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ABSTRACT: Cations play an important role in RNA folding and stabilization. The hairpin ribozyme is a
small catalytic RNA consisting of two domains, A and B, which interact in the transition state in an
ion-dependent fashion. Here we describe the interaction of mono-, di-, and trivalent cations with the
domains of the ribozyme, as studied by homo- and heteronuclear NMR spectroscopy. Paramagnetic line
broadening, chemical shift mapping, and intermolecular NOEs indicate that the B domain contains four
to five metal binding sites, which bind Mn2+, Mg2+, and Co(NH3)6

3+. There is no significant structural
change in the B domain upon the addition of Co(NH3)6

3+ or Mg2+. No specific monovalent ion binding
sites exist on the B domain, as determined by15NH4

+ binding studies. In contrast to the B domain, there
are no observable metal ion interactions within the internal loop of the A domain. Model structure
calculations of Mn2+ interactions at two sites within the B domain indicate that the binding sites comprise
major groove pockets lined with functional groups oriented so that multiple hydrogen bonds can be formed
between the RNA and Mn(H2O)62+ or Co(NH3)6

3+. Site 1 is very similar in geometry to a site within the
P4-P6 domain of theTetrahymenagroup I intron, while site 2 is unique among known ion binding sites.
The site 2 ion interacts with a catalytically essential nucleotide and bridges two phosphates. Due to its
location and geometry, this ion may play an important role in the docking of the A and B domains.

Coulombic interactions of cations with nucleic acids have
profound effects on molecular and thermodynamic properties
(1). Metal ions in particular play important roles in bio-
chemistry, and the structure and function of modern day
RNAs have been shaped by evolving in the presence of metal
ions (2). In addition to providing electrostatic stabilization
during folding, elegant biochemical experiments have shown
that metal ions are directly involved in RNA catalysis for
some ribozymes (3-6).

Despite their obvious importance, metal ions are often
difficult to localize in RNA structures. From the small
number of RNA crystal structures in which ions have been
observed, it is evident that there are numerous ways in which
they can interact with RNA (7-14). The L-shape of tRNAPhe

is stabilized by tightly binding four metal ions within loop
regions, with many more metal ions bound less tightly
(7-9). Metal ions mediate helical packing of the P4-P6
domain of theTetrahymenagroup I intron, in a manner akin
to that of the hydrophobic core of proteins (10). A “metal
ion zipper” in 5S rRNA bridges the close approach of
phosphates (13). Additionally, metal ions have been localized
at or near the active sites of some small ribozymes by
crystallography (11, 14, 15). NMR has also emerged as a
powerful technique for localizing metal ion binding sites on
RNA in solution (16-23).

The hairpin ribozyme has a unique, two-domain structure
which folds in an ion-dependent manner (24-26). Derived

from the negative polarity strand of the tobacco ringspot virus
satellite RNA, the hairpin ribozyme functions in processing
the RNA during rolling circle replication (27). The ribozyme
is a reversible, site-specific RNA endonuclease that cleaves
RNA substrates to form products with cyclic phosphate and
5′-hydroxyl termini. The hairpin ribozyme is unusually
promiscuous in its ionic preference, as it is able to utilize a
variety of ions or polyamines for proper folding and catalysis
(28-31). Using kinetically well-behaved molecules, it has
been recently demonstrated that the catalytic rate of the
hairpin ribozyme approaches similar values with many
different ions, including manganese, cobalt hexamine, or
magnesium (32).

The observation that cobalt hexamine efficiently supports
hairpin ribozyme chemistry indicates that direct inner sphere
metal ion coordination is not necessary for cleavage, since
this ion has a kinetically stable outer hexamine ligand shell
(28-30). These results show that metal ions do not act as
Lewis acids in hairpin ribozyme chemistry. Rather, metal
ions play an important role in promoting the proper folding
required for hairpin ribozyme catalysis. Proper folding of
the hairpin ribozyme involves a docking interaction between
the A and B domains (Figure 1). Docking of the A and B
domains is greatly facilitated by both di- and trivalent metal
ions (25). Kinetic analysis suggests that approximately one
to two metal ions are bound to the docked ribozyme during
catalysis (32, 33).

The solution structures of the individual A and B domains
of the hairpin ribozyme have been solved by NMR (Figure
1) (34, 35). Exactly how the two domains dock in the
transition state is unknown. How do metal ions interact with
the hairpin ribozyme to facilitate docking? Do ion binding
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sites exist in the ground-state domain structures, or are ions
only captured when the A and B domains are in very close
proximity? We set out to determine whether metal ion
binding sites exist within the individual domains of the
hairpin ribozyme, using NMR and the cations Co(NH3)6

3+,
Mn2+, Mg2+, and15NH4

+. Binding of a paramagnetic Mn2+

ion results in the NMR line broadening of nuclei that are
very close to the ion in three-dimensional space, while cobalt
hexamine and ammonium binding can be detected by NMR
via intermolecular NOEs. Additionally, chemical shift map-
ping can be used to locate sites of ion interaction. In this
report we use the above methods to demonstrate that there
are four to five metal binding sites on the loop B domain
and none within the A domain. The NMR data are used to
precisely localize two of the metal ion binding sites on the
loop B domain structure.

MATERIALS AND METHODS

NMR Sample Preparation and Spectroscopy.RNA was
transcribed and purified as previously described (35). The
B domain RNA samples were 0.5-1 mM, in 50 mM NaCl,
pH 7.0. The A domain samples were 1.4 mM (0.7 mM in
strand), in 150 mM NaCl, pH 7.0. A higher concentration
of monovalent salt was required to maintain the two strands
of the A domain as a duplex, whereas the B domain
maintains its hairpin structure at lower salt concentrations.
Samples were in H2O (90% H2O/10% D2O) or D2O (99.99%
D2O, Isotech). NMR spectra were recorded on Bruker DRX
500 MHz spectrometers. Spectra were processed with
Xwinnmr (Bruker instruments) and analyzed with Felix 97
software (Biosym). The B domain spectra in D2O were
recorded at 303 and 310 K, while the A domain spectra were
recorded at 298 K. The residual water HDO signal was
suppressed by low power presaturation. The 2D NOESY (36)
spectra of the loop A domain were acquired with 96 scans

of 1K points in the acquisition dimension and 512 increments
in the indirect dimension. The mixing time was 200 ms. The
spectra were apodized with a 90° phase-shifted sine bell and
zero filled to 1K points in the indirect dimension. The 2D
sensitivity-enhanced1H,13C ct-HSQC (37) spectra of the B
domain were acquired with 32 scans of 1024 points in the
acquisition dimension and 220 increments in the indirect
dimension. The spectra were processed as described above,
except that the indirect dimension was zero filled to 512
increments. The constant time evolution period was set to
30 ms (2/Jcc) for C5-C6 refocusing. Other spectra that were
collected for obtaining the paramagnetic Mn2+ line broaden-
ing data included 1D and 2D NOESY spectra in H2O using
the 11 echo water suppression pulse sequence (38), 2D
NOESY and TOCSY (39) in D2O, and 2D1H,15N HSQC in
H2O and D2O (40). For the15NH4

+ binding studies, a 1D1H
15N-filtered NOESY (τm ) 80 ms) (41) and a 1D1H 15N-
filtered ROESY (τm ) 40 ms) (42) were acquired with 3072
scans of 8192 points.

Model Structure Calculations.The 30 lowest energy B
domain structures obtained from the NMR structure deter-
mination (35) were used as starting structures for calculating
the structures of the RNA-metal complex. Two Mn(H2O)62+

ions were placed at a random position relative to the RNA,
approximately 30 Å away, by generating an X-PLOR (43)
structure file containing the Mn(H2O)62+ coordinates and the
B domain coordinates (35). The coordinates for the Mn-
(H2O)62+ ions were obtained from the high-resolution crystal
structure (1.5 Å) 1D49 (44). Distance restraints of 0-7 Å
were assigned to all atoms that were broadened to baseline
at 20-40 µM MnCl2. For site 1, these atoms were G1 H1,
H2′, N1, H8, C8, and N7; G2 H1, H2′, N1, H8, C8, and N7;
and U3 H3, N3, H5, and C5. For site 2, the atoms were A6
H8, C8, N7, H3′, and C3′; and G7 H8, C8, and N7. Repulsive
distances were also included to help the ion localization.
These distances were restrained to be>7 Å for a subset of
atoms which showed no specific line broadening at 60µM
MnCl2. For site 1, these atoms were G1 H1′ and C1′, G2
H1′ and C1′, C38 H1′, H5, and C5, C37 H5 and C5, and
A36 H2 and C2. For site 2, the nonbroadened atoms were
A6 H1′, C1′, H2, and C2, G21 H1′ and C1′, A8 H8 and C8,
and A32 H2 and C2. All calculations were done with
X-PLOR version 3.1 (43). First, the structures were subjected
to an initial simulated annealing protocol of 105 ps at 1000
K, followed by 42 ps of cooling with a temperature step of
7 fs in the absence of van der Waals forces, followed by 50
steps of Powell algorithm energy minimization. Soft NOE
potentials with a scale factor of 50 were used at this step. A
final round of molecular dynamics and simulated annealing
in the presence of van der Waals forces was then performed
at 2000 K with cooling to 100 K in 28 ps, using a 0.7 fs
time step. Square-well NOE potentials were used with a scale
factor of 100, and the protocol was followed by 500 steps
of energy minimization using the Powell algorithm.

RESULTS

Interaction of Mn2+ with the B Domain.The secondary
structure of the hairpin ribozyme is shown, along with the
domain constructs used in this study (Figure 1). The loop B
domain sequence is identical to the one used in our recent
NMR structure determination of the loop B domain (35).
We chose to probe the loop B structure with MnCl2 to

FIGURE 1: Schematic illustration of the hairpin ribozyme secondary
structure, along with the sequences of the A and B domains used
in this study. The RNA cleavage site in domain A is marked with
an arrow. A dashed line between the A and B domains represents
a covalent connection in the intact ribozyme secondary structure.
The sequences of the individual A and B domains are identical to
those used in their NMR structure determinations (34, 35). Non-
Watson-Crick base pairings determined by NMR are indicated with
ovals. The numbering system for the B domain corresponds to the
NMR construct, with the original hairpin ribozyme numbering
scheme shown as adjacent numbers in parentheses. The A domain
numbering scheme is the same for the NMR construct and the
original hairpin ribozyme numbering scheme. The B domain
contains a stable helical extension and UUCG tetraloop not normally
found in the ribozyme.

Ion Binding Sites in the Hairpin Ribozyme Domains Biochemistry, Vol. 39, No. 9, 20002175



determine if the divalent metal manganese interacts at
specific sites within the B domain. Because Mn2+ is
paramagnetic, it causes line broadening of NMR resonances
in close proximity to the ion, with a distance dependence of
r-6 (45). Additionally, it has been observed with other RNAs
that only micromolar amounts of manganese are required to
observe this effect (16, 17, 23), which circumvents the
potential problem of aggregation at millimolar concentrations
of both RNA and metal.

1H,13C ct-HSQC (37) spectra were recorded on uniformly
13C,15N-labeled loop B domain RNA with and without Mn2+

(Figure 2). At 20µM Mn2+, a specific subset of resonances
within the loop B domain are completely or almost com-
pletely broadened to baseline. Most of the aromatic H8 and
C8 resonances which are broadened by Mn2+ are within the
internal loop and belong to the nucleotides A6, G7, G13,
and G25 (Figure 2A,B). Additionally, the H8 and C8
resonances of the stem residues G1 and G2 are broadened
beyond detection, and the imino protons of these nucleotides
are also broadened (data not shown). The Mn2+ probing data
show that the A6 H3′ proton is specifically broadened (Figure
2C,D). This proton is located in the major groove directly
between the A6 and G7 H8 protons, which are also
broadened (Figure 2A,B). Since the RNA concentration is
millimolar, the Mn2+ is in fast exchange and must have an
off-rate on the order of 1000 s-1, which is similar to the
time scale of Mn2+ binding to other RNAs (16, 17, 23).

The atoms which are observed to be specifically broadened
by Mn2+ binding to the loop B domain structure are shown
as spheres on the loop B domain structure (35) (Figure 3).
All of the atoms which interact with Mn2+ ions are in the
major groove. Figure 3 shows that the sites of manganese
binding localize to four to five different regions of the B
domain RNA. Site 1 is located within the major groove of
the terminal helix. Site 2 is located within the internal loop,
between nucleotides A6 and G7. G34 is also broadened by
manganese. This nucleotide is between site 1 and site 2, so
it is not clear as to whether this constitutes an additional

site or is the result of ion movement between sites 1 and 2
(Figure 3). The final two sites of manganese interaction,
referred to as sites 3 and 4, are located at nucleotides G13
and G25, respectively, at the junction of the internal loop
and the second helix. Both of these sites are in the major
groove but lie on opposite sides of the helix.

Interaction of Cobalt Hexamine and Magnesium with the
B Domain. Since NMR chemical shifts are exquisitely
sensitive in reporting ligand binding, ion interactions, and
conformational changes, we acquired1H,13C ct-HSQC spectra
of the B domain in the absence and presence of cobalt
hexamine and MgCl2. Co(NH3)6

3+, an analogue of hexahy-
drated magnesium, efficiently stimulates high levels of
hairpin ribozyme activity at relatively low concentrations.
A ligation rate constant of 4.3 min-1 is observed in 0.1 mM
cobalt hexamine, whereas 10 mM MgCl2 produces a rate
constant of 1.3 min-1 (32). We find that the B domain
aggregates at high concentrations of cobalt hexamine (4 mM)
or magnesium (10 mM) under NMR conditions (1 mM RNA;
data not shown). We therefore probed the loop B domain in
the presence of 1 mM cobalt hexamine or 6 mM magnesium,
conditions which are both amenable for NMR spectroscopy
and known to promote high levels of ribozyme activity.

The addition of 1 mM Co(NH3)6
3+ or 6 mM Mg2+ has

little effect on the proton and carbon chemical shifts of the
B domain, suggesting that the structure of the domain is the
same in the absence and presence of cobalt hexamine (Figure
4A,B). However, small chemical shift changes are observed
at positions which are at or near the nucleotides observed to
interact with manganese. Resonances in the major groove
of the terminal helix are affected, including G1, G2, and G34.
The aromatic H8 chemical shifts of these resonances shift
by 0.06-0.08 ppm in the proton dimension (Figure 4). These
nucleotides are also specifically broadened by manganese
and constitute metal binding site 1 (Figures 2 and 3). Within
the internal loop, the C8 chemical shifts of A6-A10 shift
by 0.4-0.6 ppm in the13C dimension upon addition of
Co(NH3)6

3+ or Mg2+. The A6 and G7 resonances were also
specifically broadened by manganese and constitute metal
binding site 2 (Figures 2 and 3). Last, similar chemical shift
changes are observed for both the proton H8 and carbon C8
resonances of G13 and G25 upon cobalt hexamine binding,
and these resonances are also specifically broadened by
manganese and constitute metal binding sites 3 and 4.

FIGURE 2: 500 MHz 1H,13C ct-HSQC spectra of the B domain,
without (A and C) and with (B and D) the addition of 20µM MnCl2.
(A and B) Aromatic region. Aromatic resonances that are broadened
as a result of Mn2+ binding are labeled with their corresponding
numbers in the spectrum without Mn2+. (C and D) C2′-H2′ and
C3′-H3′ region. The A6 C3′-H3′ correlation is labeled in (C) and
is specifically broadened in (D). Spectra were acquired at 30°C,
with spectral widths of 5000 and 2800 Hz in the proton and carbon
dimensions, respectively.

FIGURE 3: Lowest energy NMR structure of the B domain (35),
with atoms that are specifically broadened as a result of Mn2+

binding shown as spheres.
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Therefore, all of the resonances which displayed paramag-

netic line broadening in the presence of manganese show
chemical shift changes upon the addition of cobalt hexamine,
consistent with cobalt hexamine interacting with the same
sites as manganese. Cobalt hexamine binding to other RNAs
has been observed to induce similar chemical shift changes
(18, 22). The chemical shift mapping data indicate that
magnesium binds to the same sites as both manganese and
cobalt hexamine (Figure 4B).

We observe that the ribose resonances are unaffected by
the addition of cobalt hexamine or magnesium, indicating
that the sugar and backbone conformation is unchanged by
cobalt hexamine binding (data not shown). Although a
specific subset of nucleotides displays chemical shift changes,
none of their base pairing partners do (Figures 1 and 4). The
observed chemical shift changes are relatively small, with
the largest observed∆ppm equal to 0.12 ppm (Figure 4B,C).
Additionally, the same sequential NOE connectivities are
observed in the presence or absence of 1 mM cobalt
hexamine (data not shown). We therefore conclude that there
are no significant structural changes in the B domain upon
the addition of 1 mM cobalt hexamine or 6 mM MgCl2.

Intermolecular NOEs between the cobalt hexamine protons
and the RNA are detected in 2D NOESY spectra of the B
domain RNA in 1 mM Co(NH3)6

3+ (Figure 5). At site 1,
NOEs can be seen from cobalt hexamine to the imino protons
of G2, U3, and G4, as well as the amino protons of C35 and
C37 and the H8 aromatic proton of G2. At site 2, an NOE
can be seen from cobalt hexamine to the H8 aromatic proton
of G7. Last, a site 3 NOE is detected at the imino proton of
G13. Many more intermolecular NOEs are also visible, but
unambiguous assignments for these NOEs could not be made
for two reasons. First, line broadening at low temperatures
(0-10 °C) in the presence of cobalt hexamine caused severe
spectral overlap even in 3D1H,13C HSQC NOESY spectra
(data not shown); second, at higher temperatures (20-40°C),
where line widths are narrower, the cobalt hexamine protons
exchange too rapidly to be detected. All 18 cobalt hexamine
protons resonate at a single frequency (3.65 ppm), indicating
that the cobalt hexamine ion tumbles rapidly when bound
to the RNA and is in fast exchange between the bound and
free forms. Therefore, a single cobalt hexamine molecule
can interact with multiple metal binding sites on the RNA
during the course of the NMR experiment. The observed
fast exchange kinetics of cobalt hexamine binding in solution
have thus far been observed for every RNA which contains
a cobalt hexamine binding site (18, 21, 22). The equilibrium
dissociation constant for cobalt hexamine binding to a
pseudoknot RNA has been estimated at 0.6( 0.4 mM, on

FIGURE 4: (A) 1H,13C ct-HSQC spectra of the B domain, with (red)
and without (blue) the addition of 1 mM Co(NH3)6

3+. The aromatic
region is shown. Resonances which display chemical shift changes
upon interaction with cobalt hexamine are labeled. Spectra were
acquired as for Figure 2, except that the temperature was 37°C.
(B and C) Observed changes in chemical shift (∆ppm) upon the
addition of cobalt hexamine or magnesium plotted vs the residue
number in the B domain. Changes in chemical shifts were calculated
from the equation∆(ppm)) [(∆1Η ppm)2 + (∆13C ppm× RC)2)]0.5

(56), where∆ppm is the difference in ppm between the chemical
shifts of the B domain RNA in the absence and presence of metal
ions andRC is a scaling factor to normalize the magnitude of the
carbon chemical shift changes relative to the proton scale. TheRC
correction factor was calculated to be 0.11, given the H8/6 proton
chemical shift range of 1 ppm and the C8/6 carbon chemical shift
range of 9 ppm. (B) 1 mM cobalt hexamine. (C) 6 mM MgCl2.
Chemical shift changes were calculated for all H8/6 and C8/6
resonances in the presence of cobalt hexamine and for all H8/6
and C8/6 resonances in magnesium except 10, 11, and 26, which
could not be unambiguously assigned for the magnesium-containing
sample.

FIGURE 5: Portion of a 500 MHz 2D NOESY spectrum in 90%
H2O/10% D2O of the B domain in the presence of 1 mM cobalt
hexamine, which resonates at 3.65 ppm. The spectral width was
10 000 Hz in both dimensions, the mixing time was 150 ms, and
the temperature was 10°C. NOEs could be unambiguously assigned
to the imino protons of nucleotides G2, U3, and G4 (left) and the
amino protons of C35 and C37 and the H8 protons of G2 and G7
(right).

Ion Binding Sites in the Hairpin Ribozyme Domains Biochemistry, Vol. 39, No. 9, 20002177



the basis of the chemical shift differences between the free
and bound states (22). The chemical shift differences
observed for the B domain with and without cobalt hexamine
are nearly identical to these values, and therefore the binding
affinities for cobalt hexamine on the B domain appear to be
quite similar.

Absence of Detectable MonoValent Ion Binding Sites.
Monovalent ion binding sites on nucleic acids have been
observed using the ion15NH4

+ (46, 47). Since the hairpin
ribozyme functions efficiently under high concentrations of
ammonium ions (31, 32), we wished to ascertain whether
the multivalent ion binding sites also bind ammonium ions.
1D 15N-filtered NOE and ROE experiments were performed
in the presence of 25 mM15NH4

+ (Figure 6). One intense
NOE is observed between the RNA and the15NH4

+ ion,
which can be unambiguously assigned to the imino proton
of U18 in the UUCG tetraloop. However, the 1D15N-filtered
ROE experiment shows that the majority of this NOE is due
to direct chemical exchange between the15NH4

+ ion and the
U18 imino proton, which is possible since this proton is
directly exposed to solvent (35, 48). We therefore find no
evidence for specific monovalent ion binding sites within
the B domain RNA, since the UUCG tetraloop was engi-
neered for stability and is not part of the natural ribozyme
sequence.

Absence of Manganese Interactions within Internal Loop
A. The loop A domain sequence used in these studies is
identical to that used by Cai and Tinoco in the NMR structure
determination of the loop A domain (34) (Figure 1). Cai and
Tinoco found that the loop A domain structure is the same
in the presence or absence of magnesium (34). We find that,
in contrast to the B domain, nearly all of the resonances in
the loop A domain are unaffected by the addition of
micromolar amounts of the paramagnetic Mn2+ ion. 2D
homonuclear NOESY spectra of the loop A domain with
and without Mn2+ show that specific line broadening is only
observed at G1 H8 and G15 H8 (Figure 7). These nucleotides
are involved in terminal G‚U and G‚C base pairs, respec-
tively, and may constitute sites of metal ion localization due
to the presence of adjacent 5′-terminal triphosphates. No
resonances within the internal loop A are specifically
broadened by Mn2+, even at Mn2+ concentrations as high as
60µM (data not shown). The sequential connectivity between
the cleavage site nucleotides G+1 and C-1 are visible in
both spectra (Figure 7), indicating that no manganese ions
interact in the vicinity of the cleavage site.

Model Structure Calculations of the B Domain Metal
Binding Sites.Figure 3 allows one to visualize the regions

of manganese localization upon the B domain. However,
representing the manganese binding data in this manner does
not reveal the precise interaction of the ions at the different
sites. Although the paramagnetic effect of manganese binding
has not been previously used to calculate structures of
manganese bound to RNA, the well-knownr-6 distance
dependence of the paramagnetic effect (45) can be used to
extract structural information in much the same manner as
the NOE. We therefore set out to use the distance dependence
of the paramagnetic effect to determine model structures of
the manganese ions bound to the B domain RNA.

Two sites within the loop B domain yielded significantly
more line broadening data than the others, due to higher
proton density and better chemical shift dispersion at those
sites. These sites correspond to site 1 at the helical terminus
involving G1, G2, and U3 and site 2 within the internal loop
at A6 and G7 (Figure 3). These two sites of ion localization
are also particularly interesting cases for determining the
structure of the ion bound to the RNA. Site 1 has a helical
sequence on one strand (5′-GGU-3′) that is identical to the
P5 helix of theTetrahymenagroup I intron P4-6 domain,
which binds a hexahydrated divalent ion (10). However, the
P5 site contains two G‚U wobble pairs, whereas site 1 is
purely Watson-Crick. Site 2 is especially interesting because
it is the only observed site of ion localization involving a
catalytically essential nucleotide (G7, corresponding to G21
in the intact hairpin ribozyme).

The 30 lowest energy B domain structures (35) were used
as starting structures for calculating structure models of the
manganese-bound RNA. The manganese ions used in the
calculations are modeled as fully hexahydrated ions, for the
following reasons. First, the fast off rate of the ions suggests
that they are not directly coordinated to the RNA, and similar
kinetics of Mn2+ binding have been observed at sites that
bind a hexahydrated manganese ion (21). Second, cobalt
hexamine also binds at these sites, as evidenced directly by
intermolecular NOEs and chemical shift changes. Last, all
divalent ions which influence the hairpin ribozyme structure
must be able to do so as hexahydrates, since cobalt hexamine
is very proficient at promoting proper folding.

Constraints between the center of the Mn(H2O)62+ ions
and the RNA were included only for atoms which were

FIGURE 6: 500 MHz 1D15N-filtered NOE (top) and ROE (bottom)
spectra of the B domain RNA (0.5 mM) in the presence of 25 mM
15NH4Cl. The NOESY mixing time was 80 ms, while the ROESY
mixing time was 40 ms. The temperature was 10°C and spectral
widths were 10 000 Hz. The15NH4

+ resonance and the NOE and
ROE to the imino proton of U18 are labeled. The broad exchange
peak at 8.0 ppm is not assigned.

FIGURE 7: 500 MHz 2D NOESY spectra of the A domain, without
(A) and with (B) the addition of 20µM MnCl2. The sequential
H8/H6/H2-H1′/H5 region is shown. The G1 and G15 resonances
that are broadened as a result of Mn2+ binding are labeled in the
spectrum without Mn2+. The spectral widths were 5000 Hz in both
dimensions, the mixing times were 200 ms, and the temperatures
were 20°C. Lines indicate the sequential connectivity between the
nucleotides surrounding the cleavage site, C-1 and G+1.
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specifically broadened to baseline upon addition of 20-40
µM MnCl2. All distances were weakly constrained to be 7
Å or less (Table 1 and Materials and Methods). Additionally,
repulsive distances of>7 Å were included for atoms which
were not affected by the paramagnetic Mn2+ ion (Table 1
and Materials and Methods). Structures of the B domain
RNA in complex with two Mn(H2O)62+ ions were calculated
with X-PLOR (43). Briefly, the Mn2+ ions started at random
coordinates with respect to the RNA structures, approxi-
mately 30 Å away from each other. An initial round of
simulated annealing in the absence of van der Waals forces
allowed the ions to localize to the sites of specific line
broadening. A second round of molecular dynamics and
energy minimization refinement including van der Waals

forces produced structures with low overall energies and
RMSD values, good overall geometries, and no distance
violations between the RNA and the ions or within the RNA
itself (Table 1).

DISCUSSION

Model Structures of the Metal Ion Binding Pockets.Figure
8 shows the lowest overall energy structures of the calculated
RNA-2[Mn(H2O)62+] complex. In both site 1 and site 2,
the position of the ion was precisely localized with respect
to the RNA, with a local RMSD for the surrounding RNA
residues and the metal ion of about 1.4 Å for both sites (Table
1). The geometry and RMSD values of the calculated RNA-
2[Mn(H2O)62+] model structures remain essentially un-
changed from the starting structures. Therefore, the ion
restraints are accommodated without deformation of the RNA
structure. In site 1 (Figure 8A), the Mn(H2O)62+ ion is
localized within the major groove of the helix between G2
and U3. The major groove is the site of highest negative
electrostatic potential in A-form RNA. In site 2 (Figure 8B),
the second Mn(H2O)62+ ion also localizes to the major
groove, between purines A6 and G7 within the internal loop.

The orientations of the six water molecules surrounding
each ion are less well defined than the position of the ion.
However, the five lowest energy structures reveal that the
waters are capable of forming hydrogen bonds with acceptor
functional groups on the RNA (Figure 9). Four out of the
six waters surrounding the ion bound to site 1 at the stem
5′-GGU-3′ sequence are oriented to form five potential

FIGURE 8: The five lowest energy model structures of the B domain with two hexahydrated manganese ions bound. The two sites are
shown separately to illustrate the local precision of the RNA and the bound ion. (A) Site 1, superimposed upon G1, G2, U3, G4, C35, A36,
C37, and C38. The view is into the major groove of the helical terminus. (B) Site 2, superimposed upon C5, A6, G7, A8, A32, C33, and
G34. The view is into the major groove of the internal loop. The Mn(H2O)62+ ions were left out of the superimpositions to emphasize the
localization of the ion. Note that the five lowest energy structures are shown, but the reported RMSD values in the table are for the 10
lowest energy structures out of the 30 calculated.

Table 1: Structure Determination Statistics for the 10 Lowest
Energy Loop B Domain-2[Mn(H2O)62+] Complexes

total no. of B domain RNA restraints 1024
intermolecular restraints between RNA and ions

site 1 to ion 1 18
repulsive 11
site 2 to ion 2 8
repulsive 10

RMSD for all heavy atoms relative to mean structure (Å)
site 1: G1-G4, C35-C38, ion 1 1.44( 0.45
site 2: A6-A8, U31-C33, ion 2 1.35( 0.27

NOE violations (Å) 0> 0.1
angle violations (deg) 0> 5
mean deviation from covalent geometry

bond lengths (Å) 0.004
angles (deg) 1.0
impropers (deg) 0.36
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hydrogen bonds to the guanine N7, guanine O6, and uracil
O4 functional groups at this site (Figure 9A). All five of the
hydrogen bonds at this site are with base functional groups
and none with the backbone. At metal binding site 2 within
the internal loop, three out of six coordinated water molecules
form four potential hydrogen bonds to functional groups on
the RNA (Figure 9B). Two of these hydrogen bonds are to
the A6 and G7 phosphate oxygens, while the third and fourth
hydrogen bonds are to the G7 N7 and O6 functional groups.
Therefore, this G7 metal binding site is quite different from
the 5′-GGU-3′ site, in that two backbone contacts are formed
in addition to the guanine base contacts.

Both of the calculated metal binding sites hydrogen bond
to guanine N7 functional groups. Additionally, sites 3 and
4, which were not calculated, are likely to involve the N7
functional groups of G13 and G25, since the adjacent C8
and H8 atoms are specifically broadened by manganese.
However, metal binding to guanine N7 groups cannot be a
general effect, because no line broadening is observed at G4,
G15, G20, G21, and G23, all of which have exposed N7
atoms. Therefore, there must be other determinants that
influence metal ion localization on the RNA. Indeed, the
structures of the metal binding pockets show that an array
of hydrogen bond acceptors is required to constitute a metal
binding site.

Structural Similarities with Other Metal Sites.The hairpin
ribozyme B domain contains four to five metal binding sites.
In contrast, the A domain only binds Mn2+ at the helical
termini, where the 5′-terminal guanines and possibly their
triphosphates constitute sites of metal interaction. Compared
to the A domain, the B domain seems to bind a dispropor-
tionately large number of metal ions. In fact, the B domain
binds the same average number of metal ions per nucleotide
(0.13) in solution as does the recently studied rRNA S8
binding site (20), which is a 23-nucleotide RNA that contains

three specific regions of metal ion localization. Therefore,
the 28-nucleotide A domain may be unusual in its lack of
metal ion binding sites, especially since metal ions are known
to be important for the overall folding of the ribozyme. How
do the structures of the metal ion binding sites determined
for the B domain compare to known sites? Figure 10
compares the X-ray crystal structure of the P5 helical
sequence 5′-GGU-3′/5′-GUC-3′ (10) with the helical se-
quence 5′-GGU-3′/5′-ACC-3′ determined in this study. The
former sequence contains tandem wobble pairs, while the
latter is purely Watson-Crick. Nevertheless, the RNA
structures are remarkably similar (1.3 Å RMSD), and both
bind a hexahydrated metal ion in the major groove within
the 5′-GGU-3′ strand, with the ion located between the G
and the U. Both ions interact only with the base functional
groups at this site and not with the backbone. Interestingly,
the location of the ion in the P5 helix is shifted 2.5 Å toward
the center of the helix relative to the position of the ion in
the B domain structure (Figure 10). This shift is likely to be
due to the fact that the tandem G‚U wobble pairs in the P5
helix provide hydrogen bond acceptors in the center of the

FIGURE 9: Structure models of the metal binding sites. (A) Site 1, rotated to illustrate the five possible hydrogen bonds between the
Mn(H2O)62+ ion and the RNA. (B) Site 2, rotated to illustrate the four possible hydrogen bonds between the Mn(H2O)62+ ion and the RNA.

FIGURE 10: Comparison of site 1 from the B domain with the P5
site from the P4-P6 domain of theTetrahymenagroup I intron
(10). The two sequences are superimposed over the common heavy
atoms of the RNA. The B domain RNA and bound ion are in black,
and the P5 RNA and bound ion are in gray. Ions are shown as
spheres.
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helix (e.g., uracil O4 and guanine O6 on the opposite strand),
which are not present in Watson-Crick pairs. The elec-
tronegative surface area of the major groove containing G‚
U wobble pairs is therefore larger than one with Watson-
Crick functional groups. The major groove of the Watson-
Crick helix actually contains partial positive charges in the
center of the helix in the form of adenine and cytosine amino
groups. Therefore, the ion in the P5 major groove can easily
slide over toward the center of the helix, whereas the B
domain ion is forced to localize more toward the 5′-GGU-
3′ strand.

The metal binding site at G7 lies within a commonly
occurring structural motif, termed the “loop E-like” or “S-
turn” motif, which has been observed in other RNAs
(49-51). The B domain site 2 ion at G7 is the first
experimental evidence of a metal ion binding within the
S-turn motif. However, a metal binding site within the S-turn
motif of the sarcin-ricin loop domain from 23S rRNA was
predicted on the basis of Brownian dynamics simulations of
cation diffusion trajectories in the presence of a calculated
RNA electrostatic field (52). This predicted metal binding
site occurs at a location which is equivalent to the site 2 ion
in the B domain RNA.

Paramagnetic line broadening was observed at G13 H8
and G25 H8, and these residues also show small chemical
shift changes upon addition of cobalt hexamine. However,
spectral overlap made it difficult to collect enough restraints
to precisely position ions near these nucleotides. Manganese
binding has been observed previously within the crystal
structure of a hammerhead ribozyme (12) at a site that is
structurally analogous to site 3 at G13. In the hammerhead
ribozyme structure, a manganese was observed to bind at
the 5′-AG-3′ step of the sequence 5′-AG-3′/5′-CG-3′, which
is the same sequence surrounding G13. In both the ham-
merhead ribozyme and the B domain structures, the bases
form a sheared A‚G pair followed by a G‚C pair. The
hammerhead ribozyme crystal structure shows that a man-
ganese binds to the N7 of the G in the Watson-Crick pair
in the hammerhead, which is equivalent to G13 in the B
domain. Therefore, a similar type of manganese interaction
may be formed at site 3 in the B domain.

Implications for Folding.The metal binding sites at the
helical termini of the A domain must have no significance
for ribozyme folding, since they are within regions that can
be substituted by any combination of Watson-Crick base
pairs without affecting the activity of the ribozyme, and
triphosphates do not naturally occur at these positions. The
observation that the loop resonances are not affected by Mn2+

agrees well with chemical probing data, which shows that
there is no protection of the phosphodiester backbone of the
A domain upon addition of divalent or trivalent metals (26).
These data are also in agreement with the results of Cai and
Tinoco, which report that the loop A structure is the same
in the absence or presence of magnesium (34).

The chemical shift mapping data and NOE patterns
observed for the B domain upon addition of cobalt hexamine
or magnesium indicate that the structure of the domain is
the same in the absence or presence of di- and trivalent ions.
The observed chemical shift changes are similar to those that
were observed for the leadzyme structure, which is also the
same in the presence or absence of divalent metals (53). The
largest observed∆ppm value obtained from the chemical

shift mapping data of the B domain is 0.12 ppm in 6 mM
MgCl2. Slightly greater changes were observed for some
residues in the leadzyme in 5 mM MgCl2 (53). Previously,
it had been observed via 1D and 2D1H NMR spectra that
the B domain shows the same number of imino proton
resonances and NOE connectivities in 0-25 mM MgCl2 (35).
Additionally, it was shown that formation of a UV cross-
link, which reports the folding of the internal loop, is not
influenced by metal ion concentration (54). These data
indicate that the metal ion binding sites on the B domain
are part of the preformed RNA structure.

Is there a possible role for the G7 ion in the folding
pathway of the ribozyme? No ions are observed to bind
within the isolated internal loop of the A domain, and G7 is
the only functionally important nucleotide in the B domain
that interacts specifically with a metal ion. The ion in the
major groove at G7 may directly participate in docking, by
providing the necessary electrostatic shielding required for
helical packing. It is therefore intriguing that the ion bound
to G7 appears to be ideally situated for such a task. The
cation is located between the phosphates of A6 and G7,
directly on top of the phosphodiester backbone of the B
domain, while half of its surface area (three out of the six
coordinated waters) is exposed to the solvent, capable of
binding another phosphodiester backbone. This is quite the
opposite of the metal ion observed in site 1, which sits deep
in the major groove of the helix and only interacts with base
functional groups.

The metal binding site within loop B at G7 is unique
among ion binding sites identified to date. Biochemical data
support the presence of a metal ion bound to this site in the
intact ribozyme. The N7 functional group of G7 is accessible
to chemical modification in the absence of magnesium (24),
as would be expected from the structure of the B domain.
However, this N7 position is strongly protected upon addition
of 12 mM magnesium (24). This is the only purine N7
position in the entire ribozyme which displays such a
protection pattern (24). A metal ion interaction at G7 is also
consistent with atomic mutagenesis data which indicate that
both the O6 and N7 functional groups are catalytically
important (55), even though these functional groups do not
participate in intradomain interactions (35). Additionally, a
manganese-induced cleavage within the B domain of the
hairpin ribozyme has been observed between G7 and A8
(corresponding to G21 and A22 in the full ribozyme; K.
Hampel and J. M. Burke, personal communication). Finally,
the observation that cobalt hexamine, magnesium, and
manganese interact at the same site is consistent with the
wide ionic preference of the ribozyme. While the ground-
state ion binding sites determined in this investigation may
be involved in the ribozyme folding pathway, it remains to
be seen as to whether the same sites exist in the transition
state.
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