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ABSTRACT: We introduce a melded chemical and computational
approach for probing and modeling higher-order intramolecular tertiary
interactions in RNA. 2′-Hydroxyl molecular interference (HMX)
identiﬁes nucleotides in highly packed regions of an RNA by exploiting
the ability of bulky adducts at the 2′-hydroxyl position to disrupt overall
RNA structure. HMX was found to be exceptionally selective for
quantitative detection of higher-order and tertiary interactions. When
incorporated as experimental constraints in discrete molecular dynamics
simulations, HMX information yielded accurate three-dimensional
models, emphasizing the power of molecular interference to guide
RNA tertiary structure analysis and fold reﬁnement. In the case of a
large, multidomain RNA, the Tetrahymena group I intron, HMX
identiﬁed multiple distinct sets of tertiary structure interaction groups in
a single, concise experiment.

can be monitored in the selective 2′-hydroxyl acylation
analyzed by primer extension (SHAPE) strategy that uses
reagents sensitive to the nucleophilicity of the 2′-OH group,
which is dependent on the underlying ﬂexibility of the
nucleotide.12−14 Reactivities of these and other chemical
probes, like DMS, CMCT, and kethoxal, are modulated by
both secondary and tertiary structure interactions, and it is
usually diﬃcult to deconvolute the relative inﬂuence of each
type of interaction.
Here, we describe a strategy in which 2′-hydroxyl-selective
reagents are used in a modiﬁcation interference experiment to
simply, directly, and speciﬁcally interrogate RNA tertiary
structure. In this approach, which we call 2′-hydroxyl molecular
interference, or HMX, a hydroxyl-selective reagent is used to
create a pool of RNAs with evenly distributed 2′-O-ester
adducts. Next, a structure-selective pressure, such as RNA
folding, is placed on the pool of modiﬁed RNAs. A subset of 2′O-ester groups will interfere with molecular interactions and
prevent native structure formation. By partitioning the sample
into folded and unfolded states, nucleotides whose modiﬁcation
disrupts tertiary interactions are identiﬁed. Here we use this
information to characterize the internal packing interactions
that deﬁne higher-order RNA structure, to reﬁne threedimensional structure models, and to detect multiple sets of
tertiary interactions in a large complexly folded RNA.

RNA plays diverse and central roles in the regulation of gene
expression.1 Information is encoded in RNA at several levels:
the primary sequence, the speciﬁc base pairing pattern that
deﬁnes the secondary structure, and higher-order RNA
structures composed of tightly packed secondary structure
elements stabilized by a few key tertiary interactions.2 The
precise formation of higher-order tertiary structures is critical to
the function of many RNAs.3,4 RNA secondary and tertiary
interactions can be interrogated by modifying an RNA with
chemical probes or by incorporating nucleotide substitutions
that disrupt native structure. In modiﬁcation interference, an
RNA is treated to introduce chemical modiﬁcations, usually at
the nucleobases, and then the RNA is subjected to a
partitioning experiment to distinguish functional from nonfunctional molecules.5−7 For the nucleotide analogue interference mapping (NAIM)8,9 strategy, nucleotide analogues are
incorporated into an RNA transcript, and active RNAs are
partitioned from those that are inactivated because of the
nucleotide analogue. Both modiﬁcation interference and NAIM
can interrogate most nucleotides in an RNA to identify singlenucleotide and single-atom interactions, respectively, critical to
the tertiary structure.5,6,8,9 These approaches generally require
multiple distinct experiments to interrogate the tertiary
environment of every nucleotide in an RNA.
Chemical probes are also widely used to examine both
solvent accessibility and dynamics in the RNA backbone. The
solvent accessibility of the RNA backbone can be monitored by
hydroxyl radical footprinting (HRP).10,11 Backbone dynamics
© 2014 American Chemical Society

Received: September 26, 2014
Published: October 23, 2014
6825

dx.doi.org/10.1021/bi501218g | Biochemistry 2014, 53, 6825−6833

Biochemistry

■

Article

ensembles in the presence of a 2′-O-ester adduct, where SF(i)
and SU(i) are the intensity of the folded and unfolded bands,
respectively, for nucleotide i. The HMX score is

MATERIALS AND METHODS
RNA Constructs. DNA templates for yeast tRNAAsp, the
Escherichia coli TPP and Bacillus subtilis M-Box riboswitches,
the Tetrahymena group I intron P546 domain, and the full
length Tetrahymena group I intron template (425 nucleotides)
included 5′ and 3′ structure cassette ﬂanking sequences13 and
were generated by the polymerase chain reaction (PCR). RNAs
were transcribed in vitro [1 mL; 40 mM Tris (pH 8.0), 10 mM
MgCl2, 10 mM dithiothreitol, 2 mM spermidine, 0.01% (v/v)
Triton X-100, 4% (w/v) poly(ethylene) glycol 8000, NTPs (2
mM each), 50 μL of PCR-generated template, and 0.1 mg/mL
T7 RNA polymerase at 37 °C for 4 h] and puriﬁed by
denaturing polyacrylamide gel electrophoresis (8% polyacrylamide, 7 M urea, 29:1 acrylamide:bisacrylamide ratio, 0.4 mm ×
28.5 cm × 23 cm gel; 32 W, 1.5 h). RNAs were excised from
the gel, recovered by passive elution overnight at 4 °C, and
precipitated with ethanol. The puriﬁed RNAs were resuspended
in 50 μL of TE and stored at −20 °C.
RNA Modiﬁcation for Molecular Interference. RNA was
mixed with its 32P-labeled equivalent, denatured by being
heated to 90 °C for 2 min [32 μL; 30 pmol of unlabeled RNA,
106 dpm 5′-32P-radiolabeled RNA, and 100 mM HEPES (pH
8.0)], added to an NMIA solution [1.3 μL, 0.4 M in dimethyl
sulfoxide (DMSO)], and allowed to react at 95 °C for 5 min.
This modiﬁcation process was repeated three times, and after
the third modiﬁcation, the sample was placed on ice. For the
full length Tetrahymena group I intron RNA, 60 pmol of
unlabeled RNA was used and the modiﬁcation procedure
implemented twice. A no-modiﬁcation control reaction was
performed identically using neat DMSO. Any water evaporated
during the modiﬁcation was replaced to bring the volume to 36
μL (TPP samples were brought to 32 μL). For experiments in
which band populations were quantiﬁed and visualized, 100000
dpm of 5′-32P-radiolabeled RNA was used per condition; gels
were visualized by phosphorimaging.
RNA Folding, Structural Partitioning, and Adduct
Detection. Modiﬁed RNA was treated with 4 μL of 10×
folding buﬀer (100 mM MgCl2 and 1 M NaCl) and incubated
at 37 °C for 30 min. Folding of the TPP riboswitch RNA was
similar except that the RNA was incubated in folding buﬀer at
37 °C for 10 min, after which the TPP ligand (4 μL, 50 mM)
was added and the sample was incubated at 37 °C for 20 min.
The 40 μL of the folded RNA sample was immediately added
to an equal volume of an 80% glycerol solution containing
bromophenol blue and xylene cyanol and resolved on a
nondenaturing polyacrylamide gel [8% polyacrylamide, 19:1
acrylamide:bisacrylamide ratio, 0.5× TB (45 mM Tris and 45
mM boric acid), 50 mM NaCl, and 5 mM Mg2Cl; 0.4 mm ×
28.5 cm × 23 cm gel; 20 W, 8 h]. The gel was run in a cold
room at 4 °C to ensure that the gel temperature did not
increase above 37 °C. The anode and cathode buﬀer wells were
periodically refreshed to maintain ion homeostasis. Bands were
visualized by exposing the gel to ﬁlm (Kodak BioMax) for 1 h.
The ﬁlm was used as a template to guide excision of the
unfolded and folded band from the gel. Samples were recovered
by passive elution overnight at 4 °C, puriﬁed by ethanol
precipitation, and resuspended in 10 μL of water. 2′-O-ester
adducts in each band were detected by reverse transcription
using ﬂuorescently labeled primers and resolved by capillary
electrophoresis, as outlined previously.13,30
HMX Score. HMX experiments measure the functional
partitioning of the folded, SF(i), and unfolded, SU(i), RNA

HMX score(i) ∼ SU(i)/[S F(i) + αSU(i)]

where the coeﬃcient α reﬂects the relative populations of
RNAs with modiﬁcations at each nucleotide i (given that the
absolute number of modiﬁcations in the ensemble cannot be
determined). We estimated α by assuming that the total
amount of adduct at each nucleotide position is roughly the
same by minimizing the ratio between the average total
modiﬁcations over the corresponding standard deviation, ⟨SU(i)
+ αSF(i)⟩/δ[SU(i) + αSF(i)], where the average and standard
deviation are taken over all nucleotide positions:
α=

(⟨SUSU⟩ − ⟨SU⟩2 )⟨SF⟩ − (⟨SFSU⟩ − ⟨SU⟩⟨SF⟩)⟨SU⟩
(⟨SFSF⟩ − ⟨SF⟩2 )⟨SU⟩ − (⟨SFSU⟩ − ⟨SU⟩⟨SF⟩)⟨SF⟩

Physical separation of folded and unfolded ensembles is not
completely quantitative. The folded ensemble was generally
well-deﬁned, but there was some folded-like RNA in the
unfolded ensemble. We took this into account by subtracting
the folded reactivity proﬁle from the non-native one:
HMX score(i) ∼ [SU(i) − βSU(i)]/[S F(i) + αSU(i)]

The contribution of the folded state was most pronounced
for nucleotides with low adduct reactivity in the unfolded
ensemble; therefore, we estimated β by identifying regions with
relatively low adduct reactivity in the unfolded ensemble that
also had the highest correlation coeﬃcients between the
unfolded and folded ensembles (Figure S2 of the Supporting
Information). The coeﬃcient β was deﬁned as the slope of the
linear regression between the unfolded and folded 2′-O-ester
adduct intensity in these regions.
Modeling of Adduct Disruption of Native RNA
Tertiary Structure. The 2′-O-ester adducts were modeled as
spheres (Figure 4A). Hydrogen atoms were added using the
Molprobity web service,31 and the RNA model was extracted
from a Protein Data Bank (PDB) ﬁle. Volume integrals were
calculated using a Monte Carlo integration algorithm. The
center of the adduct sphere was deﬁned as a vector in the
direction of the ribose C2′−O2′ bond of length L from the
ribose O2′ position. Atoms from the originating and directly
adjacent 5′ and 3′ nucleotides were excluded from the
calculation. Clashes between atoms of the RNA and the center
of the adduct sphere were assumed to be most disruptive. Thus,
points for the Monte Carlo integration were sampled from a
normal distribution with σ deﬁned as the radius of the adduct;
points are thus concentrated at the center of the adduct sphere.
Points falling within the van der Waals radii of atoms in the
accepted structure were scored as hits. Volume integrals
converged after sampling 100000 points at each nucleotide
position.
HMX-Directed Structure Reﬁnement by Discrete
Molecular Dynamics (DMD). DMD simulations comprised
three steps. First, the RNA was folded from the linear sequence,
constrained by the accepted canonical base pairing pattern.
Second, we performed replica exchange DMD simulations with
the additional tertiary structure constraints derived from HMX
scores. Finally, we selected the 100 structures with the lowest
energies and highest correlations between the structure and the
experimentally derived HMX scores. We incorporated HMX
information in terms of solvent accessibility, using an approach
6826
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previously developed to model hydroxyl radical probing.24 The
relative solvent accessibility was interpreted as the number of
contacts that sugar pseudoatoms have within a predetermined
distance from the center of each pseudoatom. Positions with
high HMX scores were allowed more tertiary contacts than
those with low scores.24 We assigned two biasing potentials
based on the number of tertiary contacts as calculated from the
HMX score. The ﬁrst term is an attractive potential that
collapses the RNA to achieve a compact structure. The second
term is a repulsion potential to prevent overburial of a
nucleotide when it exceeds the assigned number of threshold
contacts. The minimal number and maximal number of
threshold contacts were calculated from a structure database
to be 0.5 and 11, respectively.24 For any nucleotide exceeding
the HMX scores below or above the threshold, we assigned
values of 0.5 and 11.
DMD Simulations and Consensus Structure Modeling.
We performed replica exchange DMD simulations for each
RNA system using 12 replicas with temperatures of 0.200,
0.215, 0.230, 0.246, 0.262, 0.277, 0.293, 0.311, 0.330, 0.350,
0.375, and 0.400 kcal mol−1 kB−1. We set each exchange event
to occur at 1000 DMD time steps according to a Metropolisbased Monte Carlo algorithm. For each replica, we performed a
5 × 105 DMD time step simulation. We then generated
snapshots every 100 DMD time units; from these snapshots, we
selected 1000 snapshots with the lowest energies, calculated
correlations between the number of tertiary contacts and the
relative solvent accessibilities derived from the HMX scores,
and selected the 100 structures with the lowest (negative)
correlations. We then performed the same selection procedure
in reverse order, ﬁrst selecting the 1000 structures with the
lowest correlations based on the experimentally determined
HMX scores and then selecting the 100 structures with the
lowest energies. These 200 structures were then ranked by
energy and structure reactivity correlation coeﬃcient, and 100
structures were used to represent the ﬁnal structural
ensemble. 24 These ﬁnal ensembles were clustered by
hierarchical clustering. For each RNA, the clustering cutoﬀ
was three-quarters of the average root-mean-square deviation
(rmsd) as a function of RNA length; that is, the clustering
cutoﬀ was smaller for smaller RNAs with the maximum for
larger RNAs equal to 4 Å.26

Figure 1. 2′-Hydroxyl molecular interference (HMX). (A) Structure
of the 2′-O-ester adduct introduced by reacting RNA with NMIA.
Select 2′-hydroxyl adducts interfere with native folding, creating a
population of unfolded RNA that can be partitioned from fully folded
RNA. (B) Partitioned populations are separately analyzed for functiondisrupting chemical adducts. HMX proﬁles are calculated by crosscorrelation.

mobility in nondenaturing acrylamide gels, although many
other selection strategies are compatible with this approach.
After folded and unfolded populations had been partitioned,
positions of modiﬁed nucleotides were detected as stops using
reverse transcription-mediated primer extension. Adducts that
disrupted folding were identiﬁed by comparing the proﬁles of
the unfolded and folded RNA at each position (Figure 1B).
HMX scores for each nucleotide were calculated as the
diﬀerence between the normalized proﬁles for the folded and
unfolded RNA.
We initially explored the HMX approach using structurally
diverse RNAs for which high-resolution structures are available:
yeast tRNAAsp (75 nucleotides),15 the E. coli thiamine
pyrophosphate (TPP) riboswitch (79 nucleotides),16 the B.
subtilis M-Box riboswitch (156 nucleotides),17 and the
Tetrahymena group I intron P546 domain (160 nucleotides).18
After the RNA had been modiﬁed with NMIA under
denaturing conditions, RNAs were folded under conditions
that stabilize their native and tertiary structure. The TPP and
M-Box riboswitch RNAs were folded in the presence of
saturating ligand concentrations.
The unfolded RNA state was identiﬁed by an increase in
population of a species in the modiﬁed RNA as compared to
the unmodiﬁed RNA (Figure 2A). In the case of the TPP and
M-Box riboswitches, and the P546 domain, there was a clear

■

RESULTS
HMX Overview. In the ﬁrst step of the HMX strategy, an
RNA of interest is modiﬁed with a 2′-hydroxyl-selective reagent
under denaturing conditions such that modiﬁcations are
distributed roughly equally and sparsely among all nucleotides
in the RNA population. Second, the RNA is allowed to fold
under conditions that favor the native, functional state. Third,
the RNA is subjected to a selection step to partition the RNA
into active and inactive components. An experiment with an
unmodiﬁed control is performed in parallel. RNAs were
modiﬁed using N-methylisatoic anhydride (NMIA).12 NMIA
is particularly well-suited for this application because it modiﬁes
RNA at high temperatures, to form a simple bulky (but not too
bulky) adduct in the RNA backbone. Under denaturing
conditions (95 °C at low ion concentrations), NMIA modiﬁes
all positions in an RNA at the 2′-hydroxyl position (Figure 1A
and Figure S1 of the Supporting Information). Some adducts
will have no or small structural consequences, whereas other
adducts will prevent native folding of the RNA. We partitioned
the natively folded from the unfolded structures based on
6827
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HMX score that allowed identiﬁcation of nucleotides
preferentially modiﬁed in the unfolded population relative to
the folded population. The HMX score takes into account that
the separation of unfolded and folded populations using 2′-Oadduct molecular interference is imperfect and that there is
some noise in the separated signals (Materials and Methods
and Figure S2 of the Supporting Information). Positions with
intermediate and high interference scores were visualized on
the known three-dimensional structures15−18 of each RNA
(Figure 3). Nucleotides with high HMX scores corresponded
to nucleotides directly involved in tertiary interactions and to
nucleotides within densely packed regions of the RNA. Because
the 2′-O-ribose modiﬁcation occurs in the RNA backbone and
likely does not signiﬁcantly destabilize helix formation,20,21
interfering positions corresponded almost exclusively to higherorder interactions and not to canonically base-paired
nucleotides (Figure 3).
Molecular Overlap Model for HMX Intensities. Because
molecular interference appeared to correlate so strongly with
RNA tertiary interactions, we sought to understand the
molecular basis of this correlation. To do so, we ﬁrst deﬁned
a pseudoatom, representing the 2′-O-ester adduct, described by
two parameters: L, the length of the pseudoatom vector
extended from the 2′-carbon−2′-oxygen bond, and r, the radius
of the pseudoatom. Using the accepted three-dimensional RNA
structures, we calculated the degree to which surrounding
nucleotide atoms intersected the deﬁned pseudoatom shell,
based on their van der Waals radii (Figure 4A). The
pseudoatom bond length and atomic radius were determined
by calculating a correlation coeﬃcient between the simulated
and experimental interference scores (Figure 4B). The
pseudoatom parameters that best ﬁt the experimental data for
all RNAs were an L of 2 Å and an r of 5 Å. A pseudoatom with
these parameters tightly, and fully, encapsulates the NMIA
adduct ester at a ribose ring (Figure 4C).
The correlations between the experimental interference
scores and the molecular overlap calculations for each RNA

Figure 2. Partitioning of RNA populations. (A) Folded and unfolded
populations for modiﬁed and unmodiﬁed RNAs separated by
nondenaturing gel electrophoresis in the presence of 50 mM NaCl
and 5 mM MgCl2. For clarity, gel images were straightened and scaled
to show similar representations for each RNA; band intensity proﬁles
are unaltered. (B) Band intensities as a function of gel migration
distance.

shift to a second (unfolded and less compact) state in the
modiﬁed RNA, relative to the unmodiﬁed control RNA (Figure
2B). In the case of tRNAAsp, folded and unfolded states
separated, but just barely. The unfolded state for tRNAAsp
migrated slightly more rapidly than the folded state, implying
that the L-shaped tertiary structure causes the folded RNA to
migrate more slowly than the unfolded structure, consistent
with the known behavior of bent RNAs.19
After partitioning, sites of modiﬁcation were identiﬁed in the
folded and unfolded populations by reverse transcriptionmediated primer extension. 2′-O-Ester adducts that prevent
folding were over-represented in the unfolded band and underrepresented in the folded band (Figure S2A of the Supporting
Information). The resulting modiﬁed RNA data were
normalized using a cross-correlation approach to create an

Figure 3. Visualization of HMX interference information on accepted three-dimensional structures.15−18 The 2′-OH group for each nucleotide is
shown as a sphere and the phosphoribose backbone as a tube. Nucleotides are colored by HMX score; the TPP ligand is colored green.
6828
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Figure 4. Physical model for 2′-hydroxyl molecular interference. (A) Model for interference by molecular overlap in which adducts are represented
by a pseudoatom (gray) a distance L from the O2′ position at radius r. (B) Analysis of optimal pseudoatom bond length and atomic radius. The
maximal correlation between Pearson’s r and pseudoatom representing 2′-hydroxyl molecular interference is boxed. (C) Relationship between
pseudoatom dimensions and the 2′-O-ester adduct. (D) Relationship between HMX scores and molecular overlap for tRNAAsp, the TPP and M-Box
riboswitches, and P546 domain RNAs. HMX score proﬁles (red) show a high correlation with calculated molecular overlaps (black) for each RNA.
Pearson correlation coeﬃcients are shown.

solvent accessibility, can be used as structural constraints in
discrete molecular dynamics simulations22,23 to improve the
quality of structural models relative to that of unconstrained
simulations.24 Implementation of the HRP-based potential is
experimentally and computationally diﬃcult, because HRP data
are inherently noisy, especially for smaller RNAs with few
solvent-protected nucleotides. We adapted the procedure
previously developed for HRP-reﬁned structures24,25 to develop
three-dimensional models for these four RNAs based on HMX
constraints. DMD simulations were performed using a
simpliﬁed model in which each nucleotide was represented
by three pseudoatoms corresponding to the base, sugar, and
phosphate groups.23 The energy function used to direct folding
included terms for both bonded and nonbonded interactions.
Additional potential energy terms incorporated information
about the number of tertiary contacts as estimated from HMX
data. Structures obtained by simulation were clustered on the
basis of structural similarity to generate a representative model
for each RNA.

are high (Figure 4D), indicating that the 2′-O-ester adduct
disrupts RNA structure by sterically blocking RNA interactions
in crowded regions of the RNA. For example, interfering
nucleotides in the TPP riboswitch interact directly with ligand
and other nucleotides form RNA−RNA contacts. These results
emphasize that HMX will be useful for examining intramolecular and intermolecular RNA contacts and protein and
small molecule ligand interactions with RNA. Critically, as
judged by visualizing interfering positions in three dimensions
(Figure 3) and from molecular overlap analysis (Figure 4D),
HMX analysis is exquisitely sensitive to higher-order molecular
interactions in RNA, with essentially no detection of false
positive interactions.
Three-Dimensional RNA Structure Modeling. The
HMX strategy yields a quantitative physical measurement
related to the extent of RNA tertiary structure packing at the
site of an individual nucleotide. We therefore explored whether
HMX scores could be used to reﬁne three-dimensional models
for RNA. Our laboratories have previously shown that hydroxyl
radical probing (HRP) data, which are roughly related to
6829
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consistent with the molecular interference information (Figure
5 and Table S1 of the Supporting Information). Thus, the
HMX-directed simulations proved to be highly robust, did not
return a false positive model when data were insuﬃcient (as in
the case of tRNAAsp), and yielded highly signiﬁcant models for
RNAs as large as 160 nucleotides.
HMX Reveals Individual Structural Domains in a
Large Group I Intron RNA. The Tetrahymena group I intron
is formed from a set of conserved RNA domains. These
domains include the P5−P4−P6 and P9−P7−P3−P8 domains,
which form the active site of the RNA, and a P1−P2 helix that
contains the 5′ splice site.27,28 When the Tetrahymena group I
intron RNA construct (∼420 nucleotides), designed to
recapitulate the intron structure visualized by crystallography,29
was subjected to the HMX experiment, partitioning immediately revealed multiple unfolded states (Figure 6A). The fastest
migrating band is the most nativelike structure, and each
subsequent lower-mobility band represents an RNA state with
decreasing levels of tertiary structure, with the slowest
migrating band reﬂecting an RNA with no tertiary structure.
HMX scores for each unfolded band were calculated by
comparing each state to the fully folded RNA.
The HMX proﬁle for the ﬁrst structural intermediate, I1,
reveals eight regions with high HMX scores (Figure 6B). These
positions fall primarily in the P1−P2 helices and in the P9−
P7−P3−P8 domain around the intron active site (Figure 6B,
red circles). The ﬁrst intermediate band thus corresponds to a
structure in which 2′-hydroxyl interference disrupts docking of
the P1−P2 helix via interactions with the P9−P7−P3−P8
domain (Figure 7, red).
To visualize the speciﬁc nucleotides whose modiﬁcation
induced formation of the I2 and fully unfolded states, we
calculated diﬀerence HMX scores for these two transitions
(Figure 6C,D and Figure S3 of the Supporting Information).
Analysis of diﬀerences between I1 and the second intermediate,
I2, reveals a large number of newly interfering nucleotides,
involving many of the long-range tertiary contacts that stabilize
the interaction between the P9−P7−P3−P8 and P5−P4−P6
domains (Figures 6C and 7A, blue). Changes in interference
proﬁles between I2 and the fully unfolded RNA fall almost
exclusively in the P5−P4−P6 domain (Figures 6D and 7A,
green). Taken together, these data indicate that the I2
intermediate corresponds to a state in which most or all
tertiary interactions have been disrupted except those in the
P5−P4−P6 domain. The transition from the I2 intermediate to
the fully unfolded state then reports unfolding of this latter
domain and loss of all remaining tertiary interactions.
This single HMX experiment (Figure 6) reveals a hierarchy
of tertiary interactions fully consistent with extensive prior
crystallographic and biochemical analyses.27,28 Moreover, HMX
also emphasizes the high degrees of cooperativity in these
interactions, as 2′-O-ester interference at any nucleotide in one
of the three structural networks of interfering nucleotides yields
similar folding intermediate states (Figure 7).

The predicted structural models for each RNA were
evaluated in terms of the number and population of clusters
as well as the calculated rmsd from the accepted crystal
structures. HMX-directed simulations produced structurally
and statistically signiﬁcant26 nativelike RNA structured models
for the TPP and M-Box riboswitches and for the P546 domain
(Figure 5). For each RNA, the central structure in the highest-

Figure 5. HMX-directed RNA fold reﬁnements. RNAs are shown as
backbone traces. Accepted structures15−18 and HMX-directed reﬁnements for each RNA are colored gray and blue, respectively. The
cluster populations (n, out of 100), mean rmsd, and p values26 are
shown. For tRNAAsp, both the largest cluster (large image) and the
lowest-rmsd structures (inset) are shown.

■

DISCUSSION
HMX measures the eﬀect of introducing a molecular
perturbation at the ribose 2′-OH position on RNA folding.
Modiﬁcations at the 2′-ribose position, which lie on the exterior
of an RNA duplex, generally do not substantially destabilize
simple RNA secondary structures.20,21 Thus, the 2′-O-ester
molecular interference measurement is exquisitely and
speciﬁcally sensitive to interactions that govern RNA tertiary

population cluster contained the structure with the lowest rmsd
relative to the accepted structure. In contrast, HMX-directed
simulations for tRNAAsp did not produce a single structure and
the model with the lowest rmsd corresponded to the lowestpopulation cluster (Figure 5, top). Critically, the tRNAAsp
simulation itself revealed that no well-determined model
emerged, as no single cluster included a majority of structures
6830
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7B). This relationship is quantitative. Molecular interference by
the 2′-O-ester group was highly correlated with a sphere of
deﬁned location relative to the RNA ribose group (Figure 4).
We anticipate that 2′-O-ester-mediated molecular interference
will prove to be broadly useful in evaluating higher-order RNA
packing in the context of large RNAs and RNA−protein
complexes.
The gel electrophoresis partitioning approach used here
revealed the high level of cooperativity and structural
interdependency in RNA tertiary folding. For the TPP and
M-Box riboswitch aptamer domains and the P546 domain
RNA, the introduction of distinct molecular adducts resulted in
a single, well-deﬁned, predominant unfolded structural
population (Figure 2), rather than multiple populations that
would be expected because of the absence of individual tertiary
interactions. There thus exists a high degree of cooperativity in
the folding of these RNAs of up to 160 nucleotides.
Use of HMX information to direct a DMD-based threedimensional structure reﬁnement yielded highly signiﬁcant
structure models, relative to accepted RNA structures.
Reﬁnement was based on a recently developed approach that
allows solvent accessibility to be incorporated into the
simulation as an energy restraint.24 In general, use of molecular
interference information required fewer assumptions to be
introduced and resulted in ﬁnal clustered structures that were
better deﬁned than those obtained with hydroxyl radical
restraints. For the TPP and M-Box riboswitches and the P546
domain RNAs, HMX-directed reﬁnement yielded a single
predominant cluster with highly statistically signiﬁcant agreement with the accepted structure (Figure 5). tRNAAsp was
poorly modeled, likely reﬂecting both the inability to
completely separate folded and unfolded states (Figure 2)
and the resulting low-magnitude molecular interference data (in
Figure 3, compare tRNA with other RNAs). Critically, the
simulation itself clearly reported that this RNA was not a good
target for reﬁnement because a relatively large number of
clusters were recovered and no single cluster dominated the
simulation. The overall success of HMX-directed reﬁnement
(Figure 5) suggests that de novo RNA structure reﬁnement,
based on easily obtained high-quality biochemical constraints,
holds substantial promise for understanding structure−function
interrelationships for RNA.
Experiments with the intact Tetrahymena group I intron
illustrated how HMX analysis can characterize multiple stable
structural intermediates within a single RNA population at
single-nucleotide resolution. HMX revealed that this RNA is
stabilized by three sets of highly cooperative tertiary
interactions. The ﬁrst set corresponds to interactions between
the P1−P2 helix and the rest of the folded RNA. The second
corresponds to an extensive set of interactions that form
between the P9−P7−P3−P8 domain and the P5−P4−P6
domain. The ﬁnal set of interactions corresponds to
intermolecular interactions that stabilize the P5−P4−P6
domain. This higher-order domain structure was easily deﬁned
in a single set of experiments (Figures 6 and 7) and is fully
consistent with extensive prior characterization of this
RNA.27,28
HMX is a simple, information-rich, and highly quantitative
approach for analysis of the tertiary structure architecture of
functionally important RNAs and provides a unique view of
internal and closely packed RNA tertiary structure. Here, RNAs
were partitioned on the basis of size using gel electrophoresis;
however, any strategy that separates functional from nonfunc-

Figure 6. HMX analysis of the Tetrahymena group I intron. (A)
Partitioning of the RNA reveals folded and unfolded states, and two
intermediate states, labeled I1 and I2. Gel images (left) were
straightened; gel lane intensity proﬁles (right) are unmanipulated.
(B) HMX proﬁle for the ﬁrst (I1) intermediate, relative to the fully
folded band. Sites of strongest interference are indicated with spheres.
Diﬀerence HMX proﬁles calculated from the HMX proﬁles for the I1,
I2, and unfolded bands (Figure S3 of the Supporting Information),
correspond to transitions (C) from the ﬁrst (I1) to the second (I2)
intermediates and (D) from I2 to the fully unfolded RNA. Diﬀerences
larger than 0.2 HMX unit are emphasized in color.

folding. For the ﬁve RNAs evaluated in this work (tRNAAsp, the
TPP and M-Box riboswitch aptamer domains, the P546 domain
RNA, and the intact Tetrahymena group I intron), the
interfering nucleotides identiﬁed by HMX correspond closely
to the densely packed interior of these structures (Figures 3 and
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Figure 7. Visualization of 2′-O-ester interferences on the (A) secondary and (B) tertiary structure of the Tetrahymena group I intron RNA. Unique
interferences corresponding to the I1, I2, and fully unfolded RNA states (see Figure 6) are colored red, blue, and green, respectively. In panel B, 2′OH groups are shown as spheres and the phosphoribose backbone is shown as a tube. The three-dimensional structure corresponds to an extended
model32 based on the crystal structure of core regions.29
(5) Conway, L., and Wickens, M. (1989) Modiﬁcation interference
analysis of reactions using RNA substrates. In Methods in Enzymology,
pp 369−379, Academic Press, Inc., New York.
(6) Clarke, P. A. (1999) RNA footprinting and modiﬁcation
interference analysis. In Methods in Molecular Biology (Haynes, S.,
Ed.) pp 73−91, Humana Press, Totowa, NJ.
(7) Merryman, C., and Noller, H. F. (1998) Footprinting and
modiﬁcation-interference analysis of binding sites on RNA. In
RNA:protein interactions, a practical approach, pp 237−253, Oxford
University Press, Oxford, U.K.
(8) Ryder, S. P., and Strobel, S. A. (1999) Nucleotide analog
interference mapping. Methods 18, 38−50.
(9) Strobel, S. A. (1999) A chemogenetic approach to RNA
function/structure analysis. Curr. Opin. Struct. Biol. 9, 346−352.
(10) Tullius, T. D., and Greenbaum, J. A. (2005) Mapping nucleic
acid structure by hydroxyl radical cleavage. Curr. Opin. Chem. Biol. 9,
127−134.
(11) Pastor, N., Weinstein, H., Jamison, E., and Brenowitz, M. (2000)
A detailed interpretation of OH radical footprints in a TBP-DNA
complex reveals the role of dynamics in the mechanism of sequencespecific binding. J. Mol. Biol. 304, 55−68.
(12) Merino, E. J., Wilkinson, K. A., Coughlan, J. L., and Weeks, K.
M. (2005) RNA structure analysis at single nucleotide resolution by
selective 2′-hydroxyl acylation and primer extension (SHAPE). J. Am.
Chem. Soc. 127, 4223−4231.
(13) Wilkinson, K. A., Merino, E. J., and Weeks, K. M. (2006)
Selective 2′-hydroxyl acylation analyzed by primer extension
(SHAPE): Quantitative RNA structure analysis at single nucleotide
resolution. Nat. Protoc. 1, 1610−1616.
(14) McGinnis, J. L., Dunkle, J. A., Cate, J. H. D., and Weeks, K. M.
(2012) The mechanisms of RNA SHAPE chemistry. J. Am. Chem. Soc.
134, 6617−6624.

tional RNAs could be used, allowing HMX analysis to be
implemented on the basis of the ability of an RNA to interact
with proteins or with other RNAs, or to perform catalysis and
other functions.
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