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ABSTRACT: The VS ribozyme is a catalytic RNA found
within some natural isolates of Neurospora that is being used as
a model system to improve our understanding of RNA
structure, catalysis, and engineering. The catalytic domain
contains five helical domains (SLII—SLVI) that are organized
by two three-way junctions. The II-IV—V junction is
required for high-affinity binding of the substrate domain
(SLI) through formation of a kissing loop interaction with
SLV. Here, we determine the high-resolution nuclear magnetic
resonance (NMR) structure of a 47-nucleotide RNA
containing the III-IV—V junction (J34S). The J345 RNA
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adopts a Y-shaped fold typical of the family C three-way junctions, with coaxial stacking between stems III and IV and an acute
angle between stems III and V. The NMR structure reveals that the core of the III-IV—V junction contains four stacked base
triples, a U-turn motif, a cross-strand stacking interaction, an A-minor interaction, and a ribose zipper. In addition, the NMR
structure shows that the cCUUGg tetraloop used to stabilize stem IV adopts a novel RNA tetraloop fold, different from the
known gCUUGc tetraloop structure. Using Mn**-induced paramagnetic relaxation enhancement, we identify six Mg**-binding
sites within J34S5, including one associated with the cCUUGg tetraloop and two with the junction core. The NMR structure of
J345 likely represents the conformation of the III-IV—V junction in the context of the active VS ribozyme and suggests that this
junction functions as a dynamic hinge that contributes to substrate recognition and catalysis. Moreover, this study highlights a
new role for family C three-way junctions in long-range tertiary interactions.

Multiway junctions are ubiquitous structural elements of
nucleic acids found in all domains of life that have
numerous roles in the dynamic processes of living cells, such as
genetic recombination and mRNA splicing. The most abundant
forms of RNA junctions are three-way junctions in which three
double-stranded helices are connected at the same branch
point, and these are found in a plethora of different RNAs.' ™
Three-way junctions are essential architectural elements that
control tertiary structure folding by supporting the packing and
positioning of preformed helical domains, and they often
promote the formation of remote tertiary interactions. Three-
way junctions also play important functional roles because they
are key elements for targeting RNA-binding proteins,* as well as
for forming ligand-binding pockets in riboswitch aptamers®®
and for the folding of catalytically active ribozymes.”®
Three-way junctions generally fold in such a way that two of
the three helices are coaxially stacked on one another to form a
pseudocontinuous helix.' > Topological analyses of known
structures of three-way junctions have led to the classification of
these junctions into three major families, named A, B, and c!
Family C was found to be the most abundant class and the only
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one containing nonrRNAs. A characteristic feature of family C
is that one of the single-stranded regions connecting the three
helices is longer than the other two and usually adopts a sharp
turn, such as a U-turn or a T-loop. These loop motifs are
recurrent in three-way junctions, where they govern the foldin,
of the junction cores and the relative position of the helices.
The single-stranded regions connecting the helices may also be
involved in base triples and quadruples, as well as A-minor
motifs” and ribose zippers.'® Metal cations, typically Mg?* ions,
often assist the folding of three-way junctions by stabilizing
interactions between distant helices, inducing conformational
changes and neutralizing the electrostatic repulsion of
negatively charged phosphates that may come into close
contact at the junction core.''™'* Despite this wealth of
structural knowledge available on three-way junctions, it is still
difficult to predict their structure and metal-binding sites on the
basis of sequence alone.
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The Neurospora Varkud Satellite (VS) RNA is a naturally
occurring ribozyme and a member of the family of small
nucleolytic ribozymes.'”>™>° It catalyzes both cleavage and
ligation reactions of a specific phosphodiester bond,">*! and
metal cations are required for both folding and catalysis.”*~>*
The minimal functional VS ribozyme contains six stem—loops
(or stems) separated into two functional domains: stem—loop I
(SLI) forms the substrate domain, whereas stem—loops II—VI
(SLII-SLVI, respectively) define the catalytic domain (Figure
1A).> Substrate recognition involves formation of a high-
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Figure 1. J345 RNA adopts a single stable structure in the presence of
Mg** ions. (A) Sequence and proposed secondary structure of a cis-
cleaving VS ribozyme (including residues 617—783).>* The cleavage
site is shown with a gray arrowhead. Gray shading is used to highlight
the nucleotides involved in WC base pairs at the I-V kissing loop
interaction as well as residues from the III-IV—V junction that are
present in the J345 RNA. (B) Sequence and proposed secondary
structure™ of the 47-nucleotide J345 RNA used in this study. (C) 2D
'"H-"N HSQC spectrum of the '*N-labeled J345 RNA in the
presence of 5 mM MgCl,. In panels B and C, the shading of residues is
color-coded according to structural elements present in the NMR
structure (see Figure 3).

affinity kissing loop interaction between SLI and SLV, and this
interaction induces a helix shift in SLI that conformationally
activates the substrate for catalysis (Figure 1A).373* Like the
hairpin ribozyme, the active site of the VS ribozyme is formed
by the interaction of two internal loops, the substrate internal
loop of SLI and the A730 internal loop of SLVL'®?%3%3¢ A
general acid—base mechanism has been proposed for the VS
ribozyme cleavage reaction, with G435 of SLI as the general base
and A,s4 of the A730 loop of SLVI as the general acid.>37™%
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In the VS ribozyme, the structure of the catalytic domain is
governed by two three-way junctions: the II-III-VI and III—
IV-V junctions (Figure 1A).>* These junctions play a critical
role in defining the relative orientation of the connected
helices.**** Although the III-IV—V junction is not absolutely
required for activity, it is an important architectural domain that
mediates recognition of the SLI substrate domain and thereby
greatly increases the catalytic activity of the VS ribozyme.”®
Specifically, base substitutions of most of the core residues
within the III-IV-V gunction interfere with both the cleavage
and ligation activities. 84546 Eurthermore, three residues in the
longest single-stranded region are proposed to form a U-turn
motif within the junction core.*® A family C topology has been
predicted for the III—IV—V junction by several laboratories,"
but there is no consensus from these predictions in terms of
coaxial stacking, which may involve either stems IV and V*’ or
stems 111 and IV."* The latter prediction is in agreement with
low-resolution models of the VS ribozyme based on
fluorescence resonance energy transfer (FRET)* and small-
angle X-ray scattering (SAXS).*

In this study, we determine the nuclear magnetic resonance
(NMR) solution structure of the J345 RNA (Figure 1B), a 47-
nucleotide RNA that encompasses the VS ribozyme III-IV-V
junction. The NMR structure reveals that the J345 RNA adopts
a Y-shaped structure that belongs to family C of three-way
junctions. The structure of the three-way junction within J345
is stabilized by a complex network of interactions, which
includes coaxial stacking of stems III and IV. In addition, we
determine that the cCCUUGg tetraloop used to stabilize stem IV
adopts a structure that is different from the known gCUUGc
tetraloop structures. Using Mn**-induced paramagnetic relax-
ation enhancement (PRE),* we characterize six Mg?*-binding
sites within the J345 RNA. Our study provides insights into the
global folding of the VS ribozyme, particularly the structural
role of the III-IV—V junction in positioning the SLV loop for
SLI substrate recognition.

B EXPERIMENTAL PROCEDURES

Plasmids and DNA Templates. Double-stranded PCR
fragments encoding J345-VS and S3-VS RNAs and flanked by a
T7 promoter were inserted into the HindIII—EcoRI sites of the
pTZ19R-derived pTR-4 vector’’ to generate the pJ345 and pS3
plasmids, respectively. The J345-VS and S3-VS RNAs
correspond to the J34S (Figure 1B) and S3 RNAs (Figure
2), respectively, with a Varkud Satellite (VS) ribozyme
substrate at their 3'-ends.>® Prior to transcription, the plasmids
were fully linearized using EcoRI (New England Biolabs). For
transcription of S12, S33y_35 and S33,_, RNAs (Figure 2),
partially single-stranded synthetic DNA templates were used
(Integrated DNA Technologies)‘51

RNA Synthesis and Purification. Unlabeled, '*N-labeled,
and C- and "*N-labeled RNAs (J345-VS, S12, S3-VS, S33_ss,
and S3;9_4) were synthesized in vitro from their DNA
template using a T7 RNA polymerase with an N-terminal
His tag prepared in house®* and the appropriate NTPs, either
unlabeled NTPs (Sigma-Aldrich) or isotopically labeled NTPs
(13C- and SN-labeled or 'N-labeled) prepared in house.>
Following the transcription reactions of J345-VS and S3-VS, 25
mM MgCl, and purified trans-cleaving TR-4 VS ribozyme™’
(1:10 VS ribozyme:full-length transcribed RNA molar ratio)
were added to the transcription mixtures and incubated for 8 h
at 37 °C to produce the J345 and S3 RNAs with homogeneous
3’-ends. J345, S12, and S3 RNAs were treated with calf
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Figure 2. Unambiguous assignment of the uridine imino protons from
the core of J345 using "*N segmental labeling. Several complexes
similar to the J345 RNA were formed between the S12 and S3 RNAs
using different segmental '°N labeling. The sequences and secondary
structures of these complexes are shown along with a region of their
2D 'H-""N HSQC spectrum: (A) ["*N]S12/[**N]S3, (B) unlabeled
S12/[*®N1S3, (C) [*N]S12/['*N1{30—40}-S3, and (D) [*N]s12/
[N]{30—38}-S3. All RNA complexes are in the presence of 5 mM
MgCl,. To illustrate the different "N labeling schemes, '*N-labeled
residues are colored black and unlabeled residues gray. In addition,
'*N-labeled and unlabeled uridines from the core are highlighted with
gray filled ovals and empty ovals, respectively. Peaks that are absent
from the HSQC spectrum are also denoted with empty ovals. The
signals of Uy, and U; are also observed in this region of the spectrum
in panels A, C, and D as in Figure 1C but are too weak to appear at the
intensity level displayed here.

intestinal alkaline phosphatase (CIP) (Roche Diagnostics) to
remove their 5’-phosphates. The unlabeled S3;5_,5 and S3,,_4
RNAs were chemically synthesized (Thermo Fisher Scientific).
The segmentally labeled [*N]{30—38}-S3 and ["*N]{30—40}-
S3 RNAs (Figure 2) were produced by RNA ligation with the
T4 DNA ligase, two S3 fragments, and a single-stranded DNA
splint of 19 nucleotides that is fully complementary to S3.
Detailed procedures for segmental isotope labeling and
preparation of S12/S3 complexes are provided in the
Supporting Information. All RNAs were purified by denaturing
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gel electrophoresis followed by DEAE-Sepharose chromatog-
raphy.

NMR Sample Preparation. The purified J345 RNAs and
the different S12/S3 complexes were concentrated and
exchanged in NMR buffer A [10 mM sodium cacodylate (pH
6.5), 50 mM KCl, and 0.05 mM NaN,] in a 90% H,0/10%
D,0O mixture with Amicon Ultra-4 centrifugation devices
(Millipore). The RNAs were then heated at 37 °C for 2 min
and cooled in an ice/water mixture for 5 min before the change
to the final NMR buffer [NMR buffer A with S mM MgCl,
(99.995%) (Sigma-Aldrich)]. For NMR studies in D,0, the
samples were obtained by four cycles of lyophilization and
resuspension in 99.996% D,0.

NMR Spectroscopy. All NMR experiments were con-
ducted on a Varian ""YINOVA 600 MHz spectrometer
equipped with a pulse-field gradient unit and an actively
shielded z-gradient 'H/"*C/"N triple-resonance probe. The
resonance assignments and distance restraints were derived
from 2D 'H-"N HSQC, 2D HNN-COSY, 2D 'H-""N
CPMG-NOESY, 2D G-specific H(NC)-TOCSY-(C)H, 2D
'"H-'3C CT-HSQC, 2D 'H-"*C HMQC, 2D 'H-"*N MQ-
(HC)N(C)H, 3D CT-HCCH-COSY, 3D HCCH-TOCSY, 3D
5N-edited NOESY-HSQC, 3D 3C-edited HMQC-NOESY,
and 3D “N/*C-edited NOESY-HSQC spectra (Tables S1 and
S2 of the Supporting Information).>***>> NMR data were
processed using the NMRPipe/NMRDraw package® and
analyzed with the CCPNMR suite.””

Structural Restraints. The NOE-derived distance re-
straints were separated into four classes [strong (1.8—3.3 A),
medium (1.8—4.5 A), weak (1.8—5.5 A), and very weak (2.8—
8.0 A)] on the basis of NOE cross-peak intensities. On the basis
of NMR evidence from NOESY and HNN-COSY spectra,
canonical distance restraints were employed to define the
hydrogen bond pattern and planarity of the WC base pairs in
helical regions (stem III, 1—5/42—46; SLIV, 8—13/16—21;
SLV, 24—27/32—35) as well as the typical G,4-A3; base pair of
the GAAA tetraloop.”>® Dihedral-angle restraints for the sugar
puckers (8) and other backbone dihedral angles (&, 7, y, and {)
were defined from comparative NOE analyses. On the basis of
NMR evidence, backbone torsion angles of residues in helical
regions were restrained to A-form values (+15°).

Metal lon Binding Studies. Manganese (Mn*") titrations
were performed with two J345 samples (1.25 mM "*N-labeled
J345 and 2.0 mM "*C- and "*N-labeled J345) in NMR buffer A
with § mM MgCl,, as previously described.*” Mn?*-induced
paramagnetic relaxation enhancement (PRE) was monitored by
2D 'H-'N HSQC® spectra at 15 °C and 2D 'H-*C CT-
HSQCS"® spectra at 25 °C.** The RNA-—metal distance
restraints were derived from Mn**-induced PRE using the ratio
of signal intensity (I,/Iy,) determined from ipectra collected at
0 uM MnCl, (I,) and 10 uM MnCl, (I;,).”

Structure Calculation. Three-dimensional structures of
J34S were calculated with restrained molecular dynamics and
simulated annealing in X-PLOR-NIH version 2.1.9,° from
structures with randomized backbone angles, as previously
described.>® A force field was used that included bond, angle,
improper, and repulsive van der Waals energy terms as well as
NOE and torsion-angle pseudoenergy terms. Electrostatic
contributions were not included in the force field. Three-
dimensional structures of J345 bound to hydrated magnesium
complexes [Mg(H,0),?*], termed J345™8, were calculated as
described for J34S using Mg(H,0),** coordinates and
parameters, as previously described.*” A pentahydrated Mg**
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Table 1. Structural Statistics for J345 and J345™8

no. of experimental restraints
NOE-derived distance restraints
internucleotide
intranucleotide
ambiguous
hydrogen bond restraints
base pair planarity restraints
Mg**—RNA distance restraints
dihedral-angle restraints
total no. of restraints
rmsd from experimental restraints
NOE (A) (none >0.2 A)
dihedral (deg) (none >5°)
rmsd from idealized geometry
bonds (A)
angles (deg)
impropers (deg)
heavy atom rmsd from the minimized average structure (A)
overall (residues 2—45)
stem III (residues 2—S and 42—45)
stem—loop IV (residues 10—19)
stem—loop V (residues 24—35)
core domain (residues 6—9, 20—23, and 36—41)
Us-U,,-Cy; base triple
C,-U,-U,, base triple
Cy-G,1-Asg base triple
Cy-Gyp-Gsg base triple

J345 J345Ms
1780 1780
897 897
855 855
28 28

84 84

30 30

0 2
161 161
2055 2147

0.0088 + 0.0004
0.10 £+ 0.01

0.0111 £ 0.0002
0.11 £ 0.01

0.00368 + 0.00003
0.9969 + 0.0007

0.00373 + 0.00003
0.9866 + 0.0007

0.392 + 0.001 0.396 + 0.002
372 £ 1.62 2.63 + 0.80
0.35 + 0.09 0.31 + 0.08
0.36 + 0.09 0.38 + 0.09
0.82 + 0.31 0.55 = 0.18
0.97 £ 0.13 1.15 + 0.16
0.81 + 0.19 0.78 + 0.24
0.68 + 0.15 0.86 + 0.22
046 + 0.13 0.69 + 0.18
0.66 + 0.25 0.78 = 0.23

ion [Mg(H,0)**] was used at site 1 (GAAA tetraloop),*
whereas sites 2—6 were modeled with hexahydrated Mg** ions
[Mg(H,0),**]. For both J345 and J345"8, the 20 lowest-energy
structures that satisfied all the experimental restraints (all
distance violations <0.2 A and all torsion-angle violations <5°)
were selected for analysis and used to calculate an average
structure that was minimized against all restraints. Structures
were visualized with PyMOL Molecular Graphics System
version 1.3 (Schrédinger, LLC) and analyzed with PyMOL and
Curves+.%* Reported values of rmsds, interatomic distances,
and interhelical angles are given as average values with standard
deviations for the 20 lowest-energy structures, unless otherwise
mentioned. Interhelical angles were calculated using residues
1-S5 and 42—46 of stem III, residues 8—12 and 17—21 of stem
IV, and residues 24—27 and 32—35 of stem V.

B RESULTS

The J345 RNA Adopts a Compact Structure in the
Presence of Mg?* lons. The J345 RNA is a 47-nucleotide
three-way junction that incorporates all the single-stranded
residues of the junction core as well as the proposed proximal
base pairs of stems III-V found in the wild-type VS ribozyme
(Figure 1A,B).> In addition, the J345 RNA contains two non-
natural terminal loops that were included to facilitate NMR
assignment: a CUUG tetraloop® in stem—loop IV and a GAAA
tetraloop®®*? in stem—loop V (Figure 1B). Both tetraloops are
closed by a C-G base pair and are termed herein cCUUGg and
cGAAAg tetraloops, respectively.

NMR studies of J345 were conducted in the presence of 5
mM MgCl,, because the VS ribozyme requires metal cations,
preferentiall;f Mg** ions, for its folding and catalytic
activities.”>™*® Under these conditions, the 2D 'H—"N

6267

HSQC spectrum (Figure 1C) is well-dispersed with imino
signals representing 24 of the 27 imino groups in J345, in
agreement with formation of a unique stable structure for J34S.
All 24 imino signals were also observed in the absence of Mg**
ions (Figure S1 of the Supporting Information), indicating that
addition of Mg®" ions induces only minor changes in the
structure of J345. These imino signals could be assigned from
NOESY spectra, except for the U imino signals from the
junction core.

To allow unambiguous assignment of these U imino signals,
a segmental "N isotope labeling approach was developed using
a two-stranded complex similar to J34S, designated the S12/S3
complex. The 2D 'H-""N HSQC spectrum of [“N]S12/
["N]S3 (Figure S2 of the Supporting Information) together
with 2D HNN-COSY and 3D '*N-edited HSQC-NOESY
spectra (not shown) indicates that the S12/S3 complex adopts
a structure that is very similar to that of J34S. This 2D 'H—""N
HSQC spectrum was then compared with that of differentially
labeled S12/S3 complexes (Figure 2). The Uy and U,, imino
signals disappear with the unlabeled S12/["NJS3 complex
(Figure 2B), the U,, imino signal disappears with the
[*N]S12/["*N]{30—40}-S3 complex (Figure 2C); whereas
the U,y and Uy, imino signals disappear with the ['*N]S12/
[*N]{30—38}-S3 complex (Figure 2D). The unambiguous
assignment of these U imino signals allowed further
interpretation of NOESY spectra (Figure S3 of the Supporting
Information). Intense NOEs between the Uy and U,; imino
protons are consistent with formation of a cis WC/WC Ug—U,,
base pair within the core. In addition, NOE connectivities
involving imino protons of four uridines from the core (U, U,,,
U,y and U,;) as well as G, and G,; from stems III and IV

dx.doi.org/10.1021/bi500826n | Biochemistry 2014, 53, 6264—6275
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Figure 3. NMR solution structure of the J345 RNA. (A) Stereoview of the 10 lowest-energy structures. Only heavy atoms of core residues (residues
6—9,20—23, and 36—41) were used for the superposition, but all residues are shown. (B) Stick representations of the minimized average structure of
the J34S RNA. In panels A and B, residues are color-coded according to structural elements: the Us-U,,-C,; base triple (green), the C,-U,,-U,, base
triple (magenta), the C¢-G,; base pair (blue), the Cy-G,, base pair (gold), the U-turn (residues Uy, Gjq and Ayy) (orange), Giq (red), and the

CUUG tetraloop (residues C;3—Gy¢) (dark gray).

provide evidence of a highly organized core in which stems III

and IV are coaxially stacked, as previously proposed.”****

Overall NMR Structure of the J345 RNA. The three-
dimensional structure of J345 was determined using NOE-
derived distance restraints and dihedral-angle restraints. Its
overall structure is well-defined by the NMR data with a heavy
atom rsmd of 3.72 + 1.62 A for the 20 lowest-energy structures
(Table 1 and Figure 3). The J345S RNA adopts a Y-shaped fold
with a well-defined core domain (rmsd of 0.97 + 0.13 A) that
orients stem III (rmsd of 0.35 # 0.09 A) and stem V (rmsd of
0.82 + 0.31 A) side by side and away from stem IV (rmsd of
0.36 + 0.09 A). Stems IIl and V define the most acute
interhelical angle (¢ _y = 32.8 + 22.6°), whereas the other
two stem pairs define obtuse interhelical angles (¢r_y = 149.3
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+ 14.2° and ¢y_y = 167.1 + 10.1°), with stems III and IV
being nearly coaxial.

Compact cCUUGg and cGAAAg Tetraloops Capping
Stems IV and V. The cG,3A,0A3,A;,g tetraloop in stem—loop
V adopts a typical GNRA fold,***” with a cis WC/WC C-G
closing base pair (C,,-Gy,), a trans sugar edge/Hoogsteen G-A
base pair between the first and last residues of the loop (G-
A;)), a sharp backbone turn between the first and second
residues (G, and A,,), 3/-stacking among the last three bases
of the loop, and two typical hydrogen bonds (not shown). In
contrast, the cCUUGg tetraloop adopts a structure different
from that previously reported for the related gCUUGc
tetraloop.65 In J34S, the cC3U,U,5G g tetraloop is stabilized
by two cis WC/WC C-G base pairs: the C;,-G}; closing base
pair and the C;3-G;4 base pair between the first and last

dx.doi.org/10.1021/bi500826n | Biochemistry 2014, 53, 6264—6275
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residues of the loop (Figure 4). An analysis of rotamer
geometries yields non-A-form values for residues Uy, Us, and

Figure 4. cCCUUGg tetraloop of the J345 RNA. (A) Superposition of
the 20 lowest-energy structures. Only heavy atoms of residues 12—17
were used for the superposition and are shown. (B) Stick
representation of the lowest-energy structure of the cCUUGg
tetraloop. Cyan dashed lines represent hydrogen bonds that are
defined on the basis of short distances between heavy atoms in the
ensemble of structures: U;5 O2" and the 5'-phosphate oxygen of G4
(2.51 £0.27 A) and Uj5 02" and U;5 O2 (2.82 + 0.05 A). In panels A
and B, the CUUG residues are colored dark gray whereas those
forming the closing base pair (C;, and G;;) are colored light gray. (C)
Schematic representation of the cCUUGg loop. The light gray boxes
represent the bases, the large ovals the riboses in a C2'-endo (filled) or
C3'-endo (empty) conformation, and the small ovals the phosphates.
Dashed lines denote WC base pairs, and black rectangles indicate base
stacking interactions.

G, in agreement with the backbone turn of this cCUUGg
tetraloop not being as sharp as that of the GNRA tetraloop
(Figure 4). In addition, the cCUUGg tetraloop displays S'-
stacking among the first three bases of the loop [C,3, Uy, and
U, (Figure 4)]. All the residues in the cCUUGg tetraloop have
glycosidic angles in the anti conformation and sugar puckers in
the C3'-endo conformation, with the exception of U, and U,
that adopt a C2'-endo sugar pucker. There are two hydrogen
bonds that potentially stabilize the cCUUGg loop as evidenced
by short interatomic distances involving U, O2’ (Figure 4B).
In summary, the cCUUGg tetraloop bears a structural
resemblance to the cGAAAg tetraloop with respect to the
formation of base pairing, hydrogen bonding, and stacking
interactions, but there are significant differences in terms of the
residues involved in these interactions and the backbone
geometry.

Formation of a U-Turn at the Junction Core. As
proposed previously,46 residues Uj;, Gjg and Ay adopt a
canonical U-turn structure within the well-defined core domain
of J345 (Figure 5).%7 In the J345 structure, the U-turn stacks on
stem V and produces a sharp turn in the backbone after Us,
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that positions stem V side by side with respect to stem IIL In
addition, two hydrogen bonds, typical of the U-turn fold, are
observed between Us, 2’-OH and Ay N7 and between U, H3
and A, 3'-phosphate (Figure SB).

The Gj4 residue preceding the U-turn does not form a
canonical cis WC/WC base pair with C,;, as previously
proposed.”® Rather, Gy forms a cross-strand hydrogen bond
involving its amino group and the phosphate of C,; [G35 N2—
C,; 5'-phosphate oxygen distance of 3.40 + 0.50 A (Figure S)],
while the C,; base is flipped out to fulfill other interactions
within the core. These cross-strand interactions involving G4
likely stabilize the U-turn by allowing continuous stacking
among Uy, Gs4 and the Gy,-Usg base pair.

A Complex Network of Interactions within the Core
of the llI-IV-V Junction. The core domain of J34S is
stabilized by a stack of four base triples that is well-defined by
the NMR data (Figures S and 6). Within the U-Uy,-C,; base
triple (rmsd of 0.81 + 0.19 A), Uy and Uy, form a cis WC/WC
U-U base pair, and the major groove of this Us-U,, base pair
interacts with the flipped-out base of C,; through a single
hydrogen bond. The Uy-U,;-C,; base triple stacks on the C,-
U,,-U,, base triple (rmsd of 0.68 + 0.15 A), which is stabilized
by three hydrogen bonds involving the WC edges of these
residues. The C,-U,y-U,, base triple stacks on the Cg-G,;-Ayg
base triple (rmsd of 0.46 + 0.13 A), where Cg and G,, form a
canonical cis WC/WC base pair at the end of stem IV, while Az
of the U-turn participates in a type I A-minor interaction with
the Cy-G,, base pair.” Finally, the Cy-G,,-A;, base triple stacks
on the Cy-G,y-Gsg base triple (rmsd of 0.66 + 0.25 A), where
Cy and G, form a canonical cis WC/WC base pair in stem IV,
while Gg; interacts with the minor groove of the Cy-G,, base
pair. Although the base of Gi; is not well-defined in the
ensemble of NMR structures (Figure 5), G5 could potentially
form several hydrogen bonds with the riboses of C, (Figure 6)
and G,y [Gs3 NH, to G,y 04’ and 02’ (not shown)].

The stack of four base triples within the J345 core is also
stabilized by a ribose zipper, ° which involves close backbone
contacts of Gyg and Ay from the U-turn with Cg and C, of stem
IV. As is typical of ribose zippers,'® several hydrogen bonds are
observed that involve consecutive 2’-OH groups (Figure S4 of
the Supporting Information). Such a network of interactions
allows close packing of the U-turn within the junction core.

Identification of Mg(HZO),,Z"-Binding Sites. The struc-
ture of J345 in complex with Mg(H,0),** (J345™¢) was
determined by adding metal-RNA restraints derived from
Mn*"-induced PRE to the existing set of experimental restraints
(Table 1 and Table S3 of the Supporting Information). The
overall structure of the J345™8 RNA is very well-defined by the
NMR data with a heavy atom rmsd of 2.63 + 0.80 A (Table 1).
In comparison with J345, the global structure of J345Ms is
better defined, even though local structural elements have
similar resolutions in both structures.

The J345™8 structure displays six Mg**-binding sites (Figure
7A), and potential metal ligands at these sites were defined on
the basis of distance measurements (Table S4 of the Supporting
Information). These sites defined by the NMR data should be
viewed as preferential sites for Mg®* ion binding, and no
inference can be made in terms of the occupancy of the metal at
a given site. The Mg(H,0)s*" at site 1 is associated with the
cGasA0Az0A,,g tetraloop, whereas the Mg(H,0)*" species at
sites 2 and 4 are associated with the major grooves of stems V
and 1V, respectively (Figure SSA—C of the Supporting
Information), in agreement with previous observations.*’ The
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Figure 5. NMR structure of the core domain of the J345 RNA. (A) Superposition of the 20 lowest-energy structures. Only heavy atoms of core
residues (6—9, 20—23, and 36—41) were used for the superposition and are shown. (B) Stick representations of the lowest-energy structure of the
core domain. The cyan dashed lines represent characteristic hydrogen bonds of the U-turn motif that are defined on the basis of short distances
between heavy atoms in the ensemble of structures: Uy, 02’ to Ayy N7 (3.12 + 0.44 A) and U, N3 to A, 3'-phosphate oxygen (19 of 20 structures,

3.08 + 0.56 A).
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Figure 6. Base triples within the core domain of the J345 RNA. The
four base triples are located on the secondary structure of J345 derived
from the NMR structure (center), and their hydrogen bonding pattern
is shown on the lowest-energy structure (sides). Cyan dashed lines
represent hydrogen bonds that are defined on the basis of short
distances (>4.0 A) between heavy atoms observed in the ensemble of
structures.

Mg(H,0)4™* at site 3 is associated with the cCUUGg tetraloop
(Figure 7B). The O6 and N7 atoms of G4 and G;; act as
potential outer-sphere ligands, whereas the G4 5'-PO,”
contributes to electrostatic stabilization of the Mg®" ion. The
Mg(H,0)4* at site S is associated with the minor groove of the
U-turn within the core domain (Figure 7C), where the ribose
phosphate of the U-turn (residues 37—40) provides several
outer-sphere ligands as well as electrostatic stabilization.
Remarkably, a cation—7 interaction is also observed between
this Mg(H,0),>* and the Uy, base that defines the U-turn. The
Mg** ion at this position is likely important for stabilization of
the U-turn fold. The Mg(H,0),** at site 6 is located near the
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Uy-Uy-C,3 base triple of the core domain within a pocket
formed by the major groove of stem III and the phosphate
backbone of stem V (Figure 7D). Residues C,3, G,y Gy, and
Gy; provide several potential ligands, whereas the 5'-
phosphates of G,, and G, contribute to electrostatic
stabilization of the Mg’* ion. Site 6 is unique in that Mn*'-
induced PRE affects residues of both stems IIl and V (Table S3
of the Supporting Information). Thus, RNA—metal restraints at
this site help improve the overall rmsd of J345 by better
defining the relative orientation of these two stems.

B DISCUSSION

As part of our quest to understand the structural basis for
substrate recognition and cleavage by the VS ribozyme, we
determined the high-resolution solution structure of J34S,
which contains a three-way junction that plays a key role in
defining the global architecture of the VS ribozyme. In addition,
we localized Mg**-binding sites within J345 using Mn*'-
induced PRE. The structure of J34S reveals an intricate network
of interactions at the junction core as well as a novel fold for the
cCUUGg tetraloop that was introduced to stabilize stem—loop
IV, and both are discussed below in light of previous studies.
A Novel cCUUGg Tetraloop Structure. To date,
thermodynamic and structural studies of CUUG tetraloops
have mostly focused on the §CUUGC sequence because of its
greater prevalence in rRNA. %7 The gCUUGc and cCUUG
tetraloops are considered unusually stable tetraloops,’
although they are less stable than the more common cGNRAg
and cUNCGg tetraloops.”"’* At this time, symbolic searches
within the nonredundant list of RNA-containing structures
from the Protein Data Bank (PDB) using WebFR3D"” revealed
two essentially identical structures of gCUUGc tetraloops, one
from the NMR structure of a short RNA hairpin (PDB entry
IRNG)® and one from the X-ray structure of the Escherichia
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Figure 7. Mg(H,0),>*-binding sites within the J345™8 RNA. (A) Stick representation of the lowest-energy structure of J345™¢ with the six metal-
binding sites, numbered 1—6. (B—D) Mg(H,0),>*-binding sites associated with (B) the cCUUGg tetraloop (site 3; in 20 of 20 structures), (C) the
major groove face of the U-turn (site 5; in 16 of 20 structures), and (D) the core domain (site 6; in 20 of 20 structures). For each Mg(H,0)¢*-
binding site, the heavy atom superposition of the 10 lowest-energy structures is shown (left panels; only the residues shown were used for the
superposition) along with a stick representation of the lowest-energy structure (right panels). The Mg*" ions are colored black, with their bound

water molecules colored dark gray.

coli ribosome (PDB entry 2AW?7);”* however, there is no
available structure for the cCUUGg loop.

The NMR structure of J345 reveals that the cCUUGg
tetraloop structure is significantly different from those reported
for the gCUUGc tetraloop, in agreement with previous circular
dichroism studies.”® One important characteristic of the
gCUUGc structures is that the first uridine is extruded into
the minor groove, forming hydrogen bonds with the closing
and loop base pairs.®>”* In contrast, the cCUUGg tetraloop
adopts a compact fold with consecutive stacking of the first
three residues. This main structural difference may arise from
the inversion of the closing base pair (G-C to C-G), which does
not allow hydrogen bonding of an extruded U residue in the
minor groove in the cCUUGg tetraloop.®>”* This structural
difference could also be due to the presence of Mg** ions in our
study, because the NMR structure of the gCUUGc tetraloop
was determined in the absence of Mg ions.”® Using Mn%*-
induced PRE, we identified a Mg**-binding site associated with
the major groove of the cCUUGg tetraloop that likely helps
stabilize the observed fold.

An important feature of the cCUUGg tetraloop is that the
WC edges of the loop residues are all oriented toward the
major groove. In contrast, both the GNRA and gCUUGc
tetraloops expose loop bases in the minor groove. In the GNRA
tetraloop, these bases are known to play important roles in
forming tertiary interactions.”>’® Although the gCUUGc
tetraloop is free in the context of the folded E. coli ribosome,”*
protrusion of its first uridine into the minor groove could allow
for RNA—RNA or RNA-—protein interactions in other
contexts.”® In contrast, the exposed bases of the cCUUGg
tetraloop appear to be more retracted in the major groove and
less accessible for tertiary contacts, and this may explain the low
frequency of this tetraloop in rRNA.

Compatibility of the J345 Structure with Biochemical
Data. The NMR structure of J345 reveals a complex network
of interactions for the VS ribozyme III-IV—V junction that is
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in agreement with previous biochemical data. The NMR
structure clearly demonstrates that residues U, o, G, and A;,
adopt a canonical U-turn structure (Figure S), in agreement
with its functional substitution with a hairpin, as well as
mutational and chemical probing data>*%262829384546 1,
particular, the effect of base substitutions on both cleavage and
ligation activities is in agreement with the UNR consensus
sequence (N is any base, and R is A or G) of the U-turn,3¥*>*
Furthermore, the specific requirement for an adenine at the R
position is in agreement with the observed A-minor interaction
involving A;, (Figure 6).

Kinetic studies of VS ribozyme variants carrying single-
nucleotide substitutions have previously highlighted the
importance of several residues in and around the junc-
tion.***5* For the sake of simplicity, we restrict our discussion
to the effect of base substitutions on cleavage activity of the VS
ribozyme;*** however, similar effects on its ligation activity
were also observed.*® In particular, base substitutions of all
junction residues initially predicted to be single-stranded
(Figure 1A) reduced cleavage activity, except for Go;.**
This is in agreement with the NMR structure of J345 in which
all bases within the junction core are directly involved in stable
hydrogen bonding and stacking interactions (Figures S and 6),
except for the less-well-defined G,;; (Gsg) that likely forms less
stable interactions. In terms of the junction proximal base pairs,
only a 4-fold reduction in cleavage activity was observed for
inversion of the closing base pair of stem III (Cg3-Gyys),
whereas inversion of the proposed closing base pairs of stem IV
(Ces6-Gess) and stem V (Cgg7-Grgo) reduced the VS ribozyme
cleavage activity by 30- and 125-fold, respectively.* These
results are consistent with the Cgg-Gggs base pair forming a
base triple with A;;, (Figure 6) and with the previously
proposed Cgg;-Grgo base pair (Figure 1A,B) not being present
in the J34$ structure determined here.*® Rather, Cgy, forms a
base triple (Ugey-Us14-Cegr), and Gyy forms cross-strand
stacking and hydrogen bonding interactions (Figures S and 6).
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Chemical probing experiments conducted in the presence of
Mg*" ions are also in agreement with the NMR structure of
J345. The WC edges of all the junction residues initially
predicted to be single-stranded are protected from chemical
modifications under native conditions, with the exception of
Goyy (Gye), ™ in agreement with the J345 structure. In
addition, chemical modifications of bases that play an important
role in the structure of the III-IV—V junction have been shown
to significantly interfere with self-cleavage; this includes
carboxyethylation at the N7 position of Gy (G;s) and A5,
(Asg) by diethyl pyrocarbonate (DEPC) and removal of Uggg
(Uy,) and U, (Uy,) by hydrazine.24 The involvement of A,
in the U-turn and A-minor interaction (Figures S and 6) also
helps explain results of adenine analogue interference experi-
ments, in which chemical modifications at the N7 and C2
positions significantly inhibit cleavage activity.”””” Considering
the backbone, the S’-phosphates of A, (A;9) and U,;5 (Uyg)
are protected from ethylnitrosourea modifications,”™ which is
supported by Mg*" binding (Figure 7) and hydrogen bonding
within the U-turn (Figure SB). In addition, Cgs (Cg), Ager
(Cy), Uggs (Uyy), Cesr (Cy3), and Ay, (Asg) are protected from
hydroxyl radical footprinting,”” consistent with the poor
accessibility of their C4' atoms within the ribose zipper [for
Cess Agsr» and Ay, (Figure S4 of the Supporting Information)]
and base triples [for Ugg, Cgg7, and Ay, (Figure 6)]. Moreover,
2’-deoxynucleotide modifications of several residues in the III—
IV—V junction (Cges) Ugssy U710y Ag1py and Us;3) were shown to
significantly inhibit the cleavage and/or ligation activities of the
VS ribozyme, in agreement with the importance of these 2'-
hydroxyls in the ribose zipper (Figure S4 of the Supporting
Information), the U-turn (Figure S), and several base triples
(Figure 6).37’78 Hence, the NMR structure of J3435 is consistent
with previous biochemical data and most likely represents the
conformation of the III-IV—V junction in the context of the
active VS ribozyme.

The Topology of the llI-IV-V Junction Is Typical of
Family C Three-Way Junctions. The NMR structure of J345
confirms that the III-IV—V junction of the VS ribozyme
adopts a global Y-shaped fold typical of family C three-way
junctions, as previously proposed.”® Previous predictions also
indicated two potential coaxial stacking interactions, either
between stems IV and V*” or between stems III and IV."* The
NMR structure establishes that stems III and IV are coaxially
stacked and that there is an acute angle between stems III and
V. This coaxial stacking of stems III and IV is also in agreement
with low-resolution structural models based on FRET and
SAXS data.**® Although these models could not precisely
account for the structural complexity of the III-IV—V junction,
they both predicted an acute interhelical angle between stems
I and V (¢y_y).®*® Interestingly, the ¢y_y value of ~40°
estimated from the SAXS model*® falls within the range
observed in the ensemble of NMR structures of J345 (¢y_y =
32.8 + 22.6°).

Diverse Roles for Three-Way Junctions in Long-Range
Tertiary Interactions. The structure of the III-IV-V
junction relies on numerous local structural elements that
have been previously found in several family C three-way
junctions, namely, a U-turn motif, noncanonical base pairs, and
base triples, the formation of A-minor and cross-strand
interactions, and a ribose zipper."*~*”°~*" However, the 11—
IV=V junction does not include a long-range interaction
between the helices that are positioned side by side (stems III
and V),> as commonly found in family C three-way junctions
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from various RNAs.">”*7°7 Instead, the II[-IV—V junction
of the VS ribozyme allows for the interaction between SLV and
an exogenous stem—loop (SLI) that does not contribute to
forming the junction,30_34 and to the best of our knowledge,
this type of tertiary interaction for family C three-way junctions
has not been previously reported. Thus, this study expands on
our understanding of the diverse roles that three-way junctions
play in the organization of complex RNA structures, which
could have useful applications in nanotechnologies.

Effect of Mg?* lons on the Folding of the lI-IV-V
Junction. Chemical probing data of the VS ribozyme have
shown increased levels of protection of several residues of the
junction upon addition of Mg>* ions.****?**™*° In addition,
native gel and FRET studies have provided evidence of a Mg**-
induced structural transition that alters the global structure of
the III-IV—V junction.*® From these studies, it was proposed
that the junction adopts an extended structure in the absence of
divalent metal ions that folds upon addition of Mg** ions.*
However, the NMR data of J345 presented here indicate that
the III-IV=V junction is prefolded in the absence of divalent
cations and that the local structural features of the junction are
not considerably altered upon addition of Mg>" ions. Moreover,
the presence of two divalent metal-binding sites in the core of
the III-IV—V junction indicates that these divalent cations help
stabilize both the U-turn motif and the close packing of stems
II and V. This is in agreement with results from FRET studies
in which an increasing Mg*" ion concentration systematically
reduced the end-to-end distance between stems III and V.*
Taken together, these data support a model in which Mg** ion
binding helps stabilize a preformed structure at the III-IV-V
junction to allow close packing of stems III and V.

The IlI-IV-V Junction Forms a Dynamic Hinge for SLI
Substrate Recognition and Catalysis. The main role of the
II-IV—V junction in the VS ribozyme is to properly orient
SLV for SLI substrate binding and catalysis. As currently
viewed, SLV forms a high-affinity kissing loop interaction with
SLL*® and this facilitates the association between the SLI and
SLVI internal loops to form the active site. With this study, we
establish that SLV is not locked by tertiary interactions with
SLIII as would be expected for a typical family C three-way
junction. Rather, SLV appears to have a certain degree of
flexibility with respect to SLIIL, and thus, the junction most
likely functions as a dynamic hinge to assist SLV in exploring
the conformational space needed to facilitate SLI binding and
catalysis. In particular, a certain degree of flexibility may be
required to allow formation of the active site through the
intimate association of the SLI and SLVI internal loops.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures providing more details about the
methods used in this study; figures that show NMR evidence
that J34S adopts a single stable structure in the absence of Mg>*
ions that is similar to that formed in the presence of Mg*" ions
(Figure S1), NMR evidence that the $12/S3 complex adopts a
structure similar to that of J34S (Figure S2), NMR evidence
that J345 forms a highly organized core with helical stacking
between stems III and IV (Figure S3), a representation of the
ribose zipper within the core domain of the J345 RNA (Figure
S4), and representations of additional Mg(H,0),**-binding
sites within J345M8 (Figure SS); and tables that show the
resonance assignment of J34S (Tables S1 and S2), distance
restraints derived from Mn**-induced PRE used for the J345™#
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structure calculation (Table S3), and structural characteristics
of Mg(H,0),*-binding sites in J345M& (Table S4). This
material is available free of charge via the Internet at http://
pubs.acs.org.

Accession Codes
NMR chemical shifts, structural restraints, and structural
coordinates have been deposited for J345 and J345M8 as
BMRB entries 25163 and 25164 and PDB entries 2mtj and
2mtk, respectively.
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