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ABSTRACT

The Neurospora VS ribozyme is a small nucleolytic
ribozyme with unique primary, secondary and global
tertiary structures, which displays mechanistic
similarities to the hairpin ribozyme. Here, we
determined the high-resolution NMR structure of a
stem–loop VI fragment containing the A730 internal
loop, which forms part of the active site. In the
presence of magnesium ions, the A730 loop
adopts a structure that is consistent with existing
biochemical data and most likely reflects its con-
formation in the VS ribozyme prior to docking with
the cleavage site internal loop. Interestingly, the
A730 loop adopts an S-turn motif that is also
present in loop B within the hairpin ribozyme
active site. The S-turn appears necessary to
expose the Watson–Crick edge of a catalytically im-
portant residue (A756) so that it can fulfill its role in
catalysis. The A730 loop and the cleavage site loop
of the VS ribozyme display structural similarities to
internal loops found in the active site of the hairpin
ribozyme. These similarities provided a rationale to
build a model of the VS ribozyme active site based
on the crystal structure of the hairpin ribozyme.

INTRODUCTION

The Neurospora Varkud Satellite (VS) ribozyme is part of
a family of small nucleolytic RNA enzymes identified
from biological sources that also includes the hammer-
head, hairpin, hepatitis delta virus (HDV) and glmS ribo-
zymes [for recent reviews see refs (1–4)]. With exception of

the glmS ribozyme, these ribozymes control the replication
cycle of their parental genome via self-cleavage and the
reverse ligation reaction. They all catalyze scission of the
RNA backbone by a transesterification reaction, which
involves the initial attack of a specific 20-oxygen on the
adjacent 30-phosphorus and yields two products with 20-30

cyclic phosphate and 50-OH termini. Their common
chemical mechanism is equivalent to that of RNase A,
and, although they use different tertiary architectures
and chemical groups, several share basic mechanistic
strategies: activation of the nucleophile, stabilization of
an in-line geometry between reactive groups and leaving
group stabilization (3). Furthermore, although ribozymes
were initially viewed as strict metalloenzymes (5), there is
now evidence that several ribozymes employ an acid–base
mechanism for the cleavage reaction, and use nucleobases
as proton donors and/or acceptors (3).
The Neurospora VS ribozyme was first identified as a

satellite RNA in the Varkud-1c strain and a few other
isolates of Neurospora (6). A contiguous sequence of
154 nt was shown to be minimally required for
self-cleavage in vitro (7). Its secondary structure contains
six helical domains: stem–loop I (SLI) forms the substrate
and stem–loops II–VI (SLII–SLVI) define the catalytic
domain [Figure 1A; (8)]. The VS ribozyme is most active
in the presence of divalent ions (9,10). Mg2+ ions allow
tertiary-structure formation (8,11,12) and partly contrib-
ute to the chemistry of the cleavage reaction (10).
Monovalent cations also support cleavage, albeit at a
lower rate (10). The self-cleavage reaction takes place
when the SLI substrate is located either at the 50- or
30-end of the catalytic domain (7,13), and, alternatively,
trans-cleavage occurs when the substrate is synthesized
separately from the catalytic domain (14). Substrate rec-
ognition involves formation of a kissing-loop interaction
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between loop I of the substrate and loop V of the catalytic
domain (11). Formation of this I/V kissing-loop inter-
action is accompanied by a conformational change in
SLI from an unshifted inactive conformation to a shifted
active conformation (15). Our present understanding is
that, in order for cleavage to occur, the cleavage site
internal loop of SLI must dock in a cleft formed by
SLII and SLVI to allow its interaction with the A730
loop of SLVI (4,12,16–25).
To date, the VS ribozyme is the only nucleolytic

ribozyme for which there is no high-resolution structure
of the complete RNA. High-resolution NMR structures of
stem–loops I and V derived from the VS ribozyme have

been obtained (26–31) and provide insights about sub-
strate recognition and activation. The NMR structure of
an SLVI fragment containing A730 loop residues was also
previously determined, but this structure was found in-
compatible with previous biochemical data and thus,
likely represents an inactive conformation of the A730
loop (29). In addition, low-resolution models have been
derived from biochemical data (12), fluorescence reson-
ance energy transfer (32,33) and small-angle X-ray scat-
tering in solution (34). These models help define a global
architecture for the VS ribozyme that is unique among
nucleolytic ribozymes, but provide no detailed insights
into the active site.

Despite the lack of high-resolution structural informa-
tion, several mechanistic insights have been uncovered for
the VS ribozyme (10,21–25) that reveal striking similarities
with the hairpin ribozyme [Figure 1B; (4)]. Although the
VS and hairpin ribozymes adopt significantly different sec-
ondary and tertiary structures, in both cases formation of
the active site results from the association of two internal
loops (Figure 1B) and similar general acid–base cleavage
mechanisms have been proposed (4). Both ribozymes
cleave at a purine–purine step within a purine-rich
internal loop, between G620 and A621 in the VS
ribozyme and between A�1 and G+1 in the hairpin
ribozyme (Figure 1B). The cleavage site loops both
contain a catalytically important residue proposed to act
as the general base, G638 in the SLI internal loop of the
VS ribozyme (22,24,25) and G8 in loop A of the hairpin
ribozyme (4). Interestingly, additional sequence
similarities at the cleavage site internal loops have been
reported (35), including a common GCR (R=A or G)
sequence just downstream of the cleavage site and a
common CGA(A)GCGG sequence [the (A) indicate that
an A is found only in the hairpin ribozyme] on the
opposite strand that comprises the proposed general
base (Figure 1A). The other internal loops forming the
active site contain a catalytically important residue
proposed to act as the general acid, A756 in the A730
loop of the VS ribozyme (21,23,25) and A38 in loop B
of the hairpin ribozyme (4). Association of these two
internal loops likely occurs with similar overall topology
in both systems (4). In summary, there are considerable
similarities between the VS and hairpin ribozymes, which
suggest comparable active site architectures to achieve
cleavage chemistry.

In order to gain insights into the formation of the VS
ribozyme active site, we determined the high-resolution
NMR structure of an SLVI fragment containing the
A730 loop domain (Figure 1C). The three-dimensional
(3D) structure of this A730 internal loop is consistent
with a large number of biochemical data and likely repre-
sents a ground-state structure prior to its docking with the
cleavage site loop. Based on this NMR structure and the
previously determined NMR structure of the active con-
formation of the SLI internal loop, we identify additional
similarities between the hairpin and VS ribozymes. We
also discuss the structural changes that would be necessary
in the SLI and SLVI internal loops for formation of a VS
ribozyme active site that mimics the hairpin ribozyme.

A

B

C

Figure 1. The Neurospora VS ribozyme and its A730 internal loop.
(A) Primary and secondary structures of the VS ribozyme (wild-type
sequence nucleotides 617–783). The site of self-cleavage is indicated by
an arrow, and circled nucleotides in loops I and V form the I/V
kissing-loop interaction. (B) Schematic of the VS ribozyme (left) and
hairpin ribozyme (right) illustrating similarities at the active site (see
text). The residues highlighted with white circles are key players of
proposed general acid-based mechanisms (4). (C) Primary and predicted
secondary structures of the 26-nt SLVI RNA fragment, which includes
the A730 loop domain (gray box). Phosphate groups that display in-
hibitory effect when substituted by Rp phosphorothioate are indicated
by an arrow (20,63), and the arrow is filled in those cases where the
inhibition could be suppressed by addition of manganese ions (63).
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MATERIALS AND METHODS

RNA sample preparation

Unlabeled, 15N- and 13C/15N-labeled SLVI RNAs were
synthesized in vitro with T7 RNA polymerase and
purified as described previously (30). The purified RNAs
were first exchanged in a low-salt buffer (10mM sodium
cacodylate pH 6.5, 50mM KCl, 0.05mM NaN3 in 90%
H2O/10% D2O) with Centricon-3 ultracentrifugation
devices (Millipore, MA). They were heated to 95�C for
2min and then cooled in iced water for 5min before
transferring to the standard NMR buffer [low-salt buffer
containing 5mM MgCl2 99.995% (Sigma-Aldrich, MO,
USA)] or other MgCl2-supplemented buffers (low-salt
buffer containing either 2.5mM or 10mM MgCl2
99.995%) using ultracentrifugation devices. For NMR
studies in D2O, the samples were lyophilized several
times and resuspended in 99.996% D2O. The concentra-
tion of SLVI RNA for NMR studies ranged between 0.4
and 1.5mM.

Determination of adenine pKa’s in the SLVI fragment

All pH values were measured in D2O with a glass electrode
(Radiometer America Inc., OH, USA) placed directly in
the NMR sample. No correction was made for the D2O
present in the sample. The pH was adjusted with
0.01–0.1MDCl and NaOD. The reported pH values are
the average of the pH values measured before and after
the NMR experiments. At each different pH value, 1D
1H and 2D 1H–13C HMQC spectra were collected at
25�C. The 1D 1H spectra were used to verify the integrity
of the sample and the 2D 1H–13C HMQC spectra were
analyzed to determine the values of adenine C2 chemical
shifts. In order to determine adenine pKa of A8 and A20,
the log of [(�T��)/�] was plotted as a function of pH,
and the pKa values were derived by linear regression
based on the Henderson–Hasselbalch-type equation
pH= log[(�T��)/�]+pKa (36), where � is the change
in C2 chemical shift at a given pH relative to the
unprotonated state (pH 8.6) and �T is the total change in
chemical shift between the protonated and unprotonated
states. Given that full protonation of the A8 (A756) and
A20 (A730) residues could not be observed within the pH
range studied (pH 4.7–8.6), the values of �T were therefore
estimated between 6 and 8 ppm in agreement with reported
values for folded RNAs (27,29,36–39). Values of pKa

derived with �T=6, 7 and 8 ppm were used to calculate
an average pKa value and the error was derived from the
maximum difference with the mean.

NMR spectroscopy

All NMR data were acquired with 500, 600 and 800MHz
Varian INOVA spectrometers equipped with a pulsed
field gradient unit and an actively shielded z-gradient
probe, either a 1H{13C/15N} triple-resonance probe
(standard or cold probe) or a 1H{15N–31P} indirect detec-
tion probe. Exchangeable protons and their attached
nitrogens were assigned at 15�C, whereas non-
exchangeable protons and their attached carbons were
obtained at 25�C in D2O, as previously described (30).

In addition, 2D 1H–15N HMQC optimized for transfers
via J=7.0Hz and 21Hz (40) were collected at 25�C in
D2O for assignment of uridine N1, pyrimidine N3, as
well as N7 and N9 of purines. 1H, 13C and 15N chem-
ical shifts were referenced at 25�C to an external
standard of 2,2-dimethyl-2-silapentane-5-sulfonic acid at
0.00 ppm. NMR data were processed using the
NMRPipe/NMRDraw package (41) and analyzed with
NMRView (42).

Structural restraints

An HNN-COSY spectrum was collected in H2O at 15�C
to detect 2JNN coupling across Watson–Crick base pairs
(43). Distance restraints for exchangeable protons were
extracted from 2D flip-back watergate NOESY [mixing
time (�m)=160ms; (44,45)], 3D amino-optimized
15N-edited NOESY-HSQC [�m of 80 and 160ms; (46)]
and 2D 1H–15N CPMG-NOESY [�m of 80 and 160ms;
(47)] spectra collected at 15�C in H2O. Distance restraints
for non-exchangeable protons were extracted from 3D
13C-edited HMQC-NOESY spectra [�m of 80 and
160ms; (48)] collected at 25�C in D2O. The NOE-
derived distance restraints were separated in four classes:
strong (1.8–3.3 Å), medium (1.8–4.2 Å), weak (1.8–5.5 Å)
and very weak (2.8–7.5 Å) based on NOE crosspeak
intensities. Based on NMR evidence for specific base
pairing obtained from NOESY and 2D HNN-COSY
spectra, canonical distance restraints were employed to
define the hydrogen-bond pattern and planarity of the fol-
lowing base pairs: G1–C26, A2–U25, G3–C24, C4–G23,
U5–G22, G6–C21, C10–G19, A11–U18, C12–G17 and
G13–A16. For the G9–A20 base pair, only two
hydrogen-bond distance restraints were employed (G9
H1 to A20 N1 and G9 O6 to A20 H6). Dihedral angle
restraints for the sugar puckers (d) were obtained from
analysis of 2D DQF-COSY (49) and 3D HCCH-
E.COSY (50) spectra. The backbone dihedral angles a,
g, � and z were restrained using distance restraints
derived from comparative NOE analyses (51). Based on
NMR evidence, backbone torsion angles of residues in
helical regions (1–5, 11–12, 17–18, 22–26) were restrained
to A-form values (±15�).

Liquid crystal NMR spectroscopy

For liquid crystal NMR studies, 15N- and 13C/15N-labeled
SLVI RNAs (at 0.4–0.5mM) were aligned by adding a
concentrated Pf1 filamentous phage solution (ASLA
biotech.) at a final concentration of �17mg/ml (52).
Prior to addition of the Pf1 phages, these were exchanged
at least two times with the NMR buffer containing 5mM
MgCl2. The

2H NMR splitting for D2O observed at 25�C
in these samples was 15.53Hz for the 15N-labeled SLVI
and 15.24Hz for the 13C/15N-labeled SLVI.
Two-dimensional 1H–15N HSQC spectra collected with
active JHN coupling in t1 were used to extract imino
1H–15N couplings with the isotropic and Pf1-aligned
15N-labeled SLVI samples. Spin-state selective experi-
ments (53,54) were used to extract one-bond 1H–13C
couplings (C10–H10, C2–H2, C5–H5, C6–H6 and
C8–H8) in isotropic and Pf1-aligned 13C/15N-labeled
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SLVI samples. One-bond 1H–15N and 1H–13C couplings
were measured from fitted peaks using NMRWish in the
NMRPipe/NMRDraw package. Extracted residual
dipolar coupling (RDC) values were scaled linearly with
respect to the observed D2O splitting, to take into account
the small difference in the magnitude of the alignment
from the different samples. The RDC restraints were
separated in two classes to account for overlap of the
peaks in the spectra, with error bars estimated at 1Hz
(well resolved) and 2Hz (partial overlap). RDC restraints
for A730 loop residues 6–9 and 20–21 were not included in
the structure calculation because of evidence for local
dynamics in the internal loop.

Structure calculation

Three-dimensional structures were calculated with re-
strained molecular dynamics and simulated annealing in
X-PLOR-NIH version 2.1.9 (55) using a two-stage
protocol. At stage one, an initial set of 50 structures was
calculated from structures with randomized backbone
angles, as previously described (31). Structures obtained
at stage one satisfy all distance and dihedral experimental
restraints (no distance violation of >0.2 Å and no torsion
angle violation of >5�). At stage two, these structures were
refined with the same set of restraints supplemented by
RDC restraints and using a single alignment tensor (56).
The magnitude of the axial and rhombic components of
the alignment tensor were initially obtained using
MODULE1.0 (57), but were subsequently refined by
using a grid search to obtain reliable Da and R values
(58). The grid search procedure was repeated, using
RDCs from the 50–30 stem (residues 2–5 and 22–25) and
the hairpin stem (residues 11–18), independently. All grid
search calculations converged on similar values of Da and
R [values of Da(CH)=16.6Hz and R=0.40 were used],
suggesting that the relative orientation of the two stems is
well defined despite evidence of dynamic residues in the
A730 loop. For RDC refinement, restrained molecular
dynamics and simulating annealing were used followed
by a final energy minimization. During simulated anneal-
ing, the force constants for RDC, NOE, impropers, angles
and Van der Waals restraints were slowly increased. A
final set of 500 structures was calculated, from which the
20 lowest-energy structures that satisfied the experimental
restraints (no distance violation >0.2 Å, no torsion angle
violation >5� and no RDC violation >5Hz) were selected
for analysis. These 20 lowest-energy structures were used
to calculate an average structure that was minimized
against NOE and dihedral restraints. All structures were
visualized with PyMol (Schrödinger) and analyzed with
PyMol and Curves+ (59).

Active site modeling

A subset of three residues (G8, A12 and G13) was ex-
tracted from the X-ray structure of the hairpin ribozyme
determined with vanadate [pdb entry code 1M5O; (60)].
Residues A12 and G13 in this subset were modified using
Coot (61) to match the base type of their equivalents in the
VS ribozyme (G620 and A621). The bases of residues G8
and G12 of this modified model were then aligned on the

model of the active conformation of SLI of the VS
ribozyme (28). A hybrid SLI model was generated in
which residues G620, A621, G638 of SLI were replaced
by their equivalents in the modified hairpin model. Using
Coot, residue A756 of the SLVI structure was moved by
hand to allow stacking with A621. Finally, the model
of the SLI/SLVI complex was energy minimized with
Amber (62).

RESULTS

Magnesium-dependent stabilization of the A730
internal loop

To explore the 3D structure of the A730 loop and gain
insights into the active site of the VS ribozyme, the 26-nt
SLVI RNA shown in Figure 1C was investigated by NMR
spectroscopy. This SLVI RNA is designed to reproduce
the secondary-structure context of the A730 internal loop
from the VS ribozyme (8), including two sets of two
adjacent closing base pairs on each side of this loop
(Figure 1). A GAAA tetraloop was also included in the
SLVI RNA to help stabilize the hairpin conformation and
prevent possible duplex formation at the high RNA con-
centrations used for NMR studies. We initially verified
that the SLVI RNA adopts a single hairpin conformation
by native gel electrophoresis (not shown), and this was
later confirmed from the ensemble of NMR data.

Given that the VS ribozyme is active in the presence of
Mg2+ ions (9) and that Mg2+-ion binding sites have been
identified in the A730 loop domain (63), we first examined
the effect of MgCl2 concentration on the folding of the
SLVI RNA by 1D imino 1H NMR spectra. The 1D imino
1H NMR spectrum of the SLVI RNA recorded in the
absence of Mg2+ ions shows signals of variable intensities
characteristic of folded RNAs containing dynamic regions
(Figure 2, bottom spectrum). These imino proton signals
were assigned from a 2D NOESY spectrum collected
under the same conditions. It was found that all imino
protons of the SLVI RNA give an intense signals in this
1D spectrum, except for the G6 and G9 imino protons,
which are not observed, and the U18 and G19 imino
protons, which yield signals of weak intensities
(Figure 2, bottom spectrum). These absent and weak
imino proton signals indicate that the A730 loop domain
is unstable in the absence of Mg2+ ions. Upon addition of
Mg2+ ions, the imino signals of U18 and G19 become
significantly more intense (Figure 2, top spectra) and a
weak imino proton signal from G6 appears in the
spectrum. Analysis of 2D NOESY and 2D HNN-COSY
spectra collected at 5mMMgCl2 confirms formation of all
base pairs from the predicted secondary structure of the
SLVI RNA (Figure 1C). Although the imino NMR data
do not provide evidence for stabilization of non-canonical
base pairs within the A730 loop, they indicate that the
A730 loop domain is stabilized by Mg2+ ions, in agree-
ment with previous biochemical studies. A MgCl2 concen-
tration of 5mM was found sufficient to produce the
characteristic spectral changes (Figure 2) and, therefore,
was selected for future NMR studies.
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The overall 3D structure of the SLVI RNA

The structure of the SLVI RNA was obtained by multidi-
mensional heteronuclear NMR methods. Complete reson-
ance assignments were obtained for all observable 1H, 13C
and 15N atoms of SLVI (Supplementary Table S1). The
structure determination included NOE-derived distance
restraints, dihedral angle restraints and RDC restraints

(Table 1). The SLVI structure is well defined by the
NMR data with a heavy atom rmsd of 0.67±0.17 Å for
the 20 lowest-energy structures (residues 2–25; Table 1 and
Figure 3A). The SLVI RNA forms a hairpin structure
containing a 50–30 stem (residues 2–5 and 22–25; rmsd of
0.53±0.07 Å), a hairpin stem (residues 11–18; rmsd of
0.31±0.01 Å), and the A730 loop (residues 6–10 and
19–21; rmsd of 0.65±0.24 Å). Stem regions form
regular A-form helices and the GAAA tetraloop adopts
the typical GNRA fold with its characteristic sheared
G–A base pair and 30-purine stack (64,65). The A730
loop domain imparts a �150� interhelical angle between
the two stems of SLVI and contains two structural
characteristics that were not previously identified: a cis-
WC/WC G9–A20 base pair and an S-turn motif that pro-
trudes C7 and A8 in the minor groove.

A

B C

Figure 3. NMR solution structure of the SLVI RNA fragment.
(A) Stereoview of the 20 lowest-energy structures. The superposition
was made on the minimized average structure (not shown) over
heavy atoms of residues 2–25. The view is into the minor groove of
the A730 active site internal loop. (B and C) Stick representations of
the lowest-energy structure of SLVI. For simplicity only heavy atoms
are shown and the ribbon replacing the phosphorus and non-bonded
oxygen atoms is used to indicate the backbone topology. SLVI nucleo-
tides are color-coded: the loop closing base pairs (G6–C21 and
C10–G19) are dark gray, C7 (C755) is magenta, A8 (A756) is green,
G9 (G757) is gold and A20 (A730) is blue.

Figure 2. Stabilization of the A730 loop by Mg2+ ions. Imino regions
of 1D flip-back watergate (44,45) 1H spectra of SLVI collected at 15�C
in NMR buffer containing different concentrations of free MgCl2.
Imino proton assignments were derived from 2D NOESY spectra col-
lected in NMR buffer at 0, 5 and 10mM MgCl2.

Table 1. Structural statistics of the SLVI RNA

Distance restraints 1017
Number of NOE-derived distance restraints 965

Inter-nucleotide 591
Intra-nucleotide 355
Ambiguous 19

Hydrogen-bond restraints 52
Dihedral angle restraints 88
Residual dipolar coupling restraints 30
Total number of restraints 1135
Rmsd from experimental restraints

NOE (Å) (none >0.2) 0.0075 ± 0.004
Dihedral (�) (none >5) 0.089±0.009
Residual dipolar couplings (none >5Hz) 0.24±0.02

Rmsd from idealized geometry
Bonds (Å) 0.00555±0.00002
Angles (�) 1.1968±0.0006
Impropers (�) 0.422±0.005

Heavy-atom rmsd to the minimized average structure (Å)
Overall (residues 2–25) 0.67±0.17
50–30 stem (residues 2–5 and 22–25) 0.53±0.07
Hairpin stem (residues 11–18) 0.31±0.01
A730 loop (residues 6–10 and 19–21) 0.65±0.24
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Formation of a cis-WC/WC G–A base pair in the
A730 loop

The evidence for a cis-WC/WC G–A base pair in the A730
loop was obtained from 2D 1H–15N CMPG-NOESY and
3D 13C-edited HMQC-NOESY spectra. A strong NOE
signal was observed between the A20 H2 and the G9
NH2 protons, which is typical of the cis-WC/WC G–A
base pair geometry (Figure 4A). Several NOE signals
were also observed that indicate stacking of the G9–A20
base pair on the C10–G19 base pair, including NOEs
between A20 H2 and G19 NH and between A20 H10

and G19 NH (Figure 4A). Initial structural calculations
performed without specific hydrogen-bond restraints for
the G9–A20 base pair revealed a cis-WC/WC G–A base
pair geometry, thus, hydrogen-bond restraints defining
this geometry were included in subsequent rounds of
structural calculations. The superposition of the 20
lowest-energy structures show that this G–A base pair is
well defined by the NMR data, although two conform-
ations with different propeller twists and buckles are
observed in the ensemble of structure (Figure 4B). These
two alternative conformations observed in the NMR

structures may reflect insufficient NMR restraints and/or
conformational dynamics for this base pair. The absence
of a detectable imino proton signal for G9 (Figure 2)
supports conformational dynamics for the G9–A20 base
pair.

An S-turn motif in the A730 loop domain

The structure of the A730 loop domain is defined by a
large number of NOEs, including several unusual sequen-
tial NOEs in the G6–G9 stretch and non-sequential NOEs
between nucleotides G6 and G9 (Figure 5A). These NOEs
are consistent with the unusual ribose-phosphate
backbone of the A730 loop domain, which adopts an
S-turn between nucleotides G6 and C10. The S-turn is a
common RNA motif, first structurally identified in the
loopE of eukaryotic 5S rRNA (66) and the sarcin–ricin
loop of 28S rRNA (67), but since found in other structural
contexts (68–72). In the A730 loop, the S-turn is created
by ribose reversal at A8, with its 20-OH group pointing in

A

B C

Figure 5. S-turn motif in the A730 loop of the SLVI RNA. (A)
Schematic summarizing the inter-residue NOEs for the A730 internal
loop of the SLVI RNA. Black lines indicate NOEs between nucleotides
that are adjacent in the sequence, pink lines indicate NOEs between
base-pairing residues, blue lines indicate NOEs between G6 and G9,
and orange lines refer to NOEs between C7 and G9. For simplicity, all
ribose protons (H10, H20, H30, H40, H50 and H500) were grouped under
the ribose denomination. (B and C) Close up views of the S-turn motif
in the lowest-energy structure showing (B) the ribose reversal at A8 and
nearby phosphates and (C) stacking of C7 and A8 in the minor groove
and stabilizing hydrogen bonds. In (B) the pro–Rp oxygens are shown
in blue and the 20-oxygens in red. In (C) three hydrogen bonds are
shown (A8 N3: G9 20–OH, C7 NH2: G9 N3 and A8 20–OH: G9 O40)
that likely stabilize the S-turn motif. For simplicity only heavy atoms
are shown and the ribbon replacing the phosphorus and non-bonded
oxygen atoms is used to indicate the backbone topology.

A

B

C

Figure 4. Formation of a cis WC/WC G9-A20 base pair in the A730
loop. (A) Selected regions from a 2D 1H–15N CPMG-NOESY spectrum
showing NOEs that define the geometry of the G9–A20 base pair. The
spectrum was collected at 15�C with a mixing time of 160ms. (B) The
G9–A20 base pair in the 20 lowest-energy structures. The superposition
is from Figure 3a. (C) Stacking of the G9–A20 base pair onto the C10–
G19 base pair in the lowest-energy structure of SLVI. Dashed lines
connect protons for which a NOE is observed in (A).
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a direction opposite to the 20-OH groups of adjacent nu-
cleotides (Figure 5B). In the majority of the lowest-energy
structures (17/20), the ribose of A8 adopts a 20-endo con-
formation, a characteristic of an S-turn, which is in agree-
ment with the intense H10–H20 signal in the DQF-COSY
spectrum (not shown). The S-turn of the A730 loop leads
to bulging out of both the C7 and A8 residues with their
Watson–Crick edges exposed in the minor groove. The
adjacent G9–A20 base pair possesses a larger C10–C10

distance than standard Watson–Crick base pairs that
likely helps stabilize the S-turn. Three hydrogen bonds
involving G9 and the protruded C7 and A8 bases are
found in the ensemble of 20 lowest-energy structures and
connect: (i)G9O40 and A8O20 (2.6±0.4 Å); (ii)G9O20

and A8N3 (3.3±1.0 Å) and (iii) G9N3 and C7N4
(3.4±0.8 Å; Figure 5C). Interestingly, an S-turn motif
has also been previously found in loop B of the hairpin
ribozyme (70), suggesting that it may be important for
catalysis by the VS ribozyme (see discussion).

Shifted pKa values for adenines of the A730 loop

Given the predicted role of A756 as a general acid in the
cleavage reaction, we were interested to determine if the
structure of the A730 loop imparts a shifted pKa value for
A756. Hence, we determined the pKa of adenines in the
A730 loop of SLVI by 13C NMR methods. It has been
previously shown that the C2 chemical shift of AMP
undergoes an 8-ppm upfield displacement upon proton-
ation at its N1 position (73), and pH-dependent change
in C2 chemical shifts have been used to determine adenine
pKa’s in folded RNAs (27,29,36–39,73). In SLVI, only two
C2 resonances are significantly affected by pH; the A8 and
A20 C2 resonances are shifted upfield by 2.4 and 3.3 ppm,
respectively, when the pH is decreased from 8.6 to 4.7
(Figure 6A). For both A8 and A20, a single C2–H2
crosspeak is observed in this pH range, indicating fast
exchange dynamics on the NMR chemical shift timescale.
In such cases, the change in C2 chemical shift at a given
pH value can be used to derive pKa values. We obtained a
pKa of 4.44±0.10 for A8 and a pKa of 4.74±0.12 for
A20 (Figure 6B and Supplementary Figure S1). These pKa

values are slightly higher than the pKa value of adenine in
single-stranded RNA [�3.7; (74)] and are compatible with
the accessibility of the N1 positions of A8 and A20 in the
SLVI structure. Local electronic effects, such as sequence
context, base stacking and Mg2+binding could be respon-
sible for these small pKa shifts. However, there is a dis-
crepancy of about one pH unit between the pKa of A8 and
the catalytic pKa [between 5.2 and 5.8; (23,25)]. Such dis-
crepancy is not surprising, since it is expected that forma-
tion of the active site will change the chemical
environment of the A756 base and thus, affect its pKa.

DISCUSSION

We are using a modular approach to structurally charac-
terize the Neurospora VS ribozyme, which essentially
consists of determining the NMR structure of small frag-
ments of the VS ribozyme that are relevant to its function.
We previously determined structures of an activated SLI

internal loop and of an SLV fragment by NMR spectros-
copy to provide novel information on substrate recogni-
tion and activation in the VS ribozyme (28,30,31). Here,
we performed NMR studies of an SLVI fragment contain-
ing the A730 loop in order to gain structural insights into
the formation of the VS ribozyme active site. Below, we
demonstrate that our structure is compatible with a large
amount of biochemical data on the VS ribozyme and
likely represents the conformation of the A730 loop in
the folded ribozyme prior to docking with the cleavage
site internal loop. We also discuss the resemblance of the
A730 loop with loop B of the hairpin ribozyme and its
relevance to formation of the active site.

The A730 loop adopts a undocked conformation
compatible with chemical probing data

Chemical probing data were previously obtained for a
self-cleaving ribozyme in both the absence and presence
of Mg2+ ions (8). As observed in our NMR studies of
SLVI, the chemical probing data demonstrated that
addition of Mg2+ ions stabilize the structure of the A730
loop domain, including several loop closing base pairs that
were unstable in the absence of Mg2+ ions (8). The
Watson–Crick edges of C755 and A756 were still
strongly modified under native conditions (8) in agreement
with the structure of SLVI in which the Watson–Crick
edges of these two bases are exposed in the minor

A

B

Figure 6. Determination of adenine pKa’s in SLVI. (A) Superposition
of the aromatic C2–H2 regions of 2D 1H–13C HMQC spectra collected
at 25�C and at pH 4.7 (beige), pH 5.1 (black), pH 5.5 (pale blue) and
pH 8.6 (grayish blue). Arrows point to significant pH-dependent
changes in 13C chemical shift for A8 and A20. (B) Summary of the
adenine pKa values in the A730 internal loop.
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groove. This suggests that under the conditions used for
chemical probing, the A730 loop is not stably docked with
the cleavage site internal loop, but can also exist in an
undocked state that is compatible with the NMR
structure.

Compatibility of the A730 loop structure with mutational
and chemical modification data

Thorough mutational analyses of the A730 loop domain
were previously carried out and revealed the importance
of this loop for catalysis (16,18). In agreement with our
structure of the A730 loop, the reversal of the four
Watson–Crick base pairs within this domain (U753–
G732, G754–C731, C758–G729 and A759–U728) did not
significantly affect cleavage activity, but mutations of loop
residues had more important effects (16). Although all
base substitutions at G757 (G9) and A730 (A20) led to
reduced activity, replacing the G9–A20 combination by a
G–C, a G–U or an A–A was less detrimental than other
substitutions (16,18). Thus, these mutational data indicate
the importance of a purine at position 757 and of cis-WC/
WC base pairing (75) between residues 757 and 730. This
is in agreement with the role of the G9–A20 base pair in
stabilizing the S-turn motif. Mutation of A756 (A8) by U,
C or G caused the largest reduction in cleavage activity
[�400–800-fold; (16,18)], which is consistent with its
proposed mechanistic role as a general acid (21,23,25).
Functional group modifications of A756 revealed that
the Watson–Crick edge of A756 is particularly important
for cleavage (17). In the structure of SLVI, the Watson–
Crick edge of A8 is exposed in the minor groove and ac-
cessible for docking with the cleavage site internal loop
and performing its catalytic role.

Mg2+ binding to the S-turn

The backbone conformation of the S-turn creates two
phosphate clusters, suggesting that specific binding of
Mg2+ ions may be associated with at least one of these
clusters. There is also evidence that other S-turn motifs
contain a divalent metal binding site (71,76–79).
Evidence for Mg2+ binding to the S-turn of the A730
loop is available from phosphorothioate substitution
interference, which was previously employed to identify
pro-Rp oxygens that are important for activity. Three in-
hibitory phosphorothioates, those of C755 (C7), G757
(G9) and C758 (C10), were found in the A730 loop
domain [Figure 1C; (20,63)]. Phosphorothioate inhibition
at G757 and C758 was suppressed in the presence of
thiophilic manganese ions, indicating that the pro-Rp
oxygens of G757 and C758 directly coordinate a
divalent metal ion [Figure 1C; (63)]. In the SLVI structure,
the pro-Rp oxygens of C7 (C755), G9 (G757) and C10
(C758) are part of the S-turn motif, and the proximity
of the C7 and G9 pro-Rp oxygens suggest that they may
coordinate the same Mg2+ ion (Figure 5B).

Importance of the S-turn motif for catalysis

The A730 loop adopts an S-turn motif that exposes the
Watson–Crick edge of A8 (A756), the proposed general
acid of the VS cleavage reaction, in an enlarged minor

groove. Interestingly, in the X-ray crystal structures of
the hairpin ribozyme (60,78), an S-turn was also found
in loop B where it allows A38, the proposed general acid
of the hairpin cleavage reaction, to protrude in a broad
minor groove and make several hydrogen bonds with
either a transition state analog or the 20-cyclic phosphate
and 50-OH of the cleaved form (60,78). Thus, the structure
of SLVI reveals additional similarities between the VS and
hairpin ribozymes. These structural similarities between
the A730 loop of the VS ribozyme and loop B of the
hairpin ribozyme could not be predicted from the
sequence of these internal loops, which are very different.

Certain non-VS sequences were previously found to
partially substitute for the natural A730 loop in a
cleavage assay (18). In concordance with protrusion of
A756 in the S-turn, it was concluded that a minimal re-
quirement for self-cleavage is the presence of unpaired or
non-Watson–Crick paired nucleotides at the location of
the A730 loop (18). The most active substitution mutant
contained the A-rich bulge of the Tetrahymena group I
intron (80). Interestingly, this bulge adopts a structure in
which the phosphate backbone makes a corkscrew turn
that exposes the Watson–Crick faces of several adenines
(80). Similarly, in the VS and hairpin ribozymes, one es-
sential role of the S-turn motif may be to protrude a cata-
lytically important adenine in the active site. In the hairpin
ribozyme, however, the catalytically-important adenine
(A38), is protruded in the docked state (78), but not in
the undocked state (70). This may explain why substitu-
tion of the A730 loop domain by loop B of the hairpin
ribozyme did not produce a functional VS ribozyme (18).

Insights into the formation of the active site

There is substantial evidence that the cleavage site loop
and A730 loop of the VS ribozyme intimately associate to
form the active site (4,12,16–25). Given that the NMR
structures of both the active conformation of the
cleavage site loop (28) and the A730 loop are available,
it is interesting to consider how these two loops might
interact to form the active site. As described below,
these two internal loops of the VS ribozyme display struc-
tural similarities to the two internal loops found in the
active site of the hairpin ribozyme, and such similarities
can be used to build a simple model of the VS ribozyme
active site.

In the crystal structure of a transition state mimic of the
hairpin ribozyme, the N1 of G8 is within hydrogen-
bonding distance of the 20-OH nucleophile, and its
exocyclic amine forms a hydrogen bond with the scissile
phosphate (60). A comparison between this X-ray struc-
ture of the hairpin ribozyme and the NMR structure of
the cleavage site loop of the VS ribozyme (28) reveals that
the G residue proposed to serve as the general base (G638
in the VS ribozyme and G8 in the hairpin ribozyme) and
the N� 1 residue (G620 in the VS ribozyme and A� 1 in
the hairpin ribozyme) form similar cross-strand purine
stacks. The heavy atom superposition between these two
sets of bases illustrates the similarity of these purine stacks
(Figure 7A; rmsd of 0.8 Å). Thus, only small changes in
the relative positioning of G638 with respect to G620
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would be necessary to bring G638 in the proper orienta-
tion with respect to the cleavage site. For modeling
purposes, we modified the positions of the G621 and
G638 bases in the cleavage site internal loop structure to
mimic the position of functionally equivalent residues in
the hairpin ribozyme (Figure 7B).

The superposition of Figure 7A highlights an important
difference between the structures of the cleavage site loops
from the hairpin and VS ribozymes; whereas the N� 1
and N+1 nucleotide of the hairpin ribozyme (A� 1 and
G+1) adopt a splayed conformation, those of the VS
ribozyme (G620 and A621) do not. The splayed conform-
ation at the cleavage site is characteristic of nucleolytic
ribozymes and likely important for stabilizing the in-line
geometry between the 20-OH nucleophile, the scissile phos-
phate and the 50-oxygen leaving group that is typical of
SN2 reactions (3). Thus, it is highly likely that A621 must
undergo a substantial conformation change to adopt the
characteristic splayed conformation at the active site. For
modeling purposes, the conformation of A621 was
modified such that it mimics the position of the function-
ally equivalent G+1 in the hairpin ribozyme (Figure 7B).
This brings A621 out of the helix and leaves G–A tandem
base pairs in the cleavage site loop, which are known to
stabilize internal loops when flanked with G–C base pairs,
as found here (81).

Different strategies are adopted by nucleolytic ribo-
zymes to stabilize the splayed conformation of the 50-
and 30-nucleotides flanking the scissile phosphate, but

they all rely on hydrogen bonding and stacking inter-
actions (3). In the hairpin ribozyme, an important base
stacking interaction involves G+1 of loop A and A38 of
loop B, which orients this catalytically important base
near the 50-oxygen of the scissile phosphate (Figure 7A).
As a last step in this modeling exercise, we attempted to
reproduce this latter interaction by stacking A756 (A8) of
SLVI on the protruded A621 of our SLI model. Such
stacking is compatible with the production of a
UV-dependent crosslink between a 4-thio-uridine at
position 621 and A756, as previously observed under con-
ditions that are compatible with catalytic activity (19).
Interestingly, given the protruded conformation of A756,
it was possible to stack A756 on A621 and prevent atomic
clashes between the two internal loops with only small
displacement of the A756 base (Figure 7B). This
stacking also brings the Watson–Crick edge of A756
near the negatively charged scissile phosphate. Such envir-
onment would likely stabilize the protonated form of
A756 and shifts its pKa towards neutrality (23,25).
Furthermore, in the resulting model the minor grooves
of the two internal loops interact with one another with
a similar overall topology as in the hairpin ribozyme (not
shown). Thus, by using the NMR structures of the A730
loop and the active conformation of the SLI internal loop,
it is straightforward to model the active site of the VS
ribozyme by homology with the active site of the hairpin
ribozyme. The resulting model preserves the relative orien-
tation of N� 1, N+1 and the two key catalytic residues
(G620, A621, A756 and G638 in the VS ribozyme) while
maintaining the overall topology between the two helical
domains. The coherence of the model with existing struc-
tural data clearly reinforces the idea that the VS and
hairpin ribozymes may adopt similar active site architec-
tures. Nevertheless, a high-resolution structure of the full
VS ribozyme is needed to reveal structural details of the
active site that are beyond the specific findings of the
present study.
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