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ABSTRACT: In theNeurosporaVS ribozyme, magnesium ions facilitate formation of a loop-loop interaction
between stem-loops I and V, which is important for recognition and activation of the stem-loop I substrate.
Here, we present the high-resolution NMR structure of stem-loop V (SL5) in the presence of Mg2+

(SL5Mg) and demonstrate that Mg2+ induces a conformational change in which the SL5 loop adopts a
compact structure with most characteristics of canonical U-turn structures. Divalent cation-binding sites
were probed with Mn2+-induced paramagnetic line broadening and intermolecular NOEs to Co(NH3)6

3+.
Structural modeling of Mn(H2O)62+ in SL5Mg revealed four divalent cation-binding sites in the loop. Sites
1, 3, and 4 are located in the major groove near multiple phosphate groups, whereas site 2 is adjacent to
N7 of G697 and N7 of A698 in the minor groove. Cation-binding sites equivalent to sites 1-3 in SL5 are
present in other U-turn motifs, and these metal-binding sites may represent a common feature of the
U-turn fold. Although magnesium ions affect the loop conformation, they do not significantly change the
conformation of residues 697-699 involved in the proposed Watson-Crick base pairs with stem-loop
I. In both the presence and the absence of Mg2+, G697, A698, and C699 adopt an A-form structure that
exposes their Watson-Crick faces, and this is compatible with their proposed interaction with stem-
loop I. In SL5Mg, however, U700 becomes exposed on the minor groove face of the loop in the proximity
of the bases of G697, A698, and C699, suggesting that the Mg2+-bound conformation of stem-loop V
allows additional contacts with stem-loop I. These studies improve our understanding of the role of
Mg2+ in U-turn structures and in substrate recognition by the VS ribozyme.

Metal ions play an essential role in RNA biochemistry,
because they help maintain the structural and functional
integrity of RNA. Positively charged metal ions provide the
necessary electrostatic stabilization for formation of complex
three-dimensional RNA structures where phosphate anions
often become closely packed. Localization of metal cations
in structures of RNA, such as group I intron ribozymes (1-
4) and ribosomal RNAs (5, 6), has provided examples for
the importance of metal ions in stabilizing local structures,
as well as in mediating helical packing. In addition,
functional and structural studies have implicated cations in
the chemical reaction of several ribozymes (for a recent
review, see ref7; see also refs2-4 and8). Magnesium ions
(Mg2+) are particularly important because they stabilize a
variety of RNA structures and can support catalysis of many

ribozymes at physiological concentrations. An ongoing
challenge is to unravel the precise role(s) of magnesium ions
in the folding of various RNAs and in Mg2+-assisted RNA
catalysis (2-4, 7-9).

TheNeurosporaVS ribozyme is one of the few naturally
occuring self-cleaving ribozymes, and it possesses unique
primary, secondary, and tertiary structures (for recent
reviews, see refs10 and 11). The primary activity of this
ribozyme is a metal-dependent autolytic cleavage of the VS
RNA to produce 5′-OH and 2′,3′-cyclic phosphate termini,
which is similar to that of other small catalytic RNAs such
as the hammerhead, hairpin, and hepatitis delta virus ri-
bozymes (12). The VS ribozyme is also capable of trans
cleavage upon incubation of the separately synthesized
substrate and catalytic domains (13) and, under the right
conditions, can perform ligation reactions (14, 15). The
secondary structure of the VS ribozyme (Figure 1a) consists
of six helical subdomains (I-VI) (Figure 1a). The catalytic
domain of the ribozyme is formed by stem-loops II-VI,
whereas stem-loop I defines the substrate domain. Phos-
phodiester bond cleavage occurs at G620 in the internal loop
of stem-loop I (Figure 1a). Nucleotide modification data
indicate that the A730 loop of stem-loop VI plays an
important role in catalysis and likely constitutes the active
site of theNeurosporaVS ribozyme (16, 17). It has been
suggested that for cleavage to occur, the stem-loop I
substrate must dock into a cleft formed by stem-loops II
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and VI to allow the necessary interaction between the
cleavage site internal loop and the A730 loop (10, 18).
Although models of the tertiary structure have been proposed
(19, 20) and NMR structures of individual stem-loop motifs
have been determined (21-25), there is currently no reported
high-resolution structure of the VS ribozyme.

Substrate recognition by the VS ribozyme involves tertiary
interactions between the substrate and catalytic domains. The
best-characterized tertiary interaction is the Mg2+-dependent
loop I-loop V interaction, which involves Watson-Crick
base pairing between residues 630-632 of stem-loop I and
residues 697-699 of stem-loop V (26). Formation of this
interaction is accompanied by a structural change in stem-
loop I, in which nucleotides 623-625 in stem-loop I shift
their base paring partners from nucleotides 634-636 to
nucleotides 635-637 (Figure 1a), extruding C634 from the
stem and rearranging the active site internal loop (Figure
1a) (14). Such a conformational change in stem-loop I can
be induced by the addition of stem-loop V and Mg2+ only
(27). It has been demonstrated that this conformational
change is essential for activation of the stem-loop I RNA
(14). Indeed, stem-loop I RNA mutants that cannot undergo
this conformational change are not cleaved by the VS

ribozyme, whereas stem-loop I mutant substrates that can
adopt the shifted conformation are active in the cleavage
reaction (14). NMR structures of both the unshifted (inactive)
(21, 22) and shifted (active) (24) conformations have been
determined by NMR spectroscopy. These structures indicate
that the conformational change in stem-loop I leads to the
formation of a Mg2+-binding site and of a tertiary interaction
motif in the cleavage site internal loop, both of which may
be important for catalysis (24).

The catalytic activity of the VS ribozyme has a strict
requirement for the presence of metal cations with magne-
sium being the preferred divalent metal ion (28, 29). Other
cations such as calcium, manganese, and certain monovalent
ions support catalysis, whereas cobalt hexammine [Co-
(NH3)6

3+]1 supports the correct folding of the ribozyme but
not catalysis (28-30). Phosphorothioate substitution interfer-
ence and manganese rescue experiments have been used to
define sites of divalent cation interaction (Figure 1a) (18).
Using these methods, Mg2+ coordination sites were identified
in the A730 loop at the proposed active site (Figure 1a) (18).
Mg2+-binding sites were also identified in the terminal loops
of stem-loops I and V and involve the 5′-phosphates of
U631 and C699, two nucleotides that directly participate in
the Mg2+-dependent loop I-loop V interaction (Figure 1a).
Folding experiments revealed that Co(NH3)6

3+ ions are not
as effective at stabilizing either the stem-loop I-stem-
loop V interaction or the active (shifted) conformation of
stem-loop I, indicating that Co(NH3)6

3+ ions may not fulfill
all the roles that Mg2+ ions play in this interaction (30).

We are using theNeurosporaVS ribozyme as a model
system to investigate various aspects of RNA structure and
function. At present, we are pursuing NMR structural studies
to gain insight into the substrate recognition and activation
by the VS ribozyme (24, 25). We recently determined the
three-dimensional structure of stem-loop V in the absence
of Mg2+, SL5free, by heteronuclear NMR spectroscopy and
used chemical shift mapping to understand the effect of Mg2+

on the SL5free structure (25). As predicted from the loop
sequence and site-specific substitution experiments (26, 31),
we found that loop residues form a U-turn structure (25).
U-Turns are architectural motifs found in a large number of
RNAs (32-36) and are often implicated in tertiary interac-
tions (37, 38). In SL5, the consensus UNR sequence (U is
uracil, N any base, and R purine) is represented by U696,
G697, and A698 (Figure 1). Our NMR structure revealed
that the U-turn of SL5free does not meet all the criteria of a
canonical U-turn structure (25, 32, 37, 39). We also
determined that addition of Mg2+ resulted in numerous1H
and13C chemical shift changes for the SL5 loop (25). Given
the widespread changes in chemical shifts, it was impossible
to precisely locate Mg2+-binding sites from these data.

1 Abbreviations: SL5, stem-loop 5; SL5free, SL5 in the absence of
magnesium ions; SL5Mg, magnesium ion-bound form of SL5; 1D, one-
dimensional; 2D, two-dimensional; 3D, three-dimensional; HSQC,
heteronuclear single-quantum coherence; CT-HSQC, constant-time
HSQC; COSY, correlated spectroscopy; E. COSY, exclusive COSY;
TOCSY, total correlation spectroscopy; HETCOR, heteronuclear cor-
relation; NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy;
CPMG, Carr-Purcell-Meiboom-Gill method; HMQC, heteronuclear
multiple-quantum correlation; RCSB, Research Collaboratory for
Structural Bioinformatics; PDB, Protein Data Bank; rmsd, root-mean-
square deviation; Mn(H2O)62+, hexahydrated manganese ion(s); Co-
(NH3)6

3+, cobalt hexammine ion(s).

FIGURE 1: Secondary structure and proposed Mg2+-binding sites
in the Neurospora VS ribozyme. (a) Primary and secondary
structures of the VS ribozyme. The cleavage site is designated by
the red arrowhead. The interaction between stem-loops I and V is
represented as a dashed line, and residues involved in this interaction
are circled. Upon interaction with stem-loop V, stem-loop I
(subdivided into Ia and Ib) undergoes a structural change from an
inactive to an active conformation. (b) Sequence and secondary
structure of the stem-loop V RNA (SL5) used for the NMR study.
Wild-type and mutant nucleotides are represented as upper- and
lowercase letters, respectively. In panels a and b, the empty
arrowheads indicate proposed sites of Mg2+ binding from phos-
phorothioate interference and Mn2+ rescue experiments (18). SL5
nucleotides are color-coded for easy identification in subsequent
figures.
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Furthermore, it was postulated that Mg2+ induces a confor-
mational change in the SL5 loop (25). In this report, we have
determined the NMR structure of SL5 in the presence of
Mg2+, SL5Mg, and used NMR methods to localize cation-
binding sites in SL5Mg. Our results improve our understand-
ing of the effect of Mg2+ on the stem-loop V U-turn
structure and on the formation of the stem-loop I-stem-
loop V interaction.

EXPERIMENTAL PROCEDURES

Sample Preparation.Unlabeled,15N-labeled, and13C- and
15N-labeled SL5 RNAs (Figure 1b) were synthesized and
purified as previously described (25). The final concentration
of the NMR samples ranged from 0.8 to 2.0 mM SL5 RNA.
The sample buffer was exchanged by using Centricon-3
ultrafiltration devices with either NMR buffer A [10 mM
d11-Tris (pH 7.0), 50 mM NaCl, and 0.05 mM NaN3] or
NMR buffer B [10 mM d11-Tris (pH 7.0) and 0.05 mM
NaN3], which contained 90% H2O and 10% D2O. For studies
in D2O, the RNA samples were transferred to 99.996% D2O
with multiple cycles of lyophilization and resuspension in
D2O. Before addition of metal ions, the RNA samples were
heated to 95°C for 2 min and then immediately cooled
in ice and water. The Mg2+-bound form of SL5, SL5Mg,
was prepared by the addition of 99.995% MgCl2 (Sigma-
Aldrich, St. Louis, MO) to the NMR samples; 40 mM MgCl2

was added to RNA samples in NMR buffer A, and either
20 or 46 mM MgCl2 was added to RNA samples in NMR
buffer B. We found that these buffer conditions including
MgCl2 were essentially equivalent (Figure S1 of the Sup-
porting Information), causing>90% of the total Mg2+-
induced chemical shift changes in the loop resonances of
SL5.

NMR Spectroscopy.All NMR experiments were conducted
at 25 °C on a VarianUnityINOVA 600 MHz spectrometer
equipped with a pulsed field gradient unit and an actively
shielded z gradient probe, either a1H{13C/15N} triple-
resonance probe or a1H{15N-31P} indirect detection probe.
Assignment of1H, 13C, 15N, and 31P nuclei in SL5Mg was
achieved initially by comparing assigned 2D1H-13C CT-
HSQC and1H-15N HSQC spectra of SL5free with those
obtained at the various points of the MgCl2 titrations. The
assignment was subsequently completed with 2D and 3D
heteronuclear NMR experiments, as described below. All
nonexchangeable protons and their attached carbons were
assigned from the following experiments collected in D2O:
2D 1H-13C CT-HSQC (40, 41), 3D HCCH-COSY (42), 3D
HCCH-TOCSY (42), and 3D 13C-edited HMQC-NOESY
spectra with mixing times of 75 and 150 ms (43). The
exchangeable protons and their attached nitrogens were
assigned in H2O from imino- and amino-optimized 2D1H-
15N HSQC (44) and 2D 1H-15N CPMG-NOESY (45)
spectra. A long-range1H-15N HSQC spectrum collected in
D2O was used for assignment of N1 and N3 of adenines
and N7 and N9 of purines (J ) 21 Hz) (46). A 2D 1H-31P
HETCOR spectrum collected in D2O was used for the
assignment of the31P resonances (47). Distance restraints
were obtained from a 2D1H-15N CPMG-NOESY (45)
spectrum collected in H2O with a mixing time of 150 ms
and 3D 13C-edited HMQC-NOESY (43) spectra collected
in D2O with mixing times of 75 and 150 ms. The hydrogen
bond restraints were determined from2JNN couplings (48,

49). The standard HNN-COSY spectrum was used to detect
2JNN couplings via the exchangeable imino protons (48).
Since U695 NH was not detected, we used a modified HNN-
COSY experiment to detect the two-bond U695 N3-A701
N1 J coupling in the A701‚U695 base pair via the nonex-
changeable H2 of adenine (49). Restraints for theδ torsion
angle were obtained from a 3D HCCH E.COSY (50)
spectrum recorded at 25°C in D2O. All NMR spectra were
processed with the NMRPipe/NMRDraw package (51) and
analyzed with NMRView (52). 1H, 13C, and15N chemical
shifts were referenced to an external standard of 2,2-
dimethyl-2-silapentane-5-sulfonic acid (DSS) at 0.00 ppm
(53), and31P chemical shifts were referenced to an external
standard of 85% phosphoric acid at 0.00 ppm.

Structure Calculation. The distance restraints from the 3D
13C-edited HMQC-NOESY spectra were separated into four
ranges: strong (1.8-3.0 Å), medium (1.8-4.1 Å), and weak
(1.8-5.5 Å) based on the intensities of peaks observed at a
mixing time of 75 ms and very weak (1.8-7.0 Å) for signals
observed at only the 150 ms mixing time. The distance
restraints obtained from the 2D1H-15N CPMG-NOESY
spectra were given ranges of either 1.8-5.5 or 1.8-7.0 Å
on the basis of cross-peak intensities. Because of the strong
NMR evidence (from NOESY and HNN-COSY spectra) for
the formation of the A‚U and G‚C Watson-Crick base pairs
in the stem of SL5Mg, canonical distance restraints were
employed to define the hydrogen bonding pattern and
planarity for the first five base pairs in the stem of SL5Mg

(residues 690-694 and 702-706). We obtained limited NOE
data for the U695‚A701 base pair; therefore, in this case,
only the U695 N3-A701 N1 distance was restrained (2.82
( 0.1 Å) on the basis of the HNN-COSY data. All the sugar
puckers except for those of residues 696-700 were set to
C3′-endo (δ ) 86( 10°) on the basis of 3D HCCH E.COSY
data. For residues U696-U700, the3JH1′-H2′ values derived
from the HCCH E.COSY data represent the average values
of C3′-endo and C2′-endo conformers, indicating that these
riboses are in equilibrium between these two conformations.
Theγ torsion angle restraints were derived from comparative
analyses of NOE data (54). Theγ angles for all the residues,
except loop residues 696-700, were set to the gauche+

conformation (γ ) 60 ( 20°).
Three-dimensional structures were calculated with re-

strained molecular dynamics and simulated annealing in
X-PLOR-NIH version 2.0.6 (55, 56) as described previously
(25). Starting from a set of 75 structures with randomized
torsion angles, we found 69 structures that satisfied the
experimental restraints (no distance violation of>0.1 Å and
no torsion angle violation of>5°). From these 69 structures,
the 10 lowest-energy structures were selected for analysis.
These 10 structures were also used to calculate an average
structure that was minimized against experimental restraints.
All structures were visualized and analyzed with MOLMOL
(57).

UV Spectroscopy and Determination of Tm Values. Ther-
mal stability studies of SL5 were conducted on purified
RNAs with a Cary model 300 UV-visible spectrophotometer
equipped with a Peltier heating accessory. All samples
contained 10µM SL5 in NMR buffer B and the indicated
metal ions (Figure S3 of the Supporting Information),
whereas the RNA was omitted in the control samples (blank).
Samples were heated from 10 to 98°C at a rate of 1°C/
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min, while absorbance data were collected at 260 nm in 1
°C increments. Eighty scans were collected and averaged
for each data point in a dual-beam mode with automatic
subtraction of the control samples from the RNA samples.
Melting temperatures were determined from the second
derivative of the absorbance versus temperature curve and
linear regression of points on either side of the null for
accurate determination of the null. Reported melting tem-
peratures are averaged values derived from two individual
UV denaturation profiles.

Metal Ion Binding Studies. A 1.0 mM sample of13C- and
15N-labeled SL5 in NMR buffer B and 100% D2O was
titrated with MgCl2. The titration was carried out by directly
adding increasing amounts of concentrated 99.995% MgCl2

(Sigma-Aldrich) to the RNA sample. The Mg2+ concentra-
tions were 0, 0.25, 0.50, 0.75, 1.0, 2.0, 3.0, 5.0, 7.5, 15, 36,
and 46 mM. Chemical shift changes were monitored at each
MgCl2 concentration by collecting 2D1H-13C CT-HSQC
spectra (40, 41).

A 1.0 mM sample of13C- and15N-labeled SL5 in NMR
buffer A and 100% D2O was titrated with Co(NH3)6Cl3. The
titration was carried out by directly adding increasing
amounts of concentrated Co(NH3)6Cl3 (Sigma-Aldrich) to the
RNA sample. The cobalt hexammine ion concentrations were
0, 0.25, 0.50, 0.75, 1.0, 2.0, 5.0, and 6.0 mM. Chemical shift
changes were monitored at each Co(NH3)6Cl3 concentration
by collecting 2D1H-13C CT-HSQC spectra (40, 41). NOEs
between Co(NH3)6

3+ and SL5 were obtained by collecting
3D 13C- and 15N-edited NOESY-HSQC spectra (58) with
mixing times of 90 and 180 ms on a 1.0 mM sample of SL5
in NMR buffer A in 90% H2O and 10% D2O supplemented
with 4 mM Co(NH3)6Cl3.

Four MnCl2 titrations were carried out by directly adding
increasing amounts of concentrated 99.99% MnCl2 (Sigma-
Aldrich) to various RNA samples. The Mn2+ concentrations
for these titrations were 0, 10, 20, 40, and 80µM, and the
paramagnetic effect of Mn2+ was monitored at each of these
MnCl2 concentrations. For the first titration, we used a 1.0
mM sample of13C- and15N-labeled SL5 in NMR buffer B
with 46 mM MgCl2 and 100% D2O, and the paramagnetic
effect was monitored by collecting 2D1H-13C CT-HSQC
spectra (40, 41). A second MnCl2 titration was carried out
with a 1.0 mM sample of15N-labeled SL5 in NMR buffer B
with 20 mM MgCl2 and a 90% H2O/10% D2O mixture, and
the paramagnetic effect was detected by 1D1H and imino-
and amino-optimized 2D1H-15N HSQC spectra (44). A third
MnCl2 titration was carried out with a 2.0 mM sample of
15N-labeled SL5 in NMR buffer B with 20 mM MgCl2 and
100% D2O, and the paramagnetic effect was studied by long-
range 2D1H-15N HSQC spectra optimized for detection of
N1 and N3 of adenines and N7 and N9 of purines (J ) 21
Hz) (46). A fourth titration was carried out with a 1.4 mM
sample of unlabeled SL5 in NMR buffer B with 46 mM
MgCl2 and 100% D2O, and the paramagnetic effect was
detected with 1D31P spectra (47).

Structure Modeling of Mn(H2O)62+-Binding Sites. Struc-
tures of a complex between SL5Mg and Mn(H2O)62+ were
obtained by repeating the structure calculation of SL5Mg in
the presence of Mn(H2O)62+. NMR signals that were
broadened to baseline at 20µM MnCl2 indicated that the
nuclei or the pairs of nuclei giving rise to these signals were
close in space to Mn(H2O)62+. Broadened peaks were found

in the 1D31P, 2D1H-13C CT-HSQC (40, 41), and 2D1H-
15N HSQC spectra (44, 46), and the nuclei involved are31P,
directly bonded1H-13C pairs, directly bonded imino and
amino 1H-15N pairs, and H2-N3, H2-N1, H8-N7, and
H8-N9 pairs. We therefore defined distance restraints
between the Mn2+ and the nuclei or pairs of nuclei that had
their peaks broadened to baseline. For all these distance
restraints, we used bounds of 1.8-7.0 Å between the nuclei
involved and the Mn2+ center of the Mn(H2O)62+ complex.
Only distance restraints defining Mn(H2O)62+-binding sites
in the loop (residues U695-A702), but not the stem, were
modeled. Four Mn(H2O)62+-binding sites were defined (see
below). To help localize these Mn(H2O)62+ ions, repulsive
restraints (>7.0 Å) were used between the four Mn2+ centers
and nuclei with resonance that exhibited little or no specific
line broadening at 80µM MnCl2. For the structure calcula-
tion, we used the same protocol used for NMR structure
determination of SL5free (25) and SL5Mg. However, after
randomization of the backbone angles and before the first
cycle of high-temperature dynamics, four Mn(H2O)62+ were
placed linearly at the 3′-end of the SL5 RNA. The coordi-
nates for the Mn(H2O)62+ complex were obtained by
substituting the magnesium atom in the Mg(H2O)62+ complex
with a manganese atom. The Mg(H2O)62+ coordinates and
parameters and the manganese parameters were all obtained
from HIC-Up (59).

On the basis of the following clustering analysis of nuclei
that had their resonance broadened to baseline at 20µM
MnCl2 (Table S3 of the Supporting Information), we inferred
four Mn(H2O)62+-binding sites in the loop (sites 1-4). The
N7 and N9 atoms of G697 and A698 and the H8 and C8
atoms of G697 are on the minor groove side of the loop,
whereas the other affected atoms are located on the major
groove side. These atoms constitute one Mn2+-binding site.
The amino group of C702 is located close to N7 of A701,
and this cluster of atoms likely constitutes one binding site.
The affected atoms of U696 and the 5′-phosphate of C699
are located too far from each other and therefore likely define
two other separate Mn2+-binding sites. In the first round of
structure calculation, site 1 was restrained to H6 and C6 of
U696. Site 2 was restrained to C8, H8, N7, and N9 of G697
and N7 and N9 of A698. Site 3 was restrained to 5′-
phosphate of C699, and site 4 was restrained to N4, H41,
and H42 of C702. The other affected atoms (H5 and C5 of
U695, H5 and C5 of U696, 5′-P of G697, 5′-P of A698, and
N7 and N9 of A701) were restrained to any of the four Mn2+

ions. Using four Mn(H2O)62+ ions for structure calculation,
we easily obtained structures that satisfied all experimental
restraints. However, structural calculations using two or three
Mn(H2O)62+ ions instead of four were unsuccessful, since
structures which satisfied all experimentally derived restraints
could not be obtained. After an initial round of structure
calculation, it was found that H5 and C5 of U695 had a
preference for Mn2+ at site 3, whereas 5′-P of G697 and
5′-P of A698 had a preference for Mn2+ at site 1 and N7
and N9 of A701 a preference for Mn2+ at site 4. These atoms
were restrained to their preferred Mn(H2O)62+ sites for the
final round of structure calculation.

In the final round of calculation, 47 of the 50 calculated
structures satisfied the experimental restraints (no distance
violation of >0.1 Å and no torsion angle violation of>5°).
From these 47 structures, the 10 lowest-energy structures
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were selected for analysis and were used to calculate an
average structure that was minimized against experimental
restraints. All structures were visualized and analyzed with
MOLMOL (57).

RESULTS

SL5Mg Structure Determination. To investigate the solution
structure of SL5Mg, we used the same 17-nucleotide RNA
fragment of stem-loop V, termed SL5, which we previously
used for NMR structure determination of SL5free (Figure 1b)
(25). Although a few base pairs of the stems were mutated
to increase synthesis yields (Figure 1b) (60), it was previously
found that mutations in stem V that do not disrupt base
pairing are compatible with catalytic activity (61). In addition,
chemical modification experiments indicate that SL5 (Figure
1b) supports formation of the active conformation of stem-
loop I in the presence of Mg2+ (A. Andersen, R. Collins,
and P. Legault, unpublished results) (27). We have also
previously determined that both SL5free and SL5Mg form
hairpins under our NMR conditions (25), in agreement with
the secondary structure model of the VS ribozyme (Figure
1a) (27).

The NMR structure of SL5Mg was obtained from standard
homonuclear and heteronuclear NMR methods applied to
unlabeled,15N-labeled, and13C- and 15N-labeled RNAs.
Resonance assignment of SL5Mg was substantially facilitated
because the complete resonance assignment of SL5free was
available (25). By carefully tracking peaks in 2D1H-13C
CT-HSQC and 2D1H-15N HSQC spectra during the Mg2+

titration (25), we could obtain the assignment of many1H,
13C, and15N resonances for SL5Mg. Additional heteronuclear
NMR experiments were used to confirm and complete the
assignment, as described in Experimental Procedures. A list
of the resonance assignments for1H, 13C, 15N, and31P nuclei
in SL5Mg is provided in Table S1 (Supporting Information).

U-Turn Spectral Characteristics in SL5Mg. As was found
for SL5free, the residues in the stem (690-695 and 701-
706) of SL5Mg exhibited spectral characteristics typical of
A-form helices (25). However, differences in the loop NOEs
between SL5free and SL5Mg clearly indicated that Mg2+ ions
stabilize a more compact SL5 loop structure (data not
shown). In both structures, the NOEs from the ribose protons
of U696 to G697 H8, A698 H8, and C699 H5 are
characteristic of the sharp turn in the loop after U696.
However, there is an increase in the NOE intensities between
U696 and residues A698 and C699 of SL5Mg in comparison
to those of SL5free, indicating that U696 is closer to A698
and C699 in SL5Mg. For SL5Mg, we also noted an increase
in the intensity of the NOEs between the ribose of C699
and the base of A701 and the appearance of a NOE between
C699 H5 and A701 H2. There was no evidence of stacking
between the bases of residues C699 and A701 in SL5free;
however, these NOE data indicated base stacking between
these two residues in SL5Mg.

We compared NMR data for SL5Mg with known NMR
spectral properties of U-turn structures containing the
characteristic U 2′-OH‚‚‚R N7 and U H3‚‚‚R 3′-phosphate
hydrogen bonds (62-65). Previously characterized NMR
spectral properties of the U-turn are detectable U 2′-OH
(∼8.6 ppm) (65) and U H3 (∼11-11.5 ppm) protons (62,
64, 65), a downfield-shifted R N7 (65), and downfield-shifted

31P resonances for the UpN and NpR phosphates (63-65).
For SL5Mg, the exchangeable U696 2′-OH and H3 protons
were not observed at 25°C. However, in a 1D1H spectrum
collected at 15°C, we observed low-intensity resonances at
8.8 and 10.6 ppm (not shown), which can be tentatively
assigned to the U696 2′-OH and H3 protons, respectively.
In 2D NOESY spectra collected at 15°C, NOEs to other
SL5 protons were not observed (not shown), but15N and
13C decoupling during acquisition indicates that the signal
at 8.8 ppm is not directly attached to either a carbon or a
nitrogen and that the signal at 10.6 ppm is directly attached
to a nitrogen (not shown).

Better evidence of U-turn formation is provided by
chemical shift analysis of nonexchangeable resonances. N7
of A698 is the most downfield-shifted N7 resonance (223.1
ppm; Table S1 of the Supporting Information), 7 ppm
downfield from its SL5free value (230.1 ppm) (25). This
downfield shift of A698 N7 is a strong indicator of its
participation in a hydrogen bond with U 2′-OH (65). In
U-turn structures, theR torsion angle of the turning phosphate
(UpN) adopts a trans configuration and is involved in binding
Mg2+. These two factors are responsible for its downfield-
shifted resonance (63, 64). For SL5Mg, the phosphorus
resonance of the turning phosphate (U696pG697) is the most
downfield-shifted31P resonance (2.18 ppm; Figure S2 and
Table S1 of the Supporting Information), 1.8 ppm downfield
from its SL5free value (0.37 ppm) (25). In a previous NMR
study, a downfield-shifted resonance has also been associated
with the U-turn NpR phosphate (65). For SL5Mg, the
G697pA698 phosphate yields the second most downfield-
shifted31P resonance (1.12 ppm; Figure S2 and Table S1 of
the Supporting Information), 1.1 ppm downfield from its
SL5free value (0.05 ppm) (25). We also unambiguously
assigned the31P resonance of the A698 3′-phosphate (-1.20
ppm) and found that it is upfield-shifted by 0.8 ppm when
compared to its SL5free value (-0.39 ppm) (25). This upfield
shift may be an indicator of the participation of the
A698pC699 phosphate in a hydrogen bond with U696 H3.
Indeed, the U H3‚‚‚R 3′-phosphate hydrogen bond of U-turns
is homologous to the G NH2‚‚‚R 3′-phosphate hydrogen
bond of GNRA tetraloops (66), and we find a striking
similarity of 31P assignment between the U-turn of SL5Mg

and GNRA tetraloops. Here, we obtained nonstandard31P
chemical shift values of 2.18, 1.12, and-1.20 ppm for the
U, N, and R 3′-phosphates (Figure S2 and Table S1 of the
Supporting Information), respectively, whereas31P chemical
shift values of 2.05, 0.67, and-1.07 ppm have been found
previously for the G, N, and R 3′-phosphates, respectively,
of a small GNRA tetraloop (67). In summary, these chemical
shift data strongly indicate that Mg2+ ions allow the
formation of a more compact U-turn structure for SL5,
including formation of the two characteristic hydrogen bonds
of canonical U-turn structures.

SL5Mg Forms a Canonical U-Turn Structure. To precisely
define the structural differences between SL5free and SL5Mg,
the three-dimensional structure of SL5Mg was determined by
NMR, as previously described for SL5free (25). The structural
statistics (Table 1) of the ensemble of the 10 lowest-energy
structures indicate that the structure of SL5Mg is defined well
by the NMR data.

As we have found for SL5free, SL5Mg forms a hairpin with
an A-form stem and a five-membered loop, which adopts a
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U-turn motif (Figure 2). SL5free and SL5Mg share many of
the structural characteristics found in canonical U-turn
structures (Figure 2 and Table 2) (32, 37, 39). In both RNAs,
U696, G697, and A698 form the consensus UNR sequence
(U is uracil, N any base, and R purine) of U-turn motifs.
They both display the sharp turn after U696 that allows
backbone reversal and stacking of the G697, A698, and C699
bases after the turn. In SL5free, the R torsion angle at the
turning phosphate (G697 5′-P) is in an eclipsed conformation
with values of 116( 7° for the 10 lowest-energy structures
(Table 2). However, in SL5Mg, this angle is in the staggered
trans conformation with values of 167( 34° for the 10
lowest-energy structures (Table 2). The short distance
between U696 O2′ and A698 N7 in SL5free and SL5Mg

indicates that they both form one of the two characteristic
hydrogen bonds found in canonical U-turn structures.
However, in SL5Mg, the U696 O2′-A698 N7 distance is on
average 0.7 Å shorter than in SL5free (Table 2). SL5free and
SL5Mg share one characteristic that is not observed in
canonical U-turns; their flanking base pair is the Watson-
Crick U695‚A701 base pair, whereas canonical U-turns
contain noncanonical flanking base pairs. There are also
significant structural differences between the loops of SL5free

and SL5Mg. In SL5free, there is no stacking between the U696
base and the 5′-phosphate of A698. However, this stacking
interaction found in canonical U-turns is present in SL5Mg.
In SL5free, there is no evidence for hydrogen bonding between
the U696 H3 and 3′-phosphate group of A698. However,
the U696 N3-A698 3′-P distance in the 10 lowest-energy
structures of SL5Mg is compatible with this hydrogen bond
(Table 2), which is characteristic of canonical U-turn
structures. In summary, if we exclude the flanking base pair,
all the structural characteristics of the canonical U-turn
structures are present in SL5Mg, whereas many are missing
in SL5free. As a result, the U-turn backbone fold of SL5Mg is
more compact than that previously observed for SL5free

(Figure 3).
A superposition of the heavy atoms in the loops (residues

U695-A701) of SL5free and SL5Mg illustrates the subtle but
important conformational change that results from Mg2+

binding (Figure 3). The heavy atom rmsd for this superposi-

tion is 2.77 Å, which is significantly larger than the loop
heavy atom rmsds reported for the 10 lowest-energy struc-
tures of both SL5free [0.53 ( 0.05 Å (25)] and SL5Mg [0.72
( 0.18 Å (Table 1)]. The conformational change that occurs
between SL5free and SL5Mg involves primarily the formation
of a stacking interaction between the bases of C699 and
A701. In SL5Mg, the base stacking of C699 with A701 brings
C699 closer to U696 by an average distance of 1.6 Å. Two
cross-strand hydrogen bonds between U696 and C699 that
were not observed in SL5free are now found in SL5Mg. They
are located (1) between U696 H3 and C699 5′-phosphate,
which is characteristic of canonical U-turns (Table 2), and
(2) between U696 O2 and C699 NH2 (distance of 3.36 Å in
the average structure). Another significant difference between
SL5free and SL5Mg is in the position of U700 (Figure 3). In
both cases, the base of U700 is extruded from the other bases
of the loop (25). In SL5Mg, the U700 ribose is also completely
extruded from the loop, whereas in SL5free, this ribose was
found in the usual register between the riboses of C699 and
A701. More importantly, whereas the U700 base is found
in the major groove stacked on the 5′-phosphate of C699 in
SL5free, the ribose and base of U700 are found in the minor
groove face of the loop in SL5Mg (Figure 3). Since the
position of U700 is less well defined than other loop
nucleotides in SL5Mg (Figure 2a), all 69 accepted structures
were analyzed to ascertain that the conformational charac-
teristics of U700 are defined well by the NMR data. We
observed in all structures that the C699 base is stacked on
the A701 base and that the ribose and base of U700 are
extruded from other loop nucleotides and accessible from
the minor groove side of the loop.

The less well-defined position for U700 (Figure 2a) may
be due to U700 dynamics and/or the lack of structural
constraints for this residue. We have previously studied the
internal motion of individual bases for SL5free by measure-
ment of13C T1F relaxation times, and we performed similar
studies with SL5Mg. However, we observed a systematic
decrease in13C T1F relaxation times of aromatic resonances
from 18-35 ms for SL5free (25) to 6-11 ms for SL5Mg (not
shown). These13C T1F data indicate that exchange phenomena
on the micro- to millisecond time scale other than base
dynamics are involved in SL5Mg, such as chemical exchange
processes associated with Mg2+ binding. These results
preclude a detailed analysis of internal base motion for
SL5Mg.

Effect of Metal Ions on RNA Stability.Since the NMR
structural data reveal a more compact U-turn fold for SL5Mg

versus SL5free, we attempted to determine if Mg2+ ions
specifically stabilize the SL5 RNA. UV denaturation profiles
conducted under various salt and ionic strength (I) conditions
reveal that SL5 is specifically stabilized by addition of Mg2+.
There is an increase in the melting temperature (Tm) of 9
°C, from 73 to∼82 °C, when buffer conditions are changed
from those used for structure determination of SL5free [NMR
buffer B and 50 mM NaCl (I ) 0.05 M)] to those used for
structure determination of SL5Mg [either NMR buffer B and
20 mM MgCl2 (I ) 0.06 M) or NMR buffer B, 50 mM NaCl,
and 40 mM MgCl2 (I ) 0.17 M)] (Figure S3 of the
Supporting Information). It is interesting to note that the two
conditions used for structure determination of SL5Mg, which
produce identical1H-13C HSQC spectra (Figure S1 of the
Supporting Information), have very different ionic strengths

Table 1: Statistics from the Structure Calculation of SL5Mg

no. of distance restraints 408
no. of NOE-derived distance restraints 379
no. from standard NOESY spectra 340

internucleotide 124
intranucleotide 216

no. from 2D1H-15N CMPG-NOESY spectra 39
no. of hydrogen bond restraints 29

no. of dihedral angle restraints 24
sugar pucker (δ) 12
backbone (γ) 12

total no. of restraints 432
rmsd from experimental restraints

NOE (Å) (none>0.1 Å) 0.005( 0.001
dihedral (deg) (none>5°) 0.046( 0.011

rmsd from idealized geometry
bonds (Å) 0.003959( 0.000017
angles (deg) 0.960090( 0.000573
impropers (deg) 0.362660( 0.001690

heavy atom rmsds from the minimized
average structure (Å)

overall (residues 691-705) 1.00( 0.23
stem (residues 691-695 and 701-705) 0.51( 0.20
loop (residues 696-700) 0.72( 0.18
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but give rise to essentially identicalTm values (82.1( 0.5
and 81.5( 0.5 °C) (Figure S3 of the Supporting Informa-
tion). These data indicate that the increase in melting
temperature is not simply a result of increased ionic strength
(I) and likely results from specific magnesium ion bind-
ing. The Tm values for SL5 at a high concentration of a
monovalent salt [NMR buffer B and 500 mM NaCl (I ) 0.5
M)] further support this conclusion, since under these
conditions theTm remains lower (80.2( 0.5 °C) than that
obtained with an∼10-fold lower ionic strength when
magnesium is the only added salt [NMR buffer B and 20
mM MgCl2 (I ) 0.06 M)] (Figure S3 of the Supporting
Information). Interestingly, these thermodynamic results
correlate well with our NMR chemical shift data demonstrat-
ing that the1H and 13C chemical shift changes for loop
residues are smaller with addition of 500 mM NaCl (25)

than with addition of 20 mM MgCl2 (Figure S1b of the
Supporting Information).

Elucidation of Cation-Binding Sites in SL5Mg. Two meth-
ods were employed to identify potential Mg2+ ligands in
SL5Mg: NOEs to cobalt hexammine ions [Co(NH3)6

3+] and
paramagnetic line broadening caused by Mn2+. Both methods
involved direct detection of metal cations that may bind to
similar sites and in a manner similar to that of Mg2+ (68-
70).

Chemical shift changes upon addition of Co(NH3)6
3+ are

very similar to those observed upon addition of Mg2+ (Figure
S1 of the Supporting Information) (25). Although the
magnitudes of the chemical shift changes with Co(NH3)6

3+

are slightly different than with Mg2+, the direction of the
changes (upfield or downfield) is generally the same in both
the 1H and13C dimensions. These results indicate that Co-

FIGURE 2: Stereoviews of the NMR structure of SL5Mg. (a) Superposition of the 10 lowest-energy structures on the minimized average
structure. The superposition was obtained by minimization of the pairwise heavy atom rmsd of each lowest-energy structure to the minimized
average structure (residues 691-705). (b) Minimized average structure of the loop of SL5Mg showing the two characteristic hydrogen
bonds found in U-turn structures: (1) from U696 H3 to A698 3′-phosphate and (2) from U696 2′-OH to A698 N7. For simplicity, only
heavy atoms are shown in panels a and b.
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(NH3)6
3+ likely triggers a conformational change similar to

that of Mg2+ in the SL5 loop but may not bind to identical
sites or in the exact same manner as Mg2+ (71). Since Co-
(NH3)6

3+ does not give up its NH3 ligands, it only exhibits
an outer-sphere binding mechanism (70). Therefore, the
binding of Co(NH3)6

3+ gives an indication of where hexahy-
drated Mg2+ may bind but may not explain all possible Mg2+-
binding sites. Mg2+ can exhibit several binding modes in
aqueous solution, including outer- and inner-sphere mech-
anisms when binding to RNA (72).

NOEs to cobalt hexammine ions were obtained from 3D
13C-edited and15N-edited NOESY-HSQC spectra (58). The
18 protons of Co(NH3)6

3+ resonated at a single frequency
of 3.60 ppm, showing that the cobalt hexammine ion is free
to rotate in the bound conformation and is in fast exchange
between the bound and unbound states (73). This means that
on the chemical shift time scale, a single cobalt hexammine
ion is free to interact with more than one binding site. This
behavior has been seen for other RNAs that have been shown
to bind Co(NH3)6

3+ by NMR spectroscopy (73-75). SL5
protons that exhibited a NOE cross-peak to Co(NH3)6

3+ are
mapped on the structure of the SL5Mg loop (Figure 4a) and
are listed in Table S2 (Supporting Information). NOEs to
Co(NH3)6

3+ are observed for protons in the major groove of
the stem as well as for U695 H5 and H6 and U696 H5
protons, which are located on the major groove face of the
loop (Figure 4a). NOEs to Co(NH3)6

3+ may result from
multiple discrete Co(NH3)6

3+-binding sites or diffuse binding

along the major groove. Given the complexity of the data,
we did not attempt to localize binding sites for Co(NH3)6

3+

in SL5Mg.
Mn2+ is a paramagnetic ion that specifically broadens the

line width of any nuclei that are in its proximity (within∼10
Å) (76). This paramagnetic line broadening is a through-
space effect and is proportional tor-6, wherer is the distance
between the Mn2+ and the observed nuclei (76). Mn2+ like
Mg2+ can exhibit both outer- and inner-sphere binding
modes. We used Mn2+ to probe for Mg2+-binding sites in
SL5Mg. The specific samples and experiments employed to
detect line broadening of potential metal ligands are listed
in Experimental Procedures. An example of the paramagnetic
effect of Mn2+ on the H6-C6/H8-C8 region of the 2D1H-
13C CT-HSQC spectra of SL5Mg is given in Figure 5. At
micromolar Mn2+ concentrations, we observed specific line
broadening effects (Figure 5). It should be noted that since
the titration was carried out in the presence of near-saturating
amounts of MgCl2, the addition of Mn2+ did not affect
chemical shifts. The1H, 13C, 15N, and31P atoms which had
their resonances broadened to baseline by addition of 20µM
MnCl2 are listed in Table S3 (Supporting Information), and
these results are mapped on the structure of the SL5Mg loop
(Figure 4b). Almost every atom that gave a NOE to Co-
(NH3)6

3+ is affected by Mn2+ (Tables S2 and S3 of the
Supporting Information). However, Mn2+ affected more sites
in the loop of SL5Mg than Co(NH3)6

3+ (Figure 4). Indeed,
except for U700, all residues in the loop are affected by 20

Table 2: Comparison of the Canonical U-Turn Structural Characteristics of SL5free and SL5Mg

U-turn characteristic SL5free SL5Mg

UNR sequence yes yes
(U696, G697, and A698) (U696, G697, and A698)

noncanonical flanking base pair no no
(flanking base pair is the

Watson-Crick U695‚A701
base pair)

(flanking base pair is the
Watson-Crick U695‚A701
base pair)

sharp turn in backbone yes yes
(G697R angles are 116( 7°

in the 10 lowest-energy structures)
(G697R angles are 167( 34°

in the 10 lowest-energy structures)
stacking of bases immediately after turn yes yes

(stacking of G697, A698, and C699) (stacking of G697, A698, and C699)
stacking of U base and R 5′-phosphate group no yes
hydrogen bond between U 2′-OH and R N7 yes yes

(U696 O2′-A698 N7 distance range
in the 10 lowest-energy structures,
2.91-3.93 Å)

(U696 O2′-A698 N7 distance range
in the 10 lowest-energy structures,
2.45-2.95 Å)

hydrogen bond between U H3 and R 3′-phosphate group no yes
(U696 N3-A698 3′-P distance range

in the 10 lowest-energy structures,
8.19-9.18 Å)

(U696 N3-A698 3′-P distance range
in the 10 lowest-energy structures,
4.06-5.25 Å)

FIGURE 3: Conformational change in the loop of SL5 upon Mg2+ binding. The heavy atom superposition of the loop residues (U695-
A701) from the minimized average structures of SL5free (light gray) (25) and SL5Mg (dark gray) is shown as a stereoview. The heavy atom
rmsd for this superposition is 2.77 Å. For simplicity, only heavy atoms are shown.
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µM Mn2+ (Figure 4b). We used these data to localize divalent
cation-binding sites.

Structure Modeling of SL5Mg with Mn(H2O)62+. To obtain
model structures of Mn(H2O)62+ bound to the loop of SL5Mg,
we repeated our structure calculation of SL5Mg after adding
distance restraints derived from the paramagnetic effect of
Mn2+. To determine the number of bound Mn(H2O)62+ ions,
we initially circumscribed clusters of atoms close to each
other in space among those that were affected by 20µM
MnCl2 (see Experimental Procedures). We defined four
Mn2+-binding sites in the loop with this approach. Restraints
between the manganese center of the Mn(H2O)62+ ions and
the SL5Mg loop atoms that were specifically broadened to
baseline in the presence of 20µM MnCl2 (Table S3 of the
Supporting Information) were conservatively set to 1.8-7.0
Å. To better position the ions within the binding sites,
repulsive restraints (>7.0 Å) were added for those atoms
that did not experience any line broadening in the presence
of 80 µM MnCl2 (Table S3 of the Supporting Information).
An initial round of structure calculation was performed to
refine our set of distance restraints to the four Mn(H2O)62+

ions (see Experimental Procedures). For the final round of
structure calculation, the structural statistics (Table S4 of the
Supporting Information) indicate that the structure of SL5Mg

with Mn(H2O)62+ is defined well by the NMR data, including
the loop structure with the four modeled Mn(H2O)62+ ions.

The superposition of the loops from the 10 lowest-energy
structures on the minimized average structure of SL5Mg

modeled with four Mn(H2O)62+ ions is shown in Figure 6a.
The average heavy atom rmsd for this superposition (residues
G694-C702) is 0.63 Å, whereas a similar superposition of
the SL5Mg loop structure determined in the absence of Mn2+

gave a rmsd of 0.73 Å. A similar superposition of the two
minimized average structures (not shown), SL5Mg and SL5Mg

with Mn(H2O)62+, gives a rmsd of 0.78 Å, indicating that
the additional structural constraints for the modeling of the
Mn2+-binding sites did not significantly perturb the SL5Mg

loop structure. The superposition in Figure 6a also shows
that the Mn2+ position is slightly better defined at sites 1
and 4 than at sites 2 and 3.

To understand how manganese ions are coordinated in the
SL5 loop, we identified potential ligands that were within
4.0 Å of the oxygen atoms of Mn(H2O)62+ (Table 3). Three
of the Mn2+ are directly coordinated to at least one of the
residues, U696, G697, and A698, that defined the UNR
sequence of the U-turn motif. The Mn2+ at site 1 is
coordinated to a pocket formed by the 5′-phosphate groups
of U696, G697, and A698. The Mn2+ at site 2 is coordinated
to O2′ of U696 and the N7 atoms of G697 and A698,
whereas the Mn2+ at site 3 is coordinated to the O4 atoms
of U696 and U695, as well as the nonbridging oxygens of
the 5′-phosphate of C699. The Mn2+ at site 4 is coordinated
to the nonbridging oxygens of the 5′-phosphate of U700,
O3′ of U700, and N7 of A701 (Table 3). Site 2 is located in
the minor groove, whereas sites 1, 3, and 4 are in the major
groove. These three Mn2+ ions contact at least one oxygen
of each of the six 5′-phosphate groups of the SL5 loop (696-
701), pointing to the importance of divalent cations in charge
neutralization that promote formation of the canonical U-turn
fold.

DISCUSSION

Mg2+ Stabilizes a Canonical U-Turn Fold for Stem-Loop
V of the VS Ribozyme.Substrate recognition by theNeuro-
spora VS ribozyme involves the formation of a Mg2+-
dependent loop-loop interaction between the stem-loop I
substrate and stem-loop V of the catalytic domain. To better
understand this important tertiary interaction in the VS

FIGURE 4: Interaction of Co(NH3)6
3+ and Mn2+ with the loop of

SL5Mg. (a) Protons that gave NOEs to Co(NH3)6
3+ were mapped

as spheres on the corresponding atoms of the minimized average
structure of SL5Mg (U695 H5, U695 H6, and U696 H5). (b) Nuclei
that gave rise to resonances broadened below baseline in the
presence of 20µM Mn2+ were mapped as spheres on the
corresponding atoms of the minimized average structure of SL5Mg

(U695 C5 and H5, U696 C5 and H5, U696 C6 and H6, G697 5′-P,
G697 C8 and H8, G697 N7 and N9, A698 5′-P, A698 N7 and N9,
C699 5′-P, and A701 N7 and N9).

FIGURE 5: Paramagnetic effect of Mn2+ on SL5Mg. The H6-C6/
H8-C8 region of 2D1H-13C CT-HSQC spectra of SL5Mg in the
presence of (a) 0 and (b) 20µM MnCl2. These spectra were
collected in 100% D2O at 25°C on a 600 MHz NMR spectrometer.
Those peaks that disappear below the baseline level are denoted
with empty ovals.
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ribozyme, we have determined the NMR structure of the
stem-loop V receptor RNA in the absence [SL5free (25)]
and presence [SL5Mg (this study)] of Mg2+. Comparison of
the NMR data and the calculated structures reveals that Mg2+

induces a conformational change in the loop structure of
stem-loop V. UV denaturation profiles under various salt
conditions confirm that stem-loop V is specifically stabilized
by magnesium ions.

In the absence of Mg2+, the terminal loop of SL5 forms a
loose U-turn motif with some but not all characteristics of
canonical U-turn structures (Table 2) (25, 32, 37, 39). The
U-turn of SL5free is unusual in that its closing base pair is
the Watson-Crick U695‚A701 base pair (Table 2). Two
other canonical U-turn characteristics are missing for
SL5free: the stacking of the U696 base on the A698
5′-phosphate and the hydrogen bond between U696 N3 and
the A698 3′-phosphate (Table 2). We previously proposed
that the longer C1′-C1′ distance of the closing Watson-
Crick base pair prevents formation of these canonical U-turn
features for SL5 in the absence of Mg2+ (25). In the presence
of Mg2+, the terminal loop of SL5 forms a more compact
U-turn structure. Although the closing base pair remains a
Watson-Crick U‚A base pair, all other canonical U-turn
characteristics are present, including the two that were
missing from SL5free (Table 2).

In both SL5free and SL5Mg, there is a sharp turn after U696
that allows backbone reversal and stacking of the G697,
A698, and C699 bases after the turn. However, in SL5Mg,
the R torsion angle of the turning phosphate adopts a more
ideal trans conformation, which brings the 5′-phosphates of
U696, G697, and A698 closer to one another, creating a
phosphate cluster at the site of backbone reversal (Table 2

FIGURE 6: Localization of divalent cation-binding sites in SL5Mg. (a) Superposition of the 10 lowest-energy structures of SL5Mg modeled
with four Mn(H2O)62+ complexes. The superposition was obtained by minimizing the rmsd for heavy atoms of residues 694-702. (b)
Minimized average structure of SL5Mg modeled with four Mn(H2O)62+ complexes. In panels a and b, only residues G694-C702 are shown.
The Mn(H2O)62+ complexes are numbered from 1 to 4 as described in the text.

Table 3: List of Possible Coordination Sites for Mn(H2O)62+ from
the Modeling of Mn(H2O)62+ to the Loop of SL5Mg

Mn(H2O)62+ site coordinating atomsa

1 696 5′-O1P, 5′-O2P, O5′
697 5′-O1P, O3′
698 5′-O1P, 5′-O2P

2 696 O2′
697 N7
698 N7

3 695 O4
696 O4,
699 5′-O1P, 5′-O2P

4 700 5′-O1P, O3′
701 N7

a The coordinating atoms were obtained by selecting all hydrogen
bond acceptors that were within 4.0 Å of a Mn(H2O)62+ oxygen in the
minimized average structure.
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and Figure 3). In SL5Mg, the base stacking of C699 with
A701, which brings C699 closer to U696, also brings the
5′-phosphate groups of G697, A698, C699, and U700 closer
to that of U696. The more compact backbone fold of SL5Mg

is associated with a more condensed electronegative surface
on the major groove face of the SL5 loop.

Cation-Binding Sites in Stem-Loop V of the VS Ribozyme.
Mg2+-induced paramagnetic line broadening was detected
for specific resonances of SL5, in the presence of a near-
saturating amount of Mg2+, and used to model the binding
of Mn(H2O)62+ to the loop of SL5Mg. We found four sites of
Mn2+ coordination in the loop of SL5Mg. The negative charge
clustering of the 5′-phosphates of U696, G697, and A698 is
stabilized by the presence of one Mn2+ (Figure 6, site 1). A
second Mn2+ interacts with the minor groove face of the
loop, and potential ligands are O2′ of U696 and the exposed
N7 atoms of G697 and A698 (Figure 6, site 2). A third Mn2+

located in the center of the major groove is liganded by the
base O4 atoms of U695 and U696 on the 5′-strand and the
5′-phosphate of C699 on the 3′-strand (Figure 6, site 3). The
divalent cation at site 3 likely stabilizes the cross-strand
hydrogen bond between U696 H3 and the 5′-phosphate of
C699, which was absent in SL5free. The Mn2+ at site 4
involves coordination by the U700 5′-phosphate and N7 of
A701. This Mn2+ may help to stabilize the extruded ribose
conformation at U700. The spatial arrangement of potential
ligands at site 2 is similar in SL5free and SL5Mg structures
but unique to SL5Mg at sites 1, 3, and 4, indicating that
divalent cations at these three sites stabilize the canonical
U-turn structure in stem-loop V.

In agreement with our NMR data, coordination of Mn2+

to the 5′-phosphate of C699 (Figure 6, site 3) has been
previously inferred from manganese rescue of the phospho-
rothioate interference (Figure 1;18). In contrast, the phos-
phorothioate interference experiment did not identify the
phosphate cluster at site 1 or the U700 5′-phosphate at site
4 (18). The interference experiment was set up such that on
average only one phosphate per RNA was modified;
therefore, perturbation at only one of the three phosphate
ligands may not have been sufficient to completely inhibit
metal ion coordination at site 1. Alternatively, cation binding
at sites 1 and 4 may be stabilized by other ligands present
in the RNA or from bound water or may not be essential for
VS ribozyme function.

Like Mg2+, Mn2+ forms a hexahydrated complex in
aqueous solution that can exchange one or more water
molecules to bind RNA ligand(s) directly (inner-sphere
mechanism). We used Mn(H2O)62+ for modeling divalent
cation-binding sites in SL5Mg, although the exact hydration
number of the Mn2+ was unknown. However, the structural
model can be examined in light of our studies with
Co(NH3)6

3+, which exhibit only outer-sphere metal ion
coordination. In the SL5 loop, NOEs were observed between
Co(NH3)6

3+ and U695 H5, U695 H6, and U696 H5, as well
as C702 amino protons (Table S2), indicating that Co-
(NH3)6

3+ may interact with ligands similar to Mg2+ at sites
1, 3, and 4 of stem-loop V (Figure 6). These sites may
therefore accommodate an outer-sphere mode of metal ion
binding. The absence of Co(NH3)6

3+ binding at site 2
suggests that at this site Mg2+ binds to some of its RNA
ligands via inner-sphere coordination. Differences in ligand-
binding sites between Mg2+ and Co(NH3)6

3+ were not fully

investigated here but may explain, at least partly, why Co-
(NH3)6

3+ ions are not as effective as Mg2+ at stabilizing the
interaction between stem-loop I and stem-loop V (30).

Similarities with Mg2+-Binding Sites of Other U-Turn
Structures.Three of the four Mn2+-binding sites in SL5Mg

involve the conserved UNR residues of the U-turn motif
(Figure 6, sites 1-3). Similar Mg2+-binding sites have been
previously identified in U-turns of other RNA structures
(Figure 7). In the crystal structure of the 30S ribosomal unit
of Thermus thermophilusin complex with a messenger RNA
fragment and the anticodon stem-loop motif of tRNAPhe

(77), there is a canonical U-turn in the anticodon loop
fragment of tRNAPhe (Figure 7a). In this RNA, the UNR
sequence corresponds to residues U14, G15, and A16, and
the loop is closed by a noncanonical U‚U base pair between
residues U13 and U20 (Figure 7a). There are three Mg2+

ions bound to this anticodon loop (Figure 7a), and these three
sites are analogous to sites 1-3 in the U-turn of SL5Mg

(Figure 6). These sites involve the same RNA ligands
identified in SL5Mg: the three-phosphate cluster of the UNR
residues at site 1, the O2′ atom of U14 and the N7 atoms of
G15 and A16 at site 2, and O4 of U14 and the 3′-phosphate
of A16 at site 3. In the crystal structure of tRNAIle complexed
with isoleucyl transfer RNA (tRNA) synthetase and mupi-
rocin, there is a canonical U-turn in the unmodified tRNAIle

TψC loop (Figure 7b) (78). In this RNA, the UNR sequence
corresponds to residues U55, C56, and A57, and the loop is
closed by a noncanonical reverse Hoogsteen U‚A base pair
involving residues U54 and A58 (Figure 7b). There are two
Mg(H2O)62+ ions bound to this TψC loop (Figure 7b), and
these two sites are analogous to sites 1 and 3 in the U-turn
of SL5Mg (Figure 6). Since in this U-turn the N residue is a
pyrimidine (C56), there is a missing N7 ligand, and this may
prevent formation of a site analogous to site 2 in SL5Mg.
The two cation-binding sites in this loop involve RNA
ligands similar to those identified in SL5Mg: the three-
phosphate cluster of the UNR residues at site 1 and the O4
atoms of U54 and U55 and the 3′-phosphate of A57 at site
3. Mg2+ binding at sites equivalent to sites 1 and 3 in SL5Mg

occurs in many RNAs and likely plays an important role in
stabilizing U-turn motifs.

Implications for Substrate Recognition in the VS Ribozyme.
An important step in the catalytic activity of theNeurospora
VS ribozyme is the formation of a Mg2+-dependent loop-
loop interaction between stem-loops I and V. This tertiary
interaction is important for recognition and activation of the
stem-loop I substrate (14). Biochemical studies have shown
that an isolated stem-loop V can replace the VS catalytic
domain (stem-loops II-VI, Figure 1a) in allowing the
tertiary interaction with stem-loop I and in triggering the
conformational change in stem-loop I (27). Biophysical
studies of isolated stem-loops I and V are therefore relevant
to understanding the tertiary interaction between stem-loops
I and V within the context of the active VS ribozyme. Given
that Mg2+ ions are required for the loop I-loop V interaction,
this NMR study, which thoroughly analyzed the effect of
Mg2+ on the isolated stem-loop V, allows us to better
understand the role of Mg2+ in substrate recognition by the
VS ribozyme.

The interaction between stem-loop I and stem-loop V
involves the formation of Watson-Crick base pairs between
stem-loop I residues 630-632 and stem-loop V residues
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G697-C699 (26). Although the conformation of the three
consecutive loop-loop Watson-Crick base pairs is currently
unknown, it likely resembles a short A-form helix. In SL5free

and SL5Mg, the three bases after the turn (G697, A698, and
C699) are stacked on each other with their Watson-Crick
faces exposed to the solvent. To verify that this conformation
is compatible with A-form base pairing, we previously

superposed the heavy atoms of nucleotides G697-C699 in
SL5free with those of an equivalent trinucleotide forming an
ideal A-form helix (Figure 8) (25). Here, we performed the
same superposition with SL5Mg and obtained a similar good
fit, with the heavy atom rmsd slightly improving from 1.66
Å for SL5free to 1.30 Å for SL5Mg (Figure 8). Although the
bases of the proposed Watson-Crick interactions are oriented

FIGURE 7: Examples of Mg2+-binding sites in U-turns. (a) U-Turn motif found in the anticodon loop of tRNAPhefrom the crystal structure
of the 30S ribosomal unit in complex with a messenger RNA fragment and the anticodon stem-loop motif of tRNAPhe(PDB entry 1IBL)
(77). Three Mg2+ ions were found associated with this U-turn at sites analogous to sites 1-3 of SL5Mg. (b) U-Turn motif found in the
tRNAIle TψC loop from the crystal structure of tRNAIle in complex with isoleucyl transfer RNA (tRNA) synthetase and mupirocin (PDB
entry 1FFY) (78). The two Mg(H2O)62+ ions are found in sites analogous to sites 1 and 3 of SL5Mg.

FIGURE 8: Model of base pairing interactions between stem-loop I and stem-loop V. Stereoview of the minimized average structure of
SL5free (green) and SL5Mg (blue) superimposed on the structure of a 3 bpA-form helix (red) formed between a 5′-GAC-3′ sequence and
a 5′-CUG-3′ sequence. The superposition was obtained by pairwise minimization of the heavy atom rmsd between the bases of the 5′-
GAC-3′ sequences (1.66 Å for SL5free and 1.30 Å for SL5Mg). Only residues G697, A698, and C699 are shown for SL5free and SL5Mg.
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slightly more favorably for hydrogen bonding in SL5Mg, this
likely does not justify by itself the need for Mg2+ in
stabilizing the loop I-loop V interaction.

We observed that Mg2+ ions play an important role in
neutralizing electronegative charges in the loop of SL5Mg,
and this must certainly be important for binding to stem-
loop I, which also carries electronegative charges in its loop.
In addition, Mg2+ ions also bring about important struc-
tural changes in the minor groove face of the SL5 loop that
may play a role in stem-loop I binding. First, the divalent
cation at site 2 could contact stem-loop I ligands in
the interaction between stem-loop I and stem-loop V and
form a bridge between the two loops. However, mutagenesis
of the proposed interloop G697‚C632 base pair to a C697‚
G632 base pair with concomitant removal of one of the N7
ligands at site 2 leads to a 2-fold decrease in the rate of VS
self-cleavage (26), indicating that divalent cation binding at
site 2 does not play a major role in the loop I-loop V
interaction. Second, a significant conformational change
between SL5free and SL5Mg involves U700, which becomes
completely exposed to the solvent on the minor groove face
of the loop, in the proximity of the bases of G697-C699.
U700 may provide a unique recognition surface for stem-
loop I (Figure 3). The importance of this residue in the
formation of the tertiary interaction remains to be investi-
gated.

Like stem-loop V, the terminal loop of stem-loop I
contains a UNR sequence (U628, C629, and G630). Forma-
tion of a U-turn structure in stem-loop I has been postulated
from NAIM analysis and site-specific substitutions (26, 31,
79). A structure of wild-type stem-loop I was determined
by NMR spectroscopy in the absence of multivalent metal
ions, and it was found that the terminal loop is disordered
under those conditions (21). Interestingly, phosphorothioate
interference and Mn2+ rescue experiments suggest divalent
metal binding at the 3′-phosphates of G630 in stem-loop I
(18). In the context of the U-turn motif, this 3′-phosphate is
equivalent to the 3′-phosphate of A698 in stem-loop V,
which we identified here as a Mg2+ ligand (Figure 6, site
3). Mg2+ may also support the formation of a U-turn structure
in stem-loop I. Hence, some of the roles of magnesium ions
in the VS ribozyme may be the stabilization of optimal loop
conformations in both stem-loops I and V and the neutral-
ization of electronegative charges in these loops, which
would enable formation of an optimal loop I-loop V
interaction for catalysis.

CONCLUSION

In the absence of Mg2+, the loop V of the VS ribozyme
adopts a loose U-turn fold to accommodate the closing
Watson-Crick base pairs and to weaken the repulsion
between phosphate groups. Binding of Mg2+ in the loop
counteracts the negative electrostatic forces created by nearby
phosphate groups, helps overcome the constraint placed on
the loop by the closing Watson-Crick base pair, and allows
formation of a canonical U-turn fold in stem-loop V. In
both SL5free and SL5Mg, the three residues after the turn
(G697, A698, and C699) adopt an A-form structure that
exposes their Watson-Crick faces and that is compatible
with base pairing to stem-loop I. However, with the changes
in the conformation of U700, SL5Mg presents a different

recognition surface in the minor groove that may allow
additional contacts with stem-loop I. Structural studies of
the interaction between stem-loop I and stem-loop V are
necessary to further understand the molecular details of
substrate recognition by the VS ribozyme and to build on
our understanding of the role that Mg2+ ions play in this
RNA recognition event.
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SUPPORTING INFORMATION AVAILABLE

Figure S1 shows the effect of MgCl2 and Co(NH3)6
3+ on

SL5; it includes overlays of the H6-C6/H8-C8 region of
2D 1H-13C CT-HSQC spectra of SL5 under various buffer
conditions. Figure S2 shows 1D31P spectra of SL5free and
SL5Mg. Figure S3 shows UV denaturation profiles of SL5
under various salt and ionic strength conditions. Table S1
contains resonance assignments for SL5Mg. Table S2 lists
resolved SL5 protons that gave a NOE cross-peak to Co-
(NH3)6

3+ in 13C-edited HMQC-NOESY spectra. Table S3
lists the results of the MnCl2 titrations. Table S4 gives the
statistics from the structure calculation of SL5Mg with
modeling of Mn(H2O)62+. This material is available free of
charge via the Internet at http://pubs.acs.org.
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