directed secondary structure models for the RNase P
catalytic domain based on TMO and DMS reactivities, modeled using the PAIR-MaP faBleevatkd greenarcs indicate correctly
predicted base pairs; gray arcs indicate missed base pairs relative to the accepted structure.

concise two-nucleotide mutation that extends the P15.1 hefidly in the mutant, as these nucleotides were more reactive
and disrupts noncanonical tertiary base pairing between L%ihn for the native sequence RNAg(re 8). RING

and L15.1Kigure A). TMO probing showed that the native correlations then directly showed that neither the ILE511
sequence and L15.1 mutant RNAs formed the same misfoldeteraction nor the P2 pseudoknot formed in the mutant
starting structure in the absence of*Mgpon Mdg* (Figure €, Supporting Figure).7Indeed, the nal mutant
addition, TMO reactivities suggested that neither the L5.1structure resembles that observed for early folding stages of
L15.1 tertiary interaction nor the P2 pseudoknot formed the native RNA. The L5.115.1 looploop tertiary
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Figure 3. Time-resolved folding of the RNase P RNA. (A) Secondary structure. Regions undergoing folding transitforazidition ksig

emphasized in color (in all panels). (B) Time-dependent reactivigs phadividual per-nucleotide reactivities are shown as points. Red and
black lines show beds to averaged reactivities for nucleotides that form the.15.1 interaction and for all other folding motifs. Rate
constants are 0.030 and 0.0%]1 respectively. Representative unchanging region is showrandtigray line. (C) Pairwise through-space
RING-MaP correlations as a function of folding time. Internucleotide correlations are shown with green lines superimposed on secondai
structure; heatmaps of the same data are shown below each panel, with key regions boxed and labeled. (D) Three-dimensional structure of RN
P RNA!® with superimposed RING correlations.

interaction thus coordinates RNA folding at both base-pairirand prior to higher-order tertiary structiffedlithin this

and tertiary-structure levels. framework, structural coupling is also observed such that
RNA folding is broadly modeled as hierarchical, meanirgjsruption of a tertiary structure can destabilize secondary

that base-paired secondary structures form independentlystfucture? #*
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