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ABSTRACT: A metal site in a 5′-GAAA-3′ tetraloop, a stabilizing and phylogenetically conserved RNA
motif, is explored using31P NMR spectroscopy and phosphorothioate modifications. Similar to previous
reports [Legault, P., and Pardi, A. (1994)J. Magn. Reson., Ser. B 103, 82-86], the31P NMR spectrum
of a 12-nucleotide stem-loop sequence 5′-GGCCGAAAGGCC-3′ exhibits resolved features from each
of the phosphodiester linkages. Titration with Mg2+ results in distinct shifts of a subset of these31P features,
which are assigned to phosphodiesters 5′ to A6, A7, and G5. Titration with Co(NH3)6

3+ causes only a
slight upfield shift in the A6 feature, suggesting that changes caused by Mg2+ are due to inner-sphere
metal-phosphate coordination.Rp-Phosphorothioate substitutions introduced enzymatically 5′ to each of
the three A residues of the tetraloop provide well-resolved31P NMR features that are observed to shift in
the presence of Cd2+ but not Mg2+, again consistent with a metal-phosphate site. Analysis of31P NMR
spectra using the sequence 5′-GGGCGAAAGUCC-3′ with single phosphorothioate substitutions in the
loop region, separated intoRp and Sp diastereomers, provides evidence for an inner-sphere interaction
with the phosphate 5′ to A7 but outer-sphere or structural effects that cause perturbations 5′ to A6.
Introduction of anRp-phosphorothioate 5′ to A7 results in a distinct31P NMR spectrum, consistent with
thermodynamic studies reported in the accompanying paper that indicate a unique structure caused by
this substitution. On the basis of these results and existing structural information, a metal site in the
5′-GAAA-3′ tetraloop is modeled using restrained molecular dynamics simulations.

5′-UNCG-3′ and 5′-GNRA-3′ (N ) any nucleotide, R)
purine) loop sequences are members of the family of
tetraloops that occur frequently in large RNAs such as
ribosomal RNA and the group I/group II intron ribozymes
(1, 2) and are unusually stabilizing in RNA hairpins (3).
These tetraloops are predicted to stabilize local structures
(4-6) and initiate folding events (7) in structured RNAs, as
well as provide for intra- and intermolecular interactions in
both RNA (8-13) and RNA-protein complexes (14-18).
In large RNA molecules, GNRA tetraloops have been shown
to dock into RNA tetraloop “receptors” which may be far
removed in sequence or present in a different RNA molecule
(8, 12, 19-20). The 5′-GAGA-3′ tetraloop also is a target
of the protein ricin, which cleaves the first 5′-A in the loop
(14, 15, 21, 22).

Several GNRA tetraloops have been structurally character-
ized by either solution NMR1 (21-27) or X-ray crystal-
lography (8, 12, 17, 28-32). Defining characteristics of the
stable GNRA tetraloop include a turn between the first and
second bases in the loop and unusual G-A hydrogen
bonding between the first and fourth bases. These structural
features allow stacking between bases in the loop, which in
addition to a network of hydrogen bonds are thought to be
the basis of enhanced stabilization in this motif.

The 5′-GAAA-3′ (GA3) tetraloop is a common GNRA
sequence and has been structurally and thermodynamically
characterized (5, 6, 12, 24-28). One such tetraloop caps stem
II in a commonly used sequence of the hammerhead
ribozyme, originally crystallized by Pley and co-workers (12,
28). Legault and Pardi have shown that the GA3 tetraloop,
both in a 12-nucleotide model and within the hammerhead
ribozyme, exhibits distinctive31P chemical shifts (33).
Recently, Mn2+-dependent broadening of a31P feature from
the hammerhead tetraloop has been reported, indicative of a
metal interaction with that tetraloop (34). In the course of
experiments involving31P NMR of phosphorothioate-
substituted hammerhead ribozyme samples, we also observed
evidence for a Cd2+ interaction with a phosphorothioate
substitution 5′ to an A of the stem II tetraloop (35). A recent
1H NMR study by Ru¨disser and Tinoco provides evidence
for a metal site in a GA3 tetraloop, for which the authors
suggest direct coordination with a phosphate (36). These
observations suggest a metal site in the tetraloop that can be
investigated more thoroughly.

Phosphorothioate substitutions have been used extensively
in activity assays as a method of predicting metal-phos-
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phodiester interactions (37-48). In these studies, a decrease
in Mg2+-dependent activity and the ability of more thiophilic
metals such as Mn2+ or Cd2+ to “rescue” activity are
measured and considered an indicator of metal binding at
the phosphorothioate-substituted site. An additional property
of phosphorothioate-substituted nucleic acids is the 40-60
ppm downfield shift in the31P NMR features from the
phosphorothioate-substituted sites (49-52), removing them
from the spectrally crowded region of phosphodiesters in
large RNA molecules. The substituted sites can be selectively
monitored by NMR and probed with combinations of Mg2+

and Cd2+ to discern the effects of metal binding.
Here, metal-tetraloop interactions are investigated in two

12-nucleotide tetraloop models with the sequences 5′-
GGCCGAAAGGCC-3′ and 5′-GGGCGAAAGUCC-3′. Na-
tive (WT) samples and samples containing multiple and
single phosphorothioate substitutions are used in order to
take advantage of “metal-switch” Mg2+/Cd2+ experiments
that help to discern the site and character of metal interac-
tions. Evidence is presented for a metal site localized to one
side of the tetraloop and consisting of at least partial inner-
sphere binding to the phosphate 5′ to A7 in these sequences,
creating perturbations to phosphates 5′ to A6 and G5.

MATERIALS AND METHODS

RNA Synthesis and Purification.The sequences 5′-
GGCCGAAAGGCC-3′ and 5′-GGGCGAAAGUCC-3′ were
used in this study. Unmodified sequences were synthesized
via enzymatic transcription using T7 RNA polymerase (53,
54). RNA was purified on 20% or 30% polyacrylamide gels,
electroeluted, and extensively dialyzed against 5 mM tri-
ethanolamine (TEA) and 100 mM NaCl, pH 7.8, for at least
72 h with five reservoir changes (54). The RNA was
concentrated (Centricon-3, Amicon), ethanol-precipitated,
dried, and resuspended in 5 mM TEA and 100 mM NaCl,
pH 7.8. RNA concentrations were determined using calcu-
lated extinction coefficients at 260 nm (55).

The 12-nucleotide sequences with phosphorothioate modi-
fications 5′ to each adenosine were synthesized via enzymatic
transcription using ATPRS in place of ATP (56). The RNA
was then gel-purified and dialyzed as above. ATPRS was
synthesized by standard procedures adapted from previous
reports (50, 51, 57), analyzed for purity on a Vydac
Nucleotide column (303NT405), purified of divalent metals
on a Chelex-100 (Bio-Rad) exchange column, and exchanged
to a Na+ counterion using Dowex-50-WX8-400 (Sigma).

RNA sequences with single phosphorothioate modifica-
tions were purchased (Dharmacon Research, Boulder, CO)
as diastereomeric mixtures. TheRp and Sp isomers were
separated by reverse-phase C-18 (Pharmacia) HPLC es-
sentially as previously reported (38), with the Rp isomer
eluting earlier in the gradient. Isomers were verified by
treatment with snake venom phosphodiesterase, which
cleaves theRp and not theSp diastereomer (38). After
separation of the isomers, the RNA was dialyzed as described
above.

31P NMR Spectroscopy.31P NMR spectra of RNA samples
with individual phosphorothioate modifications were re-
corded at 202 MHz on a Varian Unity spectrometer with a
5 mM broad-band probe, with RNA concentrations of 0.15-
0.2 mM. Other31P NMR spectra were collected at 121 MHz

on a Varian Unity Plus instrument with a 5 mMquad probe,
with RNA concentrations of 0.5-1.6 mM.T1 measurements
of an RNA with a single phosphorothioate substitution and
a 5′-triphosphate gaveT1 e 2 s. All 31P NMR spectra were
run with a 30° pulse applied at a 0.4 s acquisition time. For
all spectra recorded at 121 MHz, an internal coaxial tube
containing trimethyl phosphate (TMP) in D2O was used as
a reference and set to 3.7 ppm. For all spectra recorded at
202 MHz, samples were run in a Shegemi D2O matched
quartz tube with an external reference of TMP, set to 3.7
ppm. All spectra were recorded in 5 mM TEA and 0.1 M
NaCl, pH 7.8, at room temperature. Initial31P NMR spectra
in the absence of added metals were recorded after the sample
was heated to 90°C for 1.5 min, followed by slow cooling.
For metal titrations, M2+ was added directly to the sample
tube from concentrated stock solutions in water, with no
additional annealing step. No changes in pH were observed
during addition of metals to the buffered solutions.

Determination of the Equilibrium Dissociation Constant.
The data were fit (KaleidaGraph, Abelbeck) to eq 1 (58)
using a simple 1:1 binding model to solve for the equilibrium
dissociation constant (Kd) and the total shift for a fully bound
RNA-M2+ complex ([∆]T). In eq 1, [RNA]T andM are the

total concentrations of RNA and added metal, respectively,
and∆obs is the observed shift for each data point. Samples
prepared by in vitro synthesis contain a 5′-GTP, which has
an affinity for Mg2+ of ∼19 µM in 0.1 M NaCl (52), and so
data obtained on these samples were corrected for Mg2+-
GTP binding.

Equation 1 assumes a single metal site and that the free
metal ion concentration can be calculated from the combina-
tion of bound and total metal. As has been pointed out (34,
58), because RNAs may have multiple sites for divalent
cations, it is more accurate to set the free metal ion
concentration by extensive dialysis against a known metal
concentration. In most cases presented here the31P NMR
spectral changes were consistent with a single metal site,
but they may not report on all metal sites in the molecule,
and so the free ion concentration may be underestimated.
Therefore, theKd values presented here represent upper
limits. To show that the values determined by the method
above are comparable with those determined by equilibrium
dialysis, the CG-WT hairpin was dialyzed against varying
concentrations of Mg2+ and the change in the chemical shift
was plotted against the free Mg2+ concentration (set by
dialysis) and fit to a 1:1 binding isotherm (54). Apparent
Kd’s of 1.2 ( 0.4 and 1.4( 0.4 mM were determined for
the A6 and A7 phosphate, respectively, which are slightly
lower than the values of 1.8( 0.2 and 1.9( 0.2 mM
reported in Table 1. It is important to note that allKd’s
reported here reflect theapparentaffinities for the metal ion
in the presence of 0.1 M NaCl.

RESULTS

The 5′-GAAA-3′ tetraloop hairpin sequences under in-
vestigation are shown in Figure 1. The 12-nucleotide hairpins

∆obs)
[∆]T

2[RNA]T

[(M + [RNA]T + Kd) -

x(M + [RNA]T + Kd)
2 - (4M[RNA]T)] (1)
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are designated either “CG” or “GU”, depending on the base
pair in the 3-10 position of the stem (Figure 1). The GU
hairpin sequence was used to facilitate comparison with
results described in the accompanying paper, in which the
folding thermodynamics of these unmodified and substituted
hairpins are reported (59).Unmodified hairpins are denoted
as wild type (WT), and phosphorothioate modifications are
denoted 5′ to the indicated nucleotide asRp-N or Sp-N.
Initially, hairpins with Rp-phosphorothioate modifications
introduced 5′ to all three of the loop adenosine residues (Rp-
A6,7,8) were examined. The effects of single phosphorothioate
substitutions were measured using GU hairpins.

31P NMR Analysis of CG-WT GA3 Hairpins.The31P NMR
spectrum of the WT CG hairpin, obtained in 0.1 M NaCl,
shows resolved features for all 11 of the phosphodiester
bonds (the 5′-triphosphate31P NMR features are in a different
spectral region) (Figure 2). A similar spectrum was reported
by Legault and Pardi for this tetraloop sequence, obtained
in phosphate buffer and in the absence of NaCl (33). On the
basis of their assignments, features corresponding to A6 (1.71
ppm), A7 (0.40 ppm), G5 (0.08 ppm), and A8 (-1.25 ppm)
in the tetraloop region are indicated in Figure 2.

Upon addition of low concentrations of Mg2+ to this
sample, shifts are observed in four of the31P NMR features
(Figure 2). Downfield shifts in the A6 and A731P NMR
signals are observed, with little additional line broadening.
In addition, upfield shifts for the31P NMR signal corre-
sponding to G5 and an unassigned feature at-0.2 ppm are
observed. Shifts in the G5 resonance are accompanied by
significant line broadening. These data suggest that Mg2+ is
binding in a region near the G5, A6, and A7 phosphodiesters.

The NMR shifts for these three features were each fit to a
simple equilibrium expression assuming binding of a single
metal ion to obtain an apparentKd for Mg2+ in 0.1 M NaCl
(eq 1 in Materials and Methods). The Mg2+-induced shifts
in the A6 and A7 features could be fit with similar apparent
dissociation constants ofKd ) 1.8( 0.3 and 1.9( 0.2 mM,
respectively (Table 1). Although the feature for G5 moves
into the “stem” resonances at higher Mg2+ concentrations, a
similar value ofKd ∼2 mM was estimated from tentatively
assigned peaks. The similarity ofKd’s that describe the
movement of these three features in the presence of Mg2+

suggests that they are all reporting on the same metal
interaction with aKd ∼2 mM for Mg2+ in 0.1 M NaCl. This
study was conducted at two different RNA concentrations,
1.5 and 0.36 mM, and similar dissociation constants of∼2
mM are obtained in both cases (data not shown). As noted
in Materials and Methods, the apparentKd’s represent upper
limits.

The ammine ligands of Co(NH3)6
3+ are exchange-inert,

thus making Co(NH3)6
3+ a useful probe for inner- vs outer-

sphere (i.e., through water) metal-RNA interactions (26, 58,
60). Addition of Co(NH3)6

3+ to WT-CG RNA results in a
downfield shift of the A631P NMR signal and some shifts
in features from the hairpin stem (Figure S1; see paragraph
at end of paper regarding Supporting Information). Reso-
nances for the A7 and G5 phosphates are not perturbed,
however, even by addition of up to 10 equiv of Co(NH3)6

3+.
The total downfield shift of the A631P NMR signal is 0.6
ppm in the presence of Co(NH3)6

3+ (Kd ) 0.36 mM),
compared to 0.8 ppm with addition of Mg2+.

Mg2+-phosphate interactions are generally characterized
by a downfield 31P NMR shift that is consistent with
deshielding of the phosphorus nucleus (51, 52). The Mg2+-
induced downfield shifts of the31P NMR signals for A6 and
A7 in the WT-CG hairpin suggest that the metal is directly
coordinating to one or both of these phosphates. The upfield
shifts of the G5 phosphodiester feature and the unassigned
peak at-0.2 ppm suggest that other effects such as metal-
induced conformational changes are affecting these sites. The

Table 1: Metal-Tetraloop Affinities Determined by31P NMR

Kd (mM) (direction of shift,∆obs)a,b

sample metal A7 A6

CG WT Mg2+ 1.8( 0.3 (+, 0.6) 1.9( 0.2 (+, 0.8)
Cd2+ 0.28( 0.02 (+, 1.2) 0.11( 0.01 (+, 0.7)
Co(NH3)6

3+ none 0.36( 0.06 (+, 0.6)
CG A6,7,8-Rp Mg2+ none none

Cd2+ c (-, 1.2) c (+, 0.2)
GU WT Cd2+ 0.34( 0.06 (+, 1.1) 0.45( 0.02 (+, 0.6)
GU A7-Rp Cd2+ 0.10( 0.03 (-, 1.2) none
GU A7-Sp Cd2+ 0.22( 0.03 (-, 3.0) 0.16( 0.01 (+, 1.4)
GU A6-Sp Cd2+ 0.12( 0.02 (+, 1.0) 0.09( 0.02 (+, 0.9)
GU A6-Rp Cd2+ 0.11( 0.02 (+, 0.8) 0.08( 0.01 (+, 0.9)

Mg2+ 1.26( 0.05 (+, 0.5) 1.01( 0.02 (+, 0.5)

a Kd and ∆obs were calculated with eq 1.Kd’s represent apparent
values in 0.1 M NaCl and are upper limits (see Materials and Methods).
b Direction of the shift is denoted (+) for downfield and (-) for upfield.
c Data do not fit eq 1.

FIGURE 1: The 12-nucleotide 5′-GAAA-3′ hairpin RNA sequences
used in this study. The base pair at the 3-10 position is used to
designate the hairpin as CG or GU. Phosphorothioate modifications
are denoted 5′ to the three adenosine residues.

FIGURE 2: Effect of added Mg2+ on the31P NMR spectrum of the
1.57 mM unmodified CG-WT hairpin in the presence of 0, 0.5, 1,
and 2 equiv of Mg2+. Spectra were obtained at 121 MHz.

Tetraloop-Metal Interactions by31P NMR Biochemistry, Vol. 39, No. 28, 20008195



NMR data obtained in the presence of Co(NH3)6
3+ indicate

that this ion has no effect on the A7 phosphodiester and also
does not result in the upfield shift of the G5 phosphodiester.
These results are consistent with a model in which there is
an inner-sphere Mg2+-A7 phosphate interaction that cannot
be satisfied by Co(NH3)6

3+. The upfield shift in the31P NMR
signal of G5 that accompanies Mg2+ binding may be due to
a change in this phosphodiester bond geometry.

In the experiments described below with phosphorothioate-
modified samples, Cd2+ was used as a probe for sites whose
sulfur modification may create a diminished affinity for
Mg2+. Titration of the unmodified WT-CG hairpin with Cd2+

(data not shown) induced downfield shifts in A6 and A7 as
observed with Mg2+, with lower Kd’s indicating∼10 times
higher affinity for this ion (Table 1). For Cd2+, the G5 feature
shifts downfield rather than showing the distinct upfield shift
observed in the presence of Mg2+. The binding mode of Cd2+

thus still involves the A6 and A7 sites but is different from
that of Mg2+ in its effect at G5.

31P NMR Analysis of GA3 Hairpins with Phosphorothioate
Modifications.Phosphorothioate modifications were inves-
tigated to provide further insight into the location and ion
specificity of the metal-GA3 hairpin interactions. Phospho-
rothioate modifications allow sulfur substitution of either the
pro-Ror thepro-Sposition of the phosphodiester and provide
a probe for metal specificity. If the site interaction involves
a direct “inner-sphere” metal-phosphate interaction, the
“softer” sulfur ligand should discriminate between Mg2+ and
the more thiophilic Cd2+. An outer-sphere, through-water
interaction may not result in a strong metal ion specificity
in the phosphorothioate-substituted samples.

Previous work has reported upfield shifts in31P NMR
features from phosphorothioates upon binding Cd2+. This
has been observed for phosphorothioate-substituted adenine
and guanine nucleotides (51, 52), as well as the simple
compound diethylthiophosphate (61), and is in contrast to
the downfield31P NMR shifts reported upon binding Mg2+

or Cd2+ to unsubstituted phosphodiester groups. Thus, in the
case of an inner-sphere metal-phosphate interaction, the
direction of the metal-induced31P NMR shift is expected to
change upon substitution with a phosphorothioate.

In vitro synthesis of the CG hairpin using ATPRS
introduced threeRp-phosphorothioates (Rp-A6,7,8) and pro-
vided a31P NMR spectrum that exhibits three downfield-
shifted peaks, assigned on the basis of individualRp

substitutions (see below) as A7 (60.4 ppm), A6 (59.8 ppm),
and A8 (57.2 ppm) (Figure S2). Addition of Mg2+ has little
effect on these three31P NMR signals. Upon addition of 5
equiv of Cd2+, however, a total upfield shift of 1.2 ppm in
the A7 31P NMR resonance is observed (Figure S2). This
Cd2+-induced upfield shift of the A7 feature in the sulfur-
substituted sample and the Mg2+-induced downfield shift for
this feature in the WT sample suggest that a metal is binding
specifically to the A7 phosphate/phosphorothioate in the
tetraloop.

31P NMR Analysis of GU Hairpins with Single Phospho-
rothioate Modifications.The accompanying paper describes
thermal denaturation studies of 5′-GAAA-3′ hairpins with
either the CG or GU wobble base pair in the stem (Figure
1). The GU hairpins were used to explore the thermodynamic
impact of individual phosphorothioate modifications due to
favorable optical melting profiles (lowertm’s in comparison

with the CG hairpins). It was found that a singleRp-
phosphorothioate modification 5′ to A7 results in a surprising
increase intm that is not observed in any other singly
substituted hairpin (59). An increase intm also is observed
in theRp-A6,7,8-substituted hairpins for both the CG and the
GU sequences. The distinctive behavior for these hairpins
suggests a difference in structure caused by anRp-phospho-
rothioate substitution at the A7 site.

31P NMR data were collected for WT-GU hairpins (data
not shown) and samples with singleRp andSp substitutions
(Figures 3 and 4), as well as for the multiply substituted
GU-Rp-A6,7,8 hairpin (data not shown). Although a full31P
assignment of the 1-D31P spectrum for this hairpin is not
available, features for the A6, A7, and A8 positions in the
tetraloop appear in expected positions and shift with addition
of Mg2+ and Cd2+, as found for the CG hairpin sample (Table
1). Because the A8 phosphodiester shows no metal interac-
tions, only the A7- and A6-substituted samples are described
below.

The effects of Cd2+ on the GU hairpins withRp and Sp

sulfur substitutions at both A6 and A7 are shown in Figure
3. Both theRp-A7 andSp-A7 hairpins show an upfield shift
of the A731P NMR resonance upon addition of Cd2+ (Figure
3, right). The upfield shifts are consistent with coordination
of Cd2+ to the A7 phosphorothioate in both diastereomers,
although as noted above theRp-A7 sample may have a unique
structure. In contrast, bothRp-A6 andSp-A6 hairpins exhibit
adownfieldshift in the A6 resonance upon addition of Cd2+

(Figure 3, left). On the basis of previous studies of Cd2+-
phosphorothioates, the downfield shift of the A6 phospho-
rothioate feature with added Cd2+ is inconsistent with direct
metal ion coordination to the phosphorothioate being the only
effect contributing to the change in the spectra. Taken
together, these data support a model in which the metal ion
is binding via direct coordination at the A7 position and
influences the A6 phosphate possibly via an outer-sphere
interaction or by a conformational change.

The features in the 2 to-2 ppm region of the31P NMR
spectra corresponding to the unmodified phosphodiester
bonds provide additional information about these phospho-
rothioate-substituted samples. In this region the GU hairpin
31P NMR spectra (Figure 4) are less resolved than those of
the CG hairpin (Figure 2), exhibiting several overlapping
features. The31P NMR spectra of both GU-Rp-A6 and GU-
Sp-A6 are similar in this region (Figure 4A,B). For substitu-
tions at A7, the two isomers yield31P NMR spectra that differ
(Figure 4C,D). Interestingly, the31P NMR spectrum in this
unmodified region is distinctive for the GU-Rp-A7 hairpin,
showing 10 well-resolved features (Figure 4D). In the
accompanying paper, optically detected thermal denaturation
data are presented that show this GU-Rp-A7 isomer to be
dramatically stabilized [∆(∆G37°C) ∼ -3 kcal mol-1] over
the other singly phosphorothioate-substituted hairpins, in-
cluding theSp-A7 isomer (59). The 31P NMR spectra in
Figure 4 also reflect a different conformation for the
stabilizedRp-A7 hairpin, the structural details of which are
currently being pursued. Added Cd2+ produces little to no
change in the unmodified region of the31P NMR spectra
for theRp-A7 hairpin, making it distinctive from theRp-A6,
Sp-A6, andSp-A7 hairpins for which the unmodified region
of the 31P NMR spectra show changes similar to those
observed in WT hairpin (data not shown). This again
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indicates that the structure of theRp-A7 hairpin is different
from those of the other phosphorothioate-substituted samples
examined here.

DISCUSSION

The 31P NMR spectra presented here show shifts demon-
strating localized metal interactions in the GAAA tetraloop
region of the RNA hairpins in Figure 1. To aid in discrimi-
nating between31P NMR shifts due to direct metal binding
and shifts induced by conformational changes or other

effects, we have compared unsubstituted hairpins with
samples having single phosphorothioate substitutions. The
use of thiophilic Cd2+, nonthiophilic Mg2+, and exchange-
inert Co(NH3)6

3+ in combination with these substitutions
provides information that can be used to predict the
coordination environment of this metal site. These predictions
have been used in conjunction with reported structural
coordinates and molecular dynamics simulations to construct
a model for the metal-tetraloop interaction (Figure 5).

FIGURE 3: Effect of added Cd2+ on the31P NMR spectra of GU hairpins containing single phosphorothioate modifications.31P NMR
spectra of (A) 0.16 mM GU-Rp-A6 RNA, (B) 0.16 mM GU-Sp-A6 RNA, (C) 0.4 mM GU-Rp-A7 RNA, and (D) 0.21 mM GU-Sp-A7 RNA
with 0, 1, and 5 equiv of added Cd2+. Spectra in (A), (B), and (D) were obtained at 202 MHz, and those in (C) were obtained at 121 MHz.

FIGURE 4: Comparison of the31P NMR spectral region due to
unmodified phosphodiesters of the GU hairpins containing single
phosphorothioate modifications.31P NMR spectra of (A) 0.16 mM
GU-Sp-A6 RNA, (B) 0.16 mM GU-Rp-A6 RNA, (C) 0.21 mM GU-
Sp-A7 RNA, and (D) 0.4 mM GU-Rp-A7 RNA. Spectra in (A),
(B), and (C) were obtained at 202 MHz, and that in (D) was
obtained at 121 MHz.

FIGURE 5: Molecular model of nucleotides C4-G9 of the 5′-
GAAA-3′ hairpin with a Mg(OH2)5

2+ directly coordinated to the
pro-S oxygen of A7 (water molecules are not shown in the
structure). Molecular dynamics simulations were done using the
Universal Forcefield in Cerius. Initial RNA coordinates were taken
from Jucker et al. (PDB 1ZIF) (25). The movement of the RNA
was restricted, with the exception of the phosphates at G5, A6,
and A7. A total of 50 000 steps of quench dynamics followed
minimization to give the resulting structure.

Tetraloop-Metal Interactions by31P NMR Biochemistry, Vol. 39, No. 28, 20008197



An important assumption that is often made in using
phosphorothioate substitutions to detect metal-binding effects
is that the sulfur substitution does not affect the global
structure of the RNA molecule. In the GA3 hairpins examined
here by NMR and in the accompanying paper by thermal
denaturation experiments, we find that one out of six possible
diastereomeric phosphorothioate substitutions 5′ to adeno-
sines in the GA3 loop causes an apparent structural change
in the RNA, as evidenced by an increase intm and a marked
change in the31P NMR spectra. The nature of this structural
change caused by theRp-A7 substitution is under current
investigation. One possibility is that a monomer-dimer
equilibrium is influenced by this substitution, such that the
Rp-A7 samples are more stable as duplexes with an internal
bulge. Previous attempts to crystallize small-sequence models
for tetraloops have resulted in formation of such duplexes
(62). Duplex formation should result in a concentration
dependence of the measuredtm, and no such increase was
observed in thermal denaturation studies ofRp-A7 hairpins
carried out over the concentration range of 1-30 µM (59).
At this time, we cannot, however, rule out duplex formation
at the higher (g100µM) concentrations used in these NMR
experiments. Because of the apparent structural difference
in theRp-A7 sample, we do not include it in the discussion
below in hypothesizing a model for the metal-binding site
in GA3 tetraloops.

In unsubstituted GA3 hairpin samples, addition of Mg2+

causes downfield shifts in31P NMR features assigned to A7
and A6 and upfield shifts in the feature assigned to G5. These
shifts are assigned to a single site on the basis of similar
apparentKd’s of ∼2 mM for Mg2+ (0.1 M NaCl). Co(NH3)6

3+

only affected A6, and to a lesser extent, suggesting that an
inner-sphere metal ion coordination contributes to the Mg2+-
induced shifts in A7 and G5. The31P NMR features from
single phosphorothioate substitutions at A6 and A7 showed
very different effects upon addition of thiophilic Cd2+. Unlike
Mg2+- and Cd2+-phosphate interactions, Cd2+-thiophos-
phate interactions have been observed to cause an upfield
shift in the31P NMR spectrum of the coordinating phosphate,
and so the upfield shift observed in theSp-A7 tetraloop is
consistent with direct metal-phosphate interactions at the
A7 site. By contrast, bothRp- andSp-A6 phosphorothioates
exhibit downfield31P NMR shifts upon addition of Cd2+. In
sum, from these data we predict that the GA3 tetraloop metal
site consists of inner-sphere phosphodiester coordination at
A7, accompanied possibly by outer-sphere phosphodiester
coordination or conformational changes at A6 and G5.

The model of a metal site consisting of inner-sphere
coordination at A7 and outer-sphere or other effects at A6
would predict that phosphorothioate substitution at A6 would
not perturb interaction of Mg2+ with the A7 phosphodiester.
This in turn predicts that addition of Mg2+ to the A6-
phosphorothioate-substituted samples will cause downfield
shifts in both A6 (modified) and A7 (unmodified) features,
with affinities similar to those observed for Mg2+ in the WT
sample. As predicted, this is the result observed for both the
Rp-A6 andSp-A6 GU hairpins with addition of Mg2+ (Table
1). The Mg2+ affinity calculated from shifts of the A6 and
A7 31P NMR features in theRp-A6 RNA sample ofKd ∼1.1
mM is very similar to the wild-type, unsubstituted sample.

Several structures are available for GAAA tetraloops,
providing a basis with which to model this putative metal

site. Using coordinates from the NMR-derived structure
published by Jucker and co-workers (25), a Mg2+ ion was
placed directly coordinated to the A7 phosphate, and the
structure was minimized using restrained molecular dynamics
simulations. The resulting model is shown in Figure 5. To
create this model, the Mg2+ was coordinated directly to the
pro-Soxygen of the A7 phosphate, with five water molecules
completing the coordination sphere. The structure was
restricted with the exception of the G5, A6, and A7
phosphodiester bonds, and these dihedral angles were
compared before and after energy minimization of the
structure. The Mg2+ ion fits nicely into a pocket created by
the close approach of the A7 and A6 phosphates, an area
that also shows a relatively negative electrostatic potential
in GRASP-type structures depicting the electrostatic surface
of the molecule (data not shown).2 After energy minimization
in the presence of the metal ion, the dihedral anglesR and
ú of the phosphodiester 5′ to A6 change by 23° and 15°,
respectively, whereas the corresponding change at A7 is only
7° and 4°. Gorenstein and co-workers have simulated
phosphodiester31P chemical shift changes as a function of
dihedral angle (64), which indicate that the angle changes
predicted for A6 by this model would be accompanied by a
chemical shift change ofg0.4 ppm, similar to that observed
here in the A631P NMR feature with addition of metals.
The G5 phosphate dihedral angles, however, did not change
significantly following energy minimization (9° and 7°). This
contrasts with predictions based on the31P NMR spectra and
may reflect the restrictions in these simple calculations, which
did not include movement of the base or sugar moieties. Of
note, published X-ray crystal structures of GNRA tetraloops
have not reported sites occupied by metal ions, which may
be due to competition with monovalent cations from the high
ionic strength in the crystallizing buffers.

Few studies have provided structural information and
affinities for metal sites in RNA under solution conditions.
Tinoco and co-workers have characterized a metal-RNA
interaction in the stem of a GNRA tetraloop model through
observation of NOE’s between the RNA and the ammine
protons of Co(NH3)6

3+ (26). This metal site is localized to a
pair of G‚U base pairs beneath the loop region of the
tetraloop model with hydrogen bonding predicted between
the ammine ligands and bases in the major groove of the
stem region. The tetraloops investigated here do not contain
the repeating G‚U base pairs, and in this case, Mg2+ appears
to interact at the loop sites with the highest affinity, although
31P features from the stems are perturbed with Co(NH3)6

3+.
Metal interactions in the junction regions of RNA pseudoknots
also have been characterized thermodynamically and by
solution 1H NMR in the presence of Co(NH3)6

3+ (58, 65).
In the above cases, the metal interaction has been character-
ized as a delocalized, nonspecific electrostatic attraction to
a region of relatively high negative charge density in the
RNA. In a very recent report, Ru¨disser and Tinoco observed
NOE cross-peaks between protons in the tetraloop region of

2 An electrostatic surface plot generated using the coordinates from
Pley et al. (28), using the program SPOCK with potentials of-5 to
-26 kT/e, shows a relatively higher negative charge in the area near
the GA3 tetraloop of stem II of the hammerhead ribozyme. Chin et al.
(63) recently reported no pockets of negative potential for a GA3

tetraloop in the P456 core of the group I intron; however, the potentials
used were over a larger range from-5 to -100 kT/e.
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a GA3 tetraloop and the ammine ligands of Co(NH3)6
3+,

predicting a metal-binding pocket similar to the one reported
here (36). By monitoring the change in the chemical shift
of the imino proton of G5 with added Mg2+ and Co(NH3)6

3+,
the authors measured upper limits for the binding affinities
of these ions ofKd ) 2 ((1) and 7 ((5) mM, respectively,
and predicted an inner-sphere Mg2+-phosphate interaction
on the basis of those relative affinities. A similar affinity of
Kd ∼ 2 mM (Mg2+, 0.1 M NaCl) is measured for the
tetraloop site observed here, placing this in the class of
relatively weak metal-RNA interactions and similar in
magnitude to affinities measured for nonspecific metal-
phosphate interactions in ribooligonucleotides. Although the
measured affinity for Mg2+ is not high, the31P NMR data
presented here support a localized site with apparent inner-
sphere metal-phosphate character. More extensive structural
studies should aid in clarifying if other conformational
changes are caused by this metal interaction.

SUPPORTING INFORMATION AVAILABLE

Figure S1 showing the effect of added (A) Mg2+ and (B)
Co(NH3)6

3+ on the 121 MHz31P NMR spectrum of the CG-
WT hairpin and Figure S2 showing the effect of added Cd2+

on the 121 MHz31P NMR spectrum of a phosphorothioate-
modified CG hairpin (CG-Rp-A6,7,8 RNA). This information
is available free of charge via the Internet at http://
pubs.acs.org.
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