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ABSTRACT

The divide-and-conquer strategy is commonly used
for protein structure determination, but its applica-
tions to high-resolution structure determination of
RNAs have been limited. Here, we introduce an in-
tegrative approach based on the divide-and-conquer
strategy that was undertaken to determine the so-
lution structure of an RNA model system, the Neu-
rospora VS ribozyme. NMR and SAXS studies were
conducted on a minimal trans VS ribozyme as well
as several isolated subdomains. A multi-step proce-
dure was used for structure determination that first
involved pairing refined NMR structures with SAXS
data to obtain structural subensembles of the various
subdomains. These subdomain structures were then
assembled to build a large set of structural models of
the ribozyme, which was subsequently filtered using
SAXS data. The resulting NMR-SAXS structural en-
semble shares several similarities with the reported
crystal structures of the VS ribozyme. However, a lo-
cal structural difference is observed that affects the
global fold by shifting the relative orientation of the
two three-way junctions. Thus, this finding highlights
a global conformational change associated with sub-
strate binding in the VS ribozyme that is likely critical
for its enzymatic activity. Structural studies of other
large RNAs should benefit from similar integrative
approaches that allow conformational sampling of
assembled fragments.

INTRODUCTION

The concept of divide and conquer consists in approach-
ing a complex problem by breaking it down into smaller,

simpler parts that can be solved independently. It repre-
sents a modern problem-solving strategy that is commonly
applied in a variety of scientific disciplines, such as engi-
neering, computer science, biology and medicine. It is per-
fectly suited to structural biology when determining the
high-resolution structure of a complete biological macro-
molecule is too challenging. In such cases, a divide-and-
conquer approach can provide significant advances in un-
derstanding the biomolecule of interest through determina-
tion of high-resolution structures of individual domains in
isolation and integration of the resulting information into
a global structural model. Such an approach appears per-
fectly suited to investigate RNA molecules given their mod-
ular nature and the fact that high-resolution structural in-
vestigation of many functional RNAs in their entirety is not
manageable due to their large size and highly dynamic na-
ture (1-3). However, few structural studies have focused on
reconstructing the structure of large RNA systems based
on high-resolution structures of small subdomains (4-8).
Given the widespread importance of RNA molecules in bio-
logical processes, there is a critical need for methodological
advances in this area.

Despite significant improvements in RNA structure de-
termination, there is a limited number of high-resolution
structures of functional RNAs available in the database, es-
pecially for large RNAs (>60 nucleotides). This is due in
part to the inherent nature of RNA molecules, since many
are dynamic and adopt several conformational states that
are crucial to their function (1-3,9,10). The limited number
of RNA structures also results from technical limitations
of current structural biology methods. Obtaining diffract-
ing crystals of RNA for high-resolution structure determi-
nation by X-ray crystallography (11) can be a challenge
and high-resolution structural investigations of large RNAs
by NMR spectroscopy is generally limited to small do-
mains (<50 nucleotides) due to signal degeneracy and faster
relaxation in larger molecules (12,13). Although recent
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advances in cryo-EM methods are extremely promising,
cryo-EM maps do not always display the necessary res-
olution to allow high-resolution structure determination
(11,14,15). Thus, there is a great need to develop hybrid ap-
proaches that combine low-resolution and high-resolution
methods in order to define the structure and dynamics
of functional RNAs at the atomic level (16). Notably, it
has been shown that small angle X-ray scattering (SAXS)
data can provide a complementary source of structural in-
formation when used in combination with solution NMR
spectroscopy (17). For example, residual dipolar coupling
(RDC) measurements have been combined with SAXS data
to probe the structure of several large RNAs and to generate
models displaying their global architecture in solution (18-
23). SAXS data have also been used to validate the global
folding of NMR-derived RNA structures (4,6) or to filter
structural ensembles presenting multiple structural models
(24-26). Since SAXS data provide global structural infor-
mation and NMR data give structural details at the atomic
level, combining SAXS studies with high-resolution NMR
studies has great potential to allow both high-resolution
structure determination and dynamic characterisation of
RNAs in solution. Moreover, given the general importance
of Mg?* ions in RNA folding and the fact that only a few
solution structures of large RNAs have been determined in
the presence of Mg?* (7,15,18,21), there is a critical need to
examine the role of Mg”* ions as part of these studies.

The Neurospora Varkud satellite (VS) ribozyme is a small
nucleolytic ribozyme (27,28) that has been extensively char-
acterized over the years and has proven to be a versatile
model system to study RNA structure and function. Impor-
tantly, it serves as an excellent system to illustrate how dy-
namics of structural subdomains contribute to define multi-
ple conformational states that are important for RNA func-
tion (29-31). The VS ribozyme was originally found in the
mitochondria of natural isolates of Neurospora and cat-
alyzes both its self-cleavage and self-ligation at a specific
phosphodiester bond. In vitro, the minimal functional VS
ribozyme is composed of six helical segments (I-VI; Figure
1A) that fold into two separate domains: stem—loop I is the
substrate, which contains the cleavage site and can be sepa-
rated from the rest of the ribozyme, whereas helical domains
I1-VI form the catalytic domain, or trans ribozyme, and are
organized around two three-way junctions. Several experi-
mental approaches, including biochemical studies (32-36),
FRET (30,37,38), SAXS (39) and NMR methods (40,41),
have been previously used to define the general organization
of helical domains within the global fold of the VS ribozyme
[reviewed in (42)]. More recently, crystal structures of an
extended VS ribozyme were reported (43,44) in which the
ribozyme was trapped as a symmetric dimer, where the sub-
strate domain of each protomer interacts with the catalytic
domain of the other protomer. These structures capture the
two tertiary contacts by which the stem—loop I substrate in-
teracts with the catalytic domain, namely its highly stable
kissing-loop interaction with stem-loop V and its loop-loop
interaction with the A739 loop of stem VI that forms the ac-
tive site. Additionally, in an effort to structurally character-
ize the trans ribozyme in solution, an NMR-based divide-
and-conquer approach was undertaken in our laboratory.
High-resolution structures were determined by NMR spec-

troscopy for several important subdomains of the trans ri-
bozyme (Figure 1B), including its two three-way junctions
(40,41,45,46). This divide-and-conquer approach initially
allowed for the reconstruction of a three-dimensional model
of the VS ribozyme that provided useful information on
the global folding of the RNA (40,42), but lacked the long-
range structural information necessary for refinement of a
high-resolution structure.

In this study, we present an integrative approach based
on the divide-and-conquer strategy for determining high-
resolution structures of large RNAs that combines NMR
and SAXS data of both the full-length RNA and its var-
ious subdomains. This NMR-SAXS approach, which al-
lows conformational sampling by fragment assembly, was
applied to determine the high-resolution structure of a min-
imal trans VS ribozyme in solution and to investigate the
role of Mg?* in its folding. It is a multi-step procedure
that first involves pairing high-resolution NMR structures
with SAXS data to obtain structural subensembles of the
various subdomains. These subdomain structures are then
combined to build a large ensemble of structures for the
trans ribozyme and, finally, structures from this ensemble
are filtered based on SAXS data to derive a final high-
resolution structural ensemble. The resulting hybrid NMR-
SAXS structures of the minimal ¢rans VS ribozyme in solu-
tion are similar to the previous crystal structures but display
an important structural difference and, thus, define a dis-
tinct conformational state that is likely critical for ribozyme
function.

MATERIALS AND METHODS
New plasmid DNA template

For synthesis of the TR4P ribozyme, a plasmid template
was created by inserting a double-stranded PCR fragment
encoding TR4 (TR4P ribozyme precursor with a 19-nt ex-
tension at the 3’-end: AAG GGC GUC GUC GCC CCG
A-3) flanked by a T7 promoter into a pTZ19R-derived vec-
tor using unique HindIIT and EcoRI sites. The purified plas-
mids were fully linearized by Ava I digestion (New England
Biolabs) prior to transcription.

Preparation of SLI,d1

The non-cleavable substrate SLI,ydl was obtained from
Dharmacon. It was deprotected, purified by denaturing gel
electrophoresis and anion exchange chromatography (47),
concentrated, exchanged in NMRG buffer (10 mM sodium
cacodylate pH 6.5, 50 mM KClI, 0.05 mM NaNj and 10%
D,0) using a 3-kDa-cutoff ultrafiltration device (Millipore)
and stored at —80°C.

Preparation of VS ribozyme subdomains

The SL6, J345 and J236 RNASs were transcribed in vitro and
purified by denaturing gel electrophoresis, as previously de-
scribed (40,41,48).

Preparation of the TR4P ribozyme

TRA4P was transcribed in vitro using T7 RNA polymerase
(prepared in house) in 40 mM Tris—HCI (pH 7.6), 1 mM
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Figure 1. Sequence and secondary structures of VS ribozyme subdomains for structural studies. (A) Non-cleavable substrate (SLI>gd1) and functional
trans ribozyme (TR4P) investigated in this study. (B) Four selected VS ribozyme subdomains for which high-resolution NMR structures were previously
determined in the presence of Mg?* ions, J345 (41), J236 (40), SL5 (45) and SL6 (46). Residues that display signals with characteristic chemical shifts in
the 'H-1N HSQC spectra of those subdomains are circled using the same color code for the subdomains (B) and the rans ribozyme (A). The number of

nucleotides (nt) for each RNA is indicated in parenthesis.

spermidine, 0.01% Triton X-100, 25 mM MgCl,, 25 mM
DTT, 4 mM of each NTP (ATP, CTP, UTP and GTP), 160
wg/mL of linearized plasmid and incubating at 37°C for 5—
6 h. Similar transcription reaction conditions were used for
synthesis of ’N-labeled TR4P, except that unlabeled NTPs
were replaced by 8 mM S N-labeled NTPs prepared in house
(49). The TR4P RNA was purified by electrophoresis us-
ing a 5% denaturing polyacrylamide gel, visualized by UV
shadowing, excised and extracted from the gel by crush and
soak using TEN buffer (10 mM Tris, | mM EDTA, 0.3 M
NaCl, pH 7.6). To remove polyacrylamide contaminants,
the RNA was further purified using ion exchange FPLC
chromatography on a semi-preparative Dionex™ DNAPac
PA100 column (9 x 250 mm) heated at 65°C, as previ-
ously described (47). The eluted RNA was collected on ice
and pooled, after which it was concentrated and exchanged
in NMRG buffer using 3-kDa-cutoff ultrafiltration devices
(Millipore) and then stored at -80°C.

NMR spectroscopy studies

1D NMR data were collected on Varian Y"%Inova 500
MHz and 600 MHz NMR spectrometers equipped with 5-
mm inverse '"H{!3C/!*N} triple resonance probes, whereas
2D and 3D NMR data were collected on a Bruker AVANCE
NEO 700 MHz NMR spectrometer equipped with a 5-
mm inverse 'H{"*C/"*N} triple resonance (TXI) probe.
The temperature calibration of NMR probes was per-
formed using an external standard of methanol. The 'H
and "N chemical shifts were referenced to an external stan-
dard of 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS)
at 0.00 ppm (50). All NMR data were collected at 15°C
unless otherwise specified. For 1D NMR studies, 1D 'H
WATERGATE spectra (51) were generally collected with
pre-saturation of the cacodylate methyl resonance and, if
needed, using °N decoupling. For the Mg”* and substrate
titrations monitored by 1D '"H NMR, 0.5 mM samples of

TR4P and SLI,d1 were initially prepared in NMRG buffer.
TRA4P was heated at 37°C for 5 min and SLI,yd1 was heated
at 95°C for 1 min, and both RNAs were then transferred
to ice for at least 5 min. Mg?*-ion titrations of TR4P and
SLI»yd1 were performed by adding small volumes (2.5-7.5
wl) of concentrated solutions of MgCl; (99.995% trace met-
als from Sigma-Aldrich, MO) directly to the concentrated
RNA samples to achieve final concentrations of 0.5, 1, 2, 5,
10 and 20 mM MgCl,. Following the Mg?* additions, the
SLI,od1 sample (~300 wl) was titrated into the TR4P sam-
ple (~300 wl) to achieve a 1:1 complex of SLI,,d1: TR4P.
For 1D NMR studies of temperature stability and 2D/3D
NMR data collection for resonance assignments, 1.7 mM
>N-labeled TR4P samples in NMRG-5 buffer (NMRG
buffer with S mM MgCl,) were prepared by first exchanging
in NMRG buffer, heating at 37°C for 5 min and snap cool-
ing on ice, and then exchanging in NMRG-5 buffer by ul-
trafiltration. For imino 'H/">N resonance assignment, 2D
imino-optimized flip-back WATERGATE 'H-'>N HSQC
(51-54), 2D '>N-decoupled/cacodylate-presaturated WA-
TERGATE 'H-'H NOESY (mixing times of 75 and 150
ms) (55) and 3D "N-edited WATERGATE NOESY-HSQC
(mixing time of 100 ms) (51) spectra were collected. NMR
spectra were processed with the NMRPipe/NMRDraw
package (56) and analyzed with the CCPNMR suite (57).

SAXS data collection and analysis

For SAXS studies, each RNA sample (SL6, J345, J236 and
TRA4P) was first exchanged in SAXS buffer (50 mM MES
pH 6.5 and 50 mM KCl) by ultrafiltration. The RNA con-
centration was adjusted to 20 uM, and the RNA was re-
folded by heating at 95°C (SL6, J345, J236) or 65°C (TR4P)
for 2 min, followed by snap cooling on ice. RNAs were
then exchanged in SAXS-5 buffer (SAXS buffer with 5 mM
MgCl,) by ultrafiltration, and, for each RNA, samples were
prepared at the different concentrations used for SAXS data
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acquisition, namely 0.5, 1.0, 2.0, 3.0, 5.0, 6.0 and 8.0 mg/ml.
Ultrafiltration flowthroughs (exact buffer match) were kept
for buffer subtraction as part of SAXS data collection and
analysis.

All the parameters for SAXS data collection as well as the
software used for data processing and analysis are detailed
in Supplementary Table S1. Briefly, all SAXS data collec-
tion was performed at 20°C, either on the G-1 beamline at
the Cornell High Energy Synchrotron Source (MacCHESS;
for SL6, J345 and J236) (58) or on a local Xenocs BioX-
olver L from SAXSLab equipped with an Excillum Met-
allet D2 + 70 kV using a 95% (weight) liquid gallium an-
ode alloy (for TR4P). Initial image processing was achieved
using BioXTAS RAW v.1.6.3 (59). For each sample, expo-
sitions of the SAXS dataset were analysed individually for
radiation damage, averaged and underwent buffer subtrac-
tion. Guinier analysis was performed using ATSAS v.2.8.4.
(60), and data from samples showing signs of aggregation
or interparticle interference were discarded. For each RNA,
datasets from the lowest and highest concentrations show-
ing no concentration dependence were merged and aver-
aged into a single scattering curve for further analysis. Pair
distance (P(r)) distribution functions were calculated us-
ing GNOM (61). Maximum dimension (Dy,,y) values were
determined such that the P(r) distribution profile is non-
negative, displays zero values at P(0) and ends smoothly at
Dpax. Real-space R, and I values were validated to be
within 10% of their Guinier-approximated values. Volume
of correlation (V) values were calculated to determine and
validate the molecular weight of each sample (62). Theo-
retical scattering curves of all models were calculated and
fitted to the experimental scattering curve using CRYSOL
(63) with default parameters and a gax of 0.3 A1 The en-
semble optimization method (EOM) was performed with
GAJOE 2.0 (64) on external pools of 10 000 molecules, us-
ing default parameters. The x % values were obtained by
first calculating the number of Nyquist-Shannon points (7)
required to completely reconstitute the SAXS signal using
15 = (¢max X Dmax)/T™ With gmax values of 0.3 A" and Dyyax
values inferred by GNOM. The SAXS data was then di-
vided into ng equal bins, and one random data point was
selected from each bin. The resulting SAXS profiles were
analysed by CRYSOL to calculate x > values. The X free val-
ues were determined by taking the median over 2500 rounds
(62).

DENSS ab initio electron density maps

DENSS (65) was used to calculate the ab initio electron
density map directly from each GNOM outputs. For each
molecule, 20 reconstructions were performed in slow mode
using default parameters and averaged.

Fine-grained refinement of structural models

Structures of isolated VS ribozyme subdomains (SL5, SL6,
J345 and J236) as well as final TR4P ribozyme models were
refined using QRNAS v.0.3 (66) with default parameters
and no additional restraint. QRNAS uses Born electrostat-
ics and a modified version of the AMBER force field with

additional energy terms, and those associated with explicit
hydrogen bonds, ideal base-pair planarity and regulariza-
tion of the backbone conformation were selected. The fi-
nal conformer, generated after 100 000 refinement steps, was
considered the refined structure.

Fragment assembly of the minimal VS ribozyme

The fragment assembly of TR4P was initiated by selecting
from the NMR structures of isolated VS ribozyme subdo-
mains (SL6, J345 and J236 with pdb entry codes 2L5Z,
2MTIJ and 2N3Q, respectively) each individual state of the
NMR ensemble and refining them using QRNAS. For each
subdomain, the resulting ensemble of refined NMR struc-
tures was used to select individual conformers that best
fit the SAXS data based on CRYSOL and GAJOE anal-
yses. The conformer showing the best CRYSOL fit (small-
est x %frec) and the conformers forming the best GAJOE en-
semble (smallest x %) were used to generate subensembles of
hybrid NMR-SAXS structures. The conformer pool used
as an input for the genetic algorithm of GAJOE was gen-
erated by copying each of the individual states of a given
refined NMR structure an equal number of times to create
an ensemble of 10,000 conformers. Given that SAXS data
were not collected for the SL5 subdomain, each SLS5 struc-
ture from the NMR ensemble was minimized using QR-
NAS and three representative conformers were selected to
create a subensemble of SLS structures.

The assembly of the TR4P structure was performed by
aligning overlapping helical segments present in the NMR
structures of isolated subdomains and by merging the struc-
tures using PyMOL-Python scripts. The process was car-
ried out in a pairwise fashion, aligning J236 onto J345, then
onto SL5 and SL6 conformers to generate all possible con-
former combinations of different TR4P ribozyme models.
Point mutations were performed to match the exact TR4P
ribozyme sequence by using the PyMOL mutagenesis wiz-
ard. The final 108 NMR-based models were then refined
using QRNAS. A crystal-based model of TR4P was also
created in PyMOL from the crystal structure of the VS ri-
bozyme (pdb entry 4R4V) by deletion of helical regions
and point mutations to match the TR4P ribozyme sequence.
QRNAS was used to refine the final structure.

Hybrid NMR-SAXS structure determination of the TR4P ri-
bozyme

The ensemble of 108 refined NMR-based models of
the TR4P ribozyme was filtered to first discard mod-
els with steric clashes by using a modified version of
the pdbcheck script from the pdbremix library (https://
github.com/boscoh/pdbremix). g values for each se-
lected model were then calculated using CRYSOL and
TR4P SAXS data collected in 5 mM MgCl,. The final hy-
brid NMR-SAXS structural ensemble contains the 10 mod-
els exhibiting the best x g values. A detailed structural
analysis of these models was performed using PyMOL-
Python scripts to confirm the presence of important fea-
tures in the NMR structures of the J236 and J345 subdo-
mains (Supplementary Table S2).
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RESULTS

TR4P: a minimal trans VS ribozyme for structural studies in
solution

The TR4P RNA (101 nucleotides or 33 kDa; Figure 1A)
was selected for these studies because it represents the small-
est known RNA sequence derived from the natural VS ri-
bozyme that retains cleavage activity of an isolated hairpin
substrate in vitro (67). TR4P is an efficient trans cleaving ri-
bozyme that has been successfully used in the preparation
of several RNAs, including the J345 and J236 subdomains,
by processing RNA transcripts containing a VS ribozyme
substrate at their 3’-end (40,41). Accordingly, TR4P was ef-
ficiently produced by self-cleavage from its precursor, TR4,
directly in the transcription reaction (Supplementary Fig-
ure S1A) (67). The sequence of TR4P is well defined at both
its 5'- and 3’-ends; the 5'-sequence homogeneity is imparted
by the identity of the first three nucleotides (5'-GCA) (68),
whereas the 3’-sequence homogeneity results from precise
and efficient self-cleavage. As a result, the purification of
TR4P by denaturing gel electrophoresis produced a highly
pure RNA with good yield (Supplementary Figure SI1A).
Subsequent purification by anion exchange chromatogra-
phy under denaturing conditions removed polyacrylamide
contaminants (69) and significantly improved detection of
the imino signals in the 1D "H NMR spectrum of the TR4P
RNA (Supplementary Figure S1B).

Mg?*-dependent folding and substrate binding of a minimal
VS ribozyme by NMR spectroscopy

To investigate the effect of Mg?* ions on the structure of the
minimal #rans ribozyme, 1D imino 'H spectra of TR4P were
collected following addition of increasing concentration of
Mg?* ions. Formation of stable hydrogen bonds involving
the imino protons of G and U residues in RNA slows down
their exchange rates with the solvent such that they are read-
ily observable by '"H NMR spectroscopy. As a result, ob-
servation of imino 'H signals in RNA can be interpreted
in terms of stable base-pairing interactions, thus provid-
ing valuable information on secondary and tertiary struc-
tures. Several imino signals are observed for TR4P in the ab-
sence of Mg”* ions, which is compatible with formation of
many helical segments defining its secondary structure (Fig-
ure 2A). However, the addition of Mg?* ions (5-20 mM)
leads to significant changes in the imino 'H region (Figure
2A), including an overall better signal dispersion and two
additional downfield-shifted signals (between 14.0 and 15.5
ppm), as previously observed upon Mg>*-dependent fold-
ing of the J236 subdomain (40). These 1D imino '"H NMR
data confirm that Mg?* ions are required for formation of
a stable tertiary structure for the TR4P ribozyme.

To investigate the effect of substrate binding on the struc-
ture of the minimal trans ribozyme, a non-cleavable SLI
substrate was titrated into the TR4P sample. For these stud-
ies, a minimal substrate carrying a 2’-deoxy modification
at the cleavage site was used (SLIyyd1; Figure 1A). TR4P
efficiently cleaves the non-modified form of this substrate
(SLI,g; data not shown). As shown in a previous study,
SLI,yd1 adopts a stable hairpin structure in the presence of
Mg?* ions with four well-resolved signals in the 1D imino
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'H spectrum (Figure 2B) (70). Titration of the Mg”*-folded
SLI»d1l to TR4P leads to significant changes in the 1D
imino 'H spectrum (Figure 2B), including an overall broad-
ening of the signals, as expected due to the increase in
molecular weight, as well as the appearance of two new sig-
nals at 9.8 and 15 ppm that were not previously observed
in the stable complex formed between SLIy, and an iso-
lated stem-loop V (SLV) (70). Specific changes in imino
'H signals associated with formation of the kissing-loop in-
teraction previously observed with the SLI,y/SLV complex
could not be detected for the SLI,;d1/TR4P complex due
to signal overlap in the 11-14.5 ppm region (70). However,
the imino 'H spectrum of the SLIyd1/TR4P complex is
quite different from the mathematical addition of the indi-
vidual spectrum of its two components (Figure 2B), which
provides strong evidence that complex formation is accom-
panied by structural changes not previously observed in
the SLI»/SLV complex. Taken together, the 1D 'H imino
NMR data are compatible with formation of a 40-kDa
SLI5d1/TR4P complex in the presence of Mg?* ions.

Validation of the divide-and-conquer approach by NMR spec-
troscopy

To validate the divide-and-conquer approach for structure
determination of a minimal VS ribozyme, NMR spectra of
TR4P were collected under optimized conditions, namely
with a free Mg?* concentration of 5 mM at 15°C. To ob-
tain a free Mg?* concentration of 5 mM, the RNA sam-
ple was prepared by repeated exchanges in a buffer con-
taining 5 mM MgCl,, instead of adding Mg?* ions di-
rectly to the concentrated RNA sample as in our initial ex-
periments (Figure 2). This resulted in narrower imino 'H
linewidths and, thus, higher quality NMR data (Supple-
mentary Figure S2A). In addition, the RNA sample was
kept at low temperatures (<20°C) to ensure data quality,
since incubation at higher temperatures led to irreversible
NMR line broadening and decreased signal intensity (Sup-
plementary Figure S2B). The 2D 'H-!'N HSQC spectrum
of Mg?*-folded TR4P (Figure 3A) is very well-resolved and
displays the expected number of signals (~35). This pro-
vides evidence for formation of a single stable conforma-
tion in solution for this minimal VS ribozyme. For NMR
signal assignment, a 2D '"H-'H NOESY spectrum was col-
lected, which allowed for detection of several imino-to-
imino crosspeaks (Figure 3B and Supplementary Figure
S3). The 2D NOESY data combined with known chemical
shifts for characteristic imino signals of the various VS ri-
bozyme subdomains allowed for unambiguous assignment
of all imino signals in the 2D 'H-"SN HSQC spectrum (Fig-
ure 3 and Supplementary Table S3). Spin-diffusion imino-
to-imino NOESY crosspeaks were particularly important
to validate assignments of imino signals in complex struc-
tural elements (Supplementary Figure S3). For example,
the spin-diffusion crosspeaks between the G719 and Gy
imino signals and between the Ugs9 and Gygg imino sig-
nals confirm their assignment as well as the continuous
stacking between several base pairs at the heart of the
H-IH-VIjunCtiOI] (the C6607G719, U6597A720, C6587G721 and
G76s—Agse base pairs). In addition, the unambiguous as-
signment of the two most downfield-shifted imino signals
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Figure 2. Mg?*-dependent folding and substrate binding of the TR4P ribozyme by 1D imino NMR studies. (A) Effect of Mg?* ions on the 1D imino
'H NMR spectrum of 0.5 mM TR4P in NMRG buffer. Small aliquots (~5 pl) of concentrated MgCl, were added directly to the NMR sample. The two
signals annotated with a grey star at the highest Mg?* concentration are characteristic signals of a Mg?*-folded II-ITI-VI junction. (B) Formation of a
1:1 SLI»d1:TR4P complex followed by 1D imino 'H NMR spectra starting with 0.5 mM TR4P and titrating 0.5 mM SLI»d1, both pre-folded with
Mg?* ions. Shown here is a summary of the substrate titration data, with the 1D 'H spectra of the free TR4P and SLI»d1, the simulated 1D 'H spectrum
resulting from the mathematical addition and line broadening of these spectra, and the observed 1D 'H spectrum of the 1:1 complex. Two imino 'H signals

that appear upon complex formation are indicated with grey arrows.

to Ugsg and Grgg of the II-III-VI junction confirms that
stable folding of this junction within TR4P depends on the
presence of Mg”* ions. Of note, all imino-to-imino NOEs
were assigned for TR4P based on its secondary structure
and the expected signals observed for the isolated subdo-
mains, and, thus, no additional NOEs were observed that
could have provided evidence for changes in the structure
of subdomains or unexpected interactions between subdo-
mains.

To ascertain the structural similarity of VS ribozyme sub-
domains between their isolated form and in the context of
TRA4P, 'H and N chemical shift values of characteristic
signals were compared, and it was found that they vary by
less than 0.23 ppm and 0.3 ppm, respectively (Figure 3C).
Superposition of the 2D 'H->N HSQC spectrum of TR4P
on the spectrum of either the J345 or the J236 subdomain
further illustrates the chemical shift similarity for character-
istic signals (Supplementary Figure S4). Together, these ob-
servations help validate the chemical shift assignments and
provide evidence of structural similarity for several subdo-
mains in isolation and within TR4P (Figure 3D), thereby
validating the divide-and-conquer approach used here for
the structure determination of TR4P.

SAXS studies of TR4P and VS ribozyme subdomains

To complement the NMR results, SAXS studies were con-
ducted on TR4P as well as on the individual VS ribozyme
subdomains. Scattering data were collected for TR4P in the
presence of 0, 5 and 20 mM MgCl, to investigate the ef-
fect of the free Mg?* ion concentration on its global fold-

ing (Supplementary Figure S5A). The values for the radius
of gyration (Ry) derived from Guinier analysis are signifi-
cantly different at 0 mM (35.8 A) and SmM (29.4 A) MgCl,,
which confirms that the tertiary folding of TR4P is Mg>*
dependent (Table 1). A similar conclusion is reached when
comparing the R, and maximal dimension (Dpayx) values
derived from the pair distance distribution function [P(r)]
(Table 1). Moreover, the dimensionless Kratky plot is com-
patible with TR4P adopting an extended state in the ab-
sence of Mg?* ions and a more compact shape in the pres-
ence of Mg?* ions (Supplementary Figure S5B). Intrigu-
ingly, the distinct Kratky profiles observed at 5 mM and
20 mM MgCl, indicate that TR4P adopts different confor-
mations under these two conditions. Since the Porod—Debye
plots at 5 and 20 mM MgCl, present similar profiles with a
clear plateau, both distinct from the plateau-less profile ob-
served in the absence of Mg?* ions (Supplementary Figure
S5C), this suggests greater flexibility of the Mg?*-free state,
while ruling out the possibility of increased flexibility at the
highest Mg”* ion concentration (71). Taken together with
the increase in R, values from 29.4 to 34.4 A when going
from 5 to 20 mM MgCl,, this suggests that TR4P forms
a monomer at 5 mM Mg?* but partially multimerizes at
higher Mg”* ion concentrations. Complementary native gel
analyses of TR4P are consistent with its main conforma-
tion being monomeric (Supplementary Figure S6). How-
ever, when TR4P is folded at 20 mM MgCl,, about 10-20%
of the RNA adopts a multimeric form (Supplementary Fig-
ure S6B), which is barely detectable after folding the RNA
under the same conditions but with 5 mM MgCl, (Supple-
mentary Figure S6A, lane 3). This partial RNA multimer-
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Figure 3. Validation of the divide-and-conquer approach by 2D imino NMR studies of the Mg?*-folded TR4P ribozyme. (A) Assigned 2D 'H-°N
HSQC spectrum of 1.7 mM *N-labeled TR4P in NMRG-5 buffer containing 5 mM MgCl, at 15°C. (B) Assigned 2D ’N-decoupled 'H-'"H NOESY
spectrum of the same sample collected at 15°C with a mixing time of 150 ms. (C) Chemical-shift comparison of characteristic imino signals observed in
the isolated VS ribozyme subdomains and TR4P. The chemical shift values were measured either at 25°C (J345, J236, SL5, TR4P) or 15°C (SL6). (D)
Tertiary structure schematics of TR4P based on high-resolution structure of individual subdomains. Residues with characteristic imino signals are circled
in (D) and annotated in (A), (B) and (C) using the same color code. Base pairs are depicted using the Leontis—Westhof notation (80), either in black (>2

hydrogen bonds) or grey (one hydrogen bond).

ization is consistent not only with the increased R, values
at 20 mM MgCl,, but also with line broadening of imino
NMR signals under non-ideal conditions (Supplementary
Figure S2) and the natural tendency of some VS ribozyme
sequences to form dimers, as the observed in crystal struc-
tures (43,44). Thus, a free MgCl, concentration of 5 mM
was used for the remainder of the SAXS investigations.
SAXS data collected on TR4P and isolated VS subdo-
mains (J345, J236 and SL6; Figure 4A) result in a linear
fit in their respective Guinier region (Figure 4B), demon-

strating that all samples were monodisperse as well as be-
ing free of contaminants and interparticle interference that
would significantly contribute to the scattering. Dimension-
less Kratky profiles (Figure 4C) are consistent with well-
folded RNA molecules in solution adopting a flattened pro-
late spheroid shape (72), resembling the shape of a flat
American football. P(r) distributions (Figure 4D) of each
molecule are also well behaved, displaying zero values at
P(0) and ending smoothly at Dy.y. In addition, molecu-
lar weight values estimated from the volume-of-correlation
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Table 1. SAXS results and parameters for selected subdomains of the VS ribozyme and the TR4P ribozyme

SL6 1345 1236 TR4P
Mg?* ion concentration 5mM 5mM 5mM 0 mM 5mM 20 mM
MW chemical composition (Da) 8934 16 010 21184 34 455 34 455 34 455
MW estimates from V. (Da) 8.10E + 03 1.80E + 04 2.20E + 04 3.65E + 04 3.30E + 04 3.67E + 04
Ry from Guinier analysis (A) 16.4 20.3 21.6 35.8 29.4 344
Ry from P(r) analysis (A) 17.1 20.9 223 37.6 30.7 34.9
Diax (A) 61 75 77 124 110 114
A
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0.01 T T T
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Figure 4. SAXS results of TR4P and isolated VS ribozyme subdomains collected in NMRG-5 buffer containing S mM MgCl, at 20°C. (A) I(q) versus g
plot. (B) Guinier plot with linear regression for g*Ry < 1.3 (R2 > 0.98). (C) Dimensionless Kratky plot and (D) Pr distribution. TR4P (dark grey), SL6

(gold), J345 (magenta) and J236 (green) SAXS data are displayed.

(V) (62) of each molecule are comparable to the molec-
ular weights calculated based on their respective chemi-
cal composition, confirming their monomeric states (Ta-
ble 1). The R, values estimated from each Guinier fit are
also within 10% of the real-space values derived from their
respective P(r) distributions. Overall, the SAXS data pre-
sented here are of high quality and can be combined with
high-resolution NMR data to derive high-resolution struc-
tural ensembles of a functional VS ribozyme in solution.

Strategy to determine hybrid NMR-SAXS structural ensem-
bles

To obtain high-resolution structural ensembles of TR4P
in solution, we established a general strategy combin-
ing high-resolution NMR structures, structural refinement
and SAXS data (Figure 5). As a starting point, NMR-

derived structural ensembles of each VS ribozyme subdo-
main (J345, J236, SL6 and SL5) were refined using QRNAS
(66), a convenient software for fine-grained refinement of
nucleic acids. Then, the resulting ensemble of high-quality
NMR structures of the subdomains that contain an inter-
nal loop and/or a helical junction (J345, J236 and SL6)
were paired with the SAXS data to generate a subensem-
ble that best fit the data. To allow for a high degree of con-
formational heterogeneity within the structural subensem-
bles of each subdomain while still limiting their size, two
criteria were used to select conformers. First, we selected
the conformer presenting the best X 2. value when com-
paring the calculated scattering curve to the experimental
data using CRYSOL (62). Second, we selected the ensem-
ble of conformers that best describe the experimental data
using the GAJOE ensemble optimization method (EOM)
(64). Overall, these hybrid NMR-SAXS structural ensem-
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Figure 5. Fragment assembly strategy. Ensembles of NMR-derived structures of isolated subdomains are refined and paired with SAXS data to form
hybrid NMR-SAXS subensembles. Fragment assembly is performed by combining each conformer present in the subensembles in a pairwise fashion.
The final TR4P ribozyme models are then paired with SAXS data. The 10 models exhibiting the lowest x 2 values are selected to form the final hybrid

NMR-SAXS structural ensemble of TR4P.

bles are in close agreement with experimental SAXS data,
as demonstrated by both the x> values and the visual fit of
the calculated scattering curves to the SAXS data as well as
the overall disposition of the structures within DENSS ab
initio electron density maps (Figure 6) (65). Subsequently,
structural models of TR4P were built by fragment assem-
bly allowing all possible combinations of conformers from
the hybrid NMR-SAXS structural ensembles of the J345
(four conformers), J236 (three conformers) and SL6 (three
conformers) subdomains as well as from the refined NMR
structural ensemble of SLS (3 representative conformers).
The resulting 108 structural models of TR4P were refined
with QRNAS and then filtered to remove models with un-
resolved steric clashes. Finally, the remaining 71 structures
were paired with the experimental SAXS data of TR4P, and
since these structures did not fit the SAXS data equally
well given the observed large range of CRYSOL ¥ % val-
ues (1.08-5.96), only the 10 structures presenting the lowest
X *free Values were selected to form the final hybrid NMR-
SAXS structural ensemble. Thus, applying a steric clash fil-
ter and SAXS data fits allowed us to discriminate between
the different RNA conformers obtained from fragment as-
sembly. Our approach is similar to previous implementation
of x 2 fits to help discriminate between different conforma-
tional states (4,10,25), except that we added conformational
sampling via fragment assembly.

Description of the NMR-SAXS structural ensemble

The NMR-SAXS structural ensemble of TR4P is well de-
fined as illustrated by the superposition of the 10 best con-
formers and the pairwise heavy-atom RMSD of 2.7 £ 1.6 A
(Figure 7A). Moreover, these 10 best conformers are highly
compatible with the experimental SAXS data, given the low
CRYSOL ¥ %fcc values of 1.08—1.41. The overall structure of
the trans VS ribozyme is well represented by the single best-
fitting conformer (x %ee of 1.08), since the 10 best NMR-
SAXS structures display only subtle differences in the rela-
tive orientations of their helical segments, their topologies
being strikingly similar. The overall shape is best described
by a flat, elongated ovoid, within which RNA helices com-
bine in a single layer to create a double herringbone pattern.
The main architectural frame of the ribozyme is formed by
an extended helical segment resulting from the continuous
stacking of stems 11, IIT and I'V. The two three-way junctions
each form a V-shaped pattern, in which stems V and VI ex-
tend alongside stems 111 and 11, respectively. As expected, a
detailed structural analysis of the III-IV-V and TI-11I-VI
junctions confirms that key structural features previously
observed in the NMR structures of the J345 and J236 sub-
domains and in the crystal structures of the VS ribozyme
are preserved in the 10 best TR4P structures (Supplemen-
tary Table S2). This includes the U-turn fold, four stacked
base triples and a ribose zipper within the III-IV-V junc-
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Figure 6. Hybrid NMR-SAXS structures of Mg?*-folded subdomains of the VS ribozyme. Structures of the SL6 (A), J345 (B) and J236 (C) subdomains are
shown with quality controls. Left panels: superposition of the selected NMR-SAXS subensembles of models. Conformers selected by the SAXS-oriented
ensemble optimization method are shown in different colored shades, whereas the best-fit conformer selected by the x 2. method is in grey. Middle panels:
experimental SAXS data (colored circles) along with the fit to the scattering curves calculated using the ensemble optimization method (black) and the
scattering curves of the best-fit conformer selected by the x 2. method (grey). Right panels: experimental DENSS ab initio electron density map and its
visual fit to the best-fit NMR-SAXS structure are presented. Contours of the density maps are as follows: 150 (red), 100 (yellow), 7.5¢ (green), So (cyan)
and 0.80 (blue).
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Figure 7. Hybrid NMR-SAXS structural ensemble of the Mg?*-folded TR4P ribozyme and comparison with the crystal structure. (A) Superposition of
the 10 conformers from the hybrid NMR-SAXS structural ensemble of TR4P exhibiting the best y 2fee values (1.08-1.41). (B) Structural ensemble shown
in (A) superposed to the crystal-based model of TR4P (dark grey; x %fee = 1.8). This crystal-based model is derived from the crystal structure of the
VS ribozyme (pdb entry 4R4V) that was modified to fit the TR4P sequence (see Materials and Methods). (C) Local conformational difference in stem I11
between a representative NMR-SAXS structure (bottom) and the crystal structure (top). (D) Interactions between the SLV loop and the II-11I-VI junction
observed for the best-fit conformer of the final NMR-SAXS structural ensemble of TR4P. Potential hydrogen bonds are indicated by dash lines (G697 N1
to A657 OP1, A698 2'-O to A657 OP1, C699 2'-O to C658 OP2, and U700 N3 to U659 O4). (E) Effect of the local conformational difference shown in (C)
on the relative orientation of the III-IV-V and II-111-VI junctions illustrated by superposing only the III-IV-V moiety of the two molecules described in

(©).

tion as well as the ACAA turn, two base-triples, a WC/WC
Ags6—Greg base pair and a long-range bulge-bulge interac-
tion within the II-III-VI junction. Of note, in the NMR-
SAXS structure of the TR4P ribozyme, the individual heli-
cal subdomains of the VS ribozyme are held rigidly with re-
spect to one another. This fairly rigid structure results from
both the well-defined NMR structures of the isolated sub-
domains and the selection of ribozyme conformations that
are compatible with the SAXS data of the TR4P ribozyme.

To compare the NMR-SAXS structures with crystal
structures derived from X-ray diffraction data, the crystal
structure of an extended cis VS ribozyme (44) was modi-
fied to match the sequence of TR4P and then aligned onto
the NMR-SAXS ensemble (Figure 7B). This crystal-based
model of TR4P is compatible with the experimental SAXS
data (x %free values of 1.8), although the fit is not as good as
for the NMR-SAXS structures (x *fee values of 1.08—1.41).

The crystal-based model adopts the same general topology
but a more compact fold than the NMR-SAXS structures,
in which the double herringbone pattern is flatter and thus
more clearly visible. This more compact fold largely origi-
nates from a local structural difference in stem III, which
connects the two three-way junctions. Residue A7 of stem
IIT is completely bulged out in the crystal structure (num-
bered A713 in pdb entry 4R4V) instead of stacked within the
helix as in the NMR-SAXS structure of TR4P (Figure 7C)
and the NMR structure of the J236 subdomain (40,42). In
addition, we noted that the SLV loop interacts with the 11—
ITI-VI junction in 3 out of the 10 final structures (Figure
7D). This potential inter-domain interaction is likely tran-
sient since it is not supported by our imino NMR data.
Given the important structural difference in stem III be-
tween NMR-derived structures and the crystal structure,
we reexamined the evidence for the stacked in conforma-
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tion in the structures of both the isolated J236 junction
and TR4P. For the isolated J236 junction, several NOE sig-
nals between base protons of Ayig and nearby protons sup-
port the stacked in conformation observed in the NMR
structure, including an NOE between the amino protons of
A71g and the imino proton of G719 as well as cross-strand
NOEs between A7 H2 and Agg; H1’ (40). Given that the
NMR-SAXS structure of TR4P was built by fragment as-
sembly using the structure of the isolated J236 subdomain,
it is not surprising that this stacked in conformation is pre-
served in TR4P. However, a potential pitfall of divide-and-
conquer approaches is that the subdomains may adopt dif-
ferent structures in their isolated form and in the context
of the full molecule. Even though the structural context of
the A7 bulge in stem III is identical in the isolated J236
subdomain and TR4P with the same four base pairs sur-
rounding the bulge, there is still a possibility for unantic-
ipated non-nearest neighbor effects that could affect the
structure of the A7;g bulge in TR4P. We have done our
best to reduce this possibility by careful selection of subdo-
mains and validation by NMR spectroscopy. For the A7g
bulge specifically, three base pairs on each side of the bulge
in TR4P (Ugsg-A720, Ce60-G719 and Agg1-U717) present the
same imino NMR data signature in the isolated J236 do-
main: Uy;7 is not observable, whereas G719 and Ugsg have
very similar chemical shifts and imino-to-imino NOE cross-
peak patterns (Figure 3). Moreover, when examining addi-
tional NOEs involving the imino proton of G7;9, we found
a striking resemblance with those previously observed for
the isolated J236 subdomain, providing strong evidence for
a similar chemical environment for A7 in the subdomain
and the full RNA (Supplementary Figure S7). Thus, taken
together, the imino NMR data support the stacked in con-
formation for the Ay bulge in TR4P and do not provide
evidence for the existence of an alternate conformation that
would be significantly populated (>15%).

The local structural difference within the A7;g bulge be-
tween the crystal structure and NMR-SAXS structure af-
fects the helical twist of stem III and has a large effect
on the relative positioning of the helical domains from the
two three-way junctions (Figure 7E). Based on this obser-
vation, we suggest that the VS ribozyme undergoes a con-
formational change in stem III that is associated with sub-
strate binding since the NMR-SAXS structural ensemble
of TR4P describes a substrate-free trans ribozyme and the
crystal structure captures a substrate-bound ribozyme in a
pre-catalytic state. More importantly, this conformational
change is likely required for formation of the active site
and subsequent substrate cleavage. Thus, the NMR-SAXS
approach presented here allowed us to define the high-
resolution solution structure of a minimal frans ribozyme in
the absence of substrate and brings important insights into
a structural change that is likely critical for VS ribozyme
function.

DISCUSSION

Previous structural studies on the Neurospora VS ribozyme
have determined the crystal structure of a domain-swapped
dimer by X-ray crystallography (43,44) and solution struc-
tures of several isolated VS ribozyme subdomains by NMR

spectroscopy (40,41,45,46,70,73). The present study com-
bines the high-resolution NMR structures of subdomains
to determine the solution structure of a minimal trans VS
ribozyme in its functional monomeric state. To achieve
this, we have developed an integrative NMR-SAXS ap-
proach based on the divide-and-conquer strategy for high-
resolution structure determination of large RNAs. First,
both NMR and SAXS studies were used to define condi-
tions under which the minimal trans VS ribozyme adopts a
stable and compact monomeric fold in solution and binds to
a non-cleavable substrate. Then, imino NMR studies were
conducted to validate that the subdomains for which high-
resolution structures are available adopt similar structures
within the minimal trans ribozyme. For structure determi-
nation, NMR and SAXS data were combined with fine-
grained structural refinement to derive a high-resolution
structural ensemble of this large RNA. The method pre-
sented here allows for a good exploration of conformational
space within a relatively short computational time by com-
binatorial sampling of a diverse set of conformations for the
individual subdomains. Although more extensive molecular
dynamics simulations could increase the sampling of con-
formational space, it was not deemed necessary to generate
models that adequately fit both the NMR and the SAXS
data.

The high-resolution structures of the minimal trans ri-
bozyme represent one of the first hybrid NMR-SAXS struc-
tural ensemble of a relatively large RNA determined in the
presence of Mg>* ions (18,21). Although Mg>* ions are
required for the enzymatic activity and tertiary folding of
the self-cleaving VS ribozyme (74,75), as well as the SL6
(46) and J236 (37) isolated subdomains, it was still un-
clear whether Mg”* ions are required for tertiary folding
of the trans ribozyme. We demonstrated here that the ter-
tiary folding of the monomeric form of a minimal trans ri-
bozyme is strictly dependent on the presence of Mg>* ions.
More specifically, imino NMR data provide evidence that
Mg?* ions are required for folding of a stable II-11I-VI junc-
tion and, concomitantly, the transition from a highly base-
paired secondary structure to a stable tertiary fold for TR4P.
SAXS data further supports this model in which the mini-
mal VS ribozyme adopts a rather flexible, loose fold in the
absence of Mg?* ions that becomes more compact and rigid
in the presence of 5 mM Mg?*. Both NMR and SAXS
studies provide evidence that higher concentrations of Mg?*
ions (20 mM) are not desirable for structural investigations,
as they lead to increases in signal linewidths in the 1D imino
NMR spectrum and unexpected changes in SAXS parame-
ters, possibly due to partial dimer formation.

Our structural investigations of the trans VS ribozyme
in the presence of Mg>* ions posed specific experimental
challenges, and several guidelines can be derived from this
work to reduce aggregation or the formation of higher or-
der multimers for structural investigation of large RNAs.
First, working at the lowest Mg>" ion concentration pos-
sible, in this case 5 mM, was found to be extremely im-
portant. Second, as judged from the narrower imino 'H
linewidths, more homogeneous RNA samples can be ob-
tained when preparing the Mg>*-folded RNA by exchang-
ing the RNA by ultrafiltration from a Mg>*-free buffer
to a Mg?*-containing buffer, instead of adding Mg”* ions



directly to a concentrated RNA sample. Finally, refrain-
ing from heating the Mg?*-folded and concentrated RNA
to high temperatures (here more than 20°C) resulted in a
more homogeneous RNA population, since such treatment
can lead to irreversible RNA misfolding. Although great
care in sample preparation made it possible to maintain
the TR4P ribozyme in a monomeric state for the present
study, we encountered difficulties handling this RNA that
prevented us from obtaining complementary RDC datain a
liquid crystalline alignment medium and further investigat-
ing the complex between the SLI,od1 substrate and TR4P
ribozyme in solution.

The high-resolution NMR-SAXS structural ensemble of
the VS trans ribozyme determined here displays a global
fold generally compatible with previous low- and high-
resolution models of the VS ribozyme (30,38-40,43,44,76).
However, when compared to the catalytic domain of the
extended VS ribozyme found in the crystal structure of
the pre-catalytic state, important differences are observed.
Firstly, the minimal trans VS ribozyme adopts a monomeric
state in solution, in contrast to the domain-swapped dimer
found in the crystal structure. Secondly, local structural
differences are observed that are associated with substrate
binding, namely subtle changes in the terminal loop of SLV
to form the kissing-loop interactions with SLI and remodel-
ing of the internal loop of SLVI to form the active site with
the internal loop of SLI. These local structural differences
have been previously described in detail (31,42,70). Finally,
but importantly, the global shape of the catalytic domain
of the ribozyme appears more compact in the crystal struc-
ture. This was found to result mainly from a local struc-
tural change in stem III, which connects the two three-way
junctions. In the crystal structure of the extended ribozyme,
stem III exhibits a twisted conformation, where A7 is ex-
truded from the helix. However, in the NMR-SAXS solu-
tion structure of the trans ribozyme, stem III adopts an
untwisted conformation, in which residue A7g 1s stacked
within the helix (42).

A comparison of the solution and crystal structures
clearly captures how this local structural change leads to
two different conformational states of the VS ribozyme.
In the trans ribozyme, the stacked in conformation of the
stem III bulge is stabilized by nearest neighbor interactions
and, possibly, by transient interactions between the termi-
nal loop of SLV and the II-I11-VI junction. In the crystal
structure, the bound substrate is stabilized by a kissing-loop
interaction with SLV and a loop-loop interaction with the
A~730 loop of stem VI. Since substrate binding involves con-
tacts between two separate parts of the substrate rigidly held
together and two different domains of the ribozyme, having
a flexible bulge in the central stem I11 likely facilitates proper
positioning of remote ribozyme domains for bipartite sub-
strate binding. This concept is generally consistent with pre-
vious mutational studies in which both the specific location
of the bulge and the length of stem III were found to be crit-
ical for VS ribozyme activity (38). Notably, although A7g
could be replaced by a base pair with retention of 85% ac-
tivity and could be removed completely or replaced by two
base pairs with only an order of magnitude loss of activity,
further shortening and lengthening of stem III profoundly
affected activity (38). Together, these results lead us to pro-
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pose that the dynamic equilibrium between the two states of
the A71g bulge is important for substrate binding, formation
of the active site and subsequent cleavage.

From our NMR investigations, we demonstrated the for-
mation of a stable complex between the minimal trans VS ri-
bozyme and a minimal non-cleavable substrate. Upon titra-
tion of the substrate to the trans ribozyme, two imino sig-
nals emerged that were not previously observed for the
SLIo/SLV complex, supporting the idea that the sub-
strate makes additional contact with the ribozyme and/or
that the ribozyme undergoes structural changes upon sub-
strate binding. Future structural investigations are needed
to bring additional information on structural changes asso-
ciated with substrate binding in solution. The NMR-SAXS
approach introduced here should be very valuable for these
investigations as well as for future studies aimed at better
understanding the high-resolution structures and intricate
dynamics that allow other RNAs to fulfill their biological
function. Derivatives of this integrative structural biology
approach could incorporate other sources of experimental
data such as residual dipolar couplings, cryo-EM maps or
chemical probing. Given the modular and dynamic nature
of RNA, we can also envision that divide-and-conquer ap-
proaches like the one presented here, which allow confor-
mation sampling of assembled fragments, will become more
common and straightforward in the future as more struc-
tural and dynamic information becomes available for a wide
variety of small RNA domains.
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