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Abstract: An RNA oligomer, r(GGACGAGUCC), which mimics the metal ion-binding motif of hammerhead
ribozymes, was shown to fold by itself into a conformation possessing a metal ion binding property which
is similar to that of the intact ribozyme (Tanaka, et al. J. Am. Chem. Soc. 2000, 122, 11303-11310). To
determine the metal ion-binding site of this motif at an atomic level, we synthesized a series of RNA oligomers
which were selectively labeled with a 15N-labeled guanosine at each of the four guanosine residues. The
15N-chemical shift perturbation with Cd(II) ions by one-dimensional (1D) 15N NMR spectra showed that the
chemical shift of the N7 of the G7 residue, N7/G7, in the metal ion-binding motif was specifically perturbed.
This is the first experimental evidence to prove that the N7/G7 binds with a Cd(II) ion.

Metal ions are important cofactors for biologically active
RNA molecules. A metal ion binding motif of hammerhead
ribozymes is one of the most characterized motifs.1 This motif
comprises the G12-A9 pair and the flanking C11.1-G10.1 pair
(so-called A9-G10.1 motif), and the N7 atom of the G10.1
residue is the metal ion binding site1a-c,g (Figure 1). It is also
known that the motif can capture a wide range of divalent
cations such as Mg(II), Cd(II), Co(II), Ca(II), and Mn(II), and
hammerhead ribozymes are active when these divalent cations

are bound to the motif during the catalytic reactions.1d-g It also
should be noted that identical and similar sequence motifs are
included in ribosomal RNA (rRNA)2 and it is obviously
important to study this motif.

NMR spectroscopy is perhaps the best technique for deter-
mining metal ion interaction sites on RNA molecules with
atomic resolution. There have been several studies on metal ion-
RNA interactions using1H and 13C NMR spectroscopy.1i,3

Although the metal ion-binding area could be estimated from
these studies,1H and13C nuclei only indirectly probe the ion-
binding, and consequently it is difficult to determine the metal
ion-binding atom unambiguously. On the other hand,15N NMR
spectroscopy provides direct experimental information on
intermolecular interactions such as hydrogen bonding in nucleic
acids4 and metal ion-coordination in a protein and a porphyrin
related compound.5 Although several studies successfully ap-
plied 15N NMR spectroscopy to detect the metal ion-binding to
nucleosides and ATP,6 we applied this NMR technique to detect
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the interaction between metal ions and a functional RNA
oligomer for the first time.

Results

In our previous paper, we found that the A9-G10.1 motif can
function as a metal ion-binding motif in the absence of other
conserved residues of hammerhead ribozymes, and it was
suggested that N7 of G7 (N7/G7), which corresponds to G10.1
in the hammerhead ribozyme, is a metal ion-binding site.1i To
unambiguously determine the metal ion-binding site, the
nitrogen nuclei of the guanosines in GA10 were15N-enriched
(Figure 1). The carbon nuclei of the guanosines were also13C-
enriched to allow identification of all nonexchangeable protons
and to study the correlations between the N7 nuclei and the
adjacent nuclei of base protons (H8) and carbons (C8) in the
Cd(II) titration experiment. To simplify the spectral interpreta-
tion, we synthesized four different oligomers (i.e., GA10G1L,
GA10G2L, GA10G5L, and GA10G7L; see Figure 1) in which
a single guanosine was labeled with the naming reflecting the
labeled residue number (Figure 1d).

Before measuring15N NMR spectra, we performed the
equilibrium analysis of the GA10-CdCl2 system with1H NMR
spectra. This is because we had to know the binding behavior
of Cd(II) ions to the motif for the interpretation of chemical
shift changes of15N-nuclei. From this analysis, it was found
that the binding of Cd(II) to two independent metal ion-binding
motifs was asymmetric despite the 2-fold symmetry of the
GA10(duplex) (Figure 2). For example, the resonance of H8/
A6 was not perturbed until the molar ratio of [CdCl2]/[GA10-
(duplex)] was approximately 1.0; however, above this point the
resonance began to be perturbed and exhibited a transition curve
(Figures 2 and 3). In contrast, other resonances were perturbed

considerably before reaching the ratio of 1.0 (Figures 2 and 3).
This probably indicates that the resonance of H8/A6 was
insensitive to the first metal ion-binding, and sensitive to the
second metal ion-binding. Hence, at least a three-state-equilib-
rium system was required to describe the binding process, and
it is well-known that structural changes of short oligonucleotides
are coorperative.8 Accordingly, Cd(II) binding isotherms for15N-
nuclei and other nuclei should also be biphasic. In view of the
secondary structure, the two metal ion-binding motifs in GA10
are symmetric; however, the binding of the metal ion to the
first binding site induces the structural perturbations around the
second binding site.

Then we measured15N-chemical shift changes versus Cd(II)
ion concentrations (Figure 4). Experimental15N-chemical shifts
for N7-nuclei and theoretical curves based on the above
equilibrium system are presented in Figure 5. The N7/G7
resonance was shifted toward high-field by 19.6 ppm upon
addition of Cd(II) ion (the molar ratio of [CdCl2]/[GA10-
(duplex)] ) 6.0), whereas those of the other nitrogen atoms
(N1, N2, N3, and N9 of G7) were not shifted significantly
(Figures 4 and 5). Furthermore, only small shifts were observed
for the N7 resonances of the guanosine residues outside of the
metal ion-binding motif. For example, N7/G1 and N7/G2
showed 4.8 and 5.9 ppm high-field shifts ([CdCl2]/[GA10-
(duplex)] ) 5.0), respectively (Figures 4 and 5).

It was also demonstrated that all the15N-chemical shift
changes were accountable for the equilibrium system revealed
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Figure 1. Sequences and secondary structures of (a) hammerhead ribozyme1a-c and (b) GA10 with numbering systems. The metal ion-binding motifs
(A9-G10.1 motifs of hammerhead ribozymes and GA10) and the adjacent similar motif in hammerhead ribozymes are surrounded by magenta and green
lines, respectively. In part a, the enzyme and substrate strands with conserved sequences are shown in black and red, respectively, and the cleavage site is
indicated by a black arrow. In parts a and b, Watson-Crick base-pairs, non-Watson-Crick base-pairs, and shared-type G-A pairs are indicated by bars,
open circles, and asterisks, respectively. (c) Schematic representation of the A9-G10.1 motif, as revealed by X-ray crystallography.1a-c The position of the
Cd(II) ion is shown in blue, and is linked to binding sites via blue dashed lines. The tandem G-A pairs are indicated by black dashed lines with residue
names in GA10 (those in hammerhead ribozymes are also indicated in parentheses). The isotopically labeled nuclei are highlighted (15N, green;13C, red;
113Cd, blue). (d) The names of labeled samples are indicated with the labeled residues underlined. They are named according to the positions of the uniformly
15N- and13C-labeled guanosine residues (e.g., the G1 residue of GA10 is substituted by Labeled guanosine in GA10G1L).
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by 1H NMR titration spectra, since the resulting theoretical
curves were well fitted to the observed15N-chemical shifts
(Figure 5). Therefore, chemical shift changes in N7/G1, N7/
G2, N7/G5, and N7/G7 were cooperative, and transitions in
theoretical curves for N7/G1, N7/G2, and N7/G5 should be the
secondary effect caused by the Cd(II) ion-binding to the motif
(Figure 5). Even when the motif was almost saturated by Cd(II)
ions, Cd(II)-dependent chemical shift changes were observed
in theoretical curves for all N7 nuclei, which means all the15N-
chemical shifts converged on the asymptotes with linear slopes
(Figure 5). Without this slope, theoretical curves did not fit to
the observed chemical shift values very well. Therefore, apparent
chemical shift changes for N7/G1 and N7/G2 should be mainly
due to ionic strength dependent chemical shift changes and partly
due to conformational changes, although there may be another
possibility for the slopes.

Excluding these other sources of chemical shift changes, more
than 12 ppm of the high-field shift of N7/G7 is directly
attributable to the Cd(II) binding (Figure 5). Thus, the binding
of Cd(II) to GA10 is N7/G7 specific. In the case of hydrogen
bonding of N7 by Hoogsteen base-pairing in triplex DNA
oligomers, N7 resonance of the guanosine residue was shifted
toward high-field by only 8.5 ppm.4a Hence, the chemical shift
perturbation of N7/G7 by the CdCl2 titration is much larger than
that caused by hydrogen bonding. This implies that N7/G7
strongly interacts with the Cd(II) ion and probably indicates
inner-sphere coordination of the ion.

Discussion

From 15N NMR spectra, we found that the chemical shift
change upon addition of Cd(II) was N7/G7 specific. It was also
observed that the resonance of N7/G7 was significantly broad-
ened while the A9-G10.1 motifs were partially saturated by
Cd(II). This broadening during the transition seemed to be due
to the exchange between Cd(II)-bound and Cd(II)-unbound

states, since the chemical shift difference between these states
is quite large (19.6 ppm, 1.6 kHz). At this moment, we could
not definitely derive a reason for the broadening, although we
have tried to identify the origine in several ways. However, the
resonance broadening was also N7/G7 specific and one of the
interesting phenomena for the metal ion-binding site.

In the cases of the resonances of other nitrogen atoms, their
chemical shift perturbations were much smaller than that of
N7/G7, and thus these nitrogens are not ligands to the metal
ions. Nevertheless, their chemical shift perturbations are quite
informative. For example, the exocyclic amino group (N2) of
G7 was shifted toward low-field upon addition of Cd(II) ions,
which may suggest a strengthening of the hydrogen bond at
this site.4a,b,e In some crystal structures of hammerhead ri-
bozymes, the G10.1 residue (G7 in GA10) was rotated around
its C1′ atom toward the major groove.1b,c In such a case, a short
hydrogen bond between the amino group (N2) and keto-oxygen
(O2) of C11.1 (C4 in GA10) or between the amino group (N2)
and N3 of C11.1 was formed, and the hydrogen bond of the
amino group would be strengthened. Alternatively, there still
remains the possibility that this perturbation merely reflects a
conformational change. It is also interesting that the resonance
of the imino-nitrogen (N1) of G5 resonates at a higher field
than the other imino-nitrogen throughout the titration experi-
ments, and that the resonance of N2/G5 resonates at a lower
field than the other amino-nitrogen (N2) throughout the experi-
ments, which are characteristic features of a sheared type G-A
pair.4b Therefore, sheared type G-A pairs were conserved,
irrespective of whether metal ions bind to the motif or not. These
data are consistent with the previous NOE titration data.1i

Finally, the chemical shifts of N2-, N3-, and N9-nitrogens of
the G7 residue were perturbed in quite different ways from those
of other guanosine residues. This indicates that binding of the

(9) Misra, V. K.; Draper, D. E.J. Mol. Biol. 1999, 294, 1135-47.

Figure 2. The chemical shift values of base protons (H8, H2, and H6) are plotted against molar ratio ([Cd(II)]/[GA10(duplex)]). Theoretical curves were
generated by the fitting as described previously8 and presented in the figure. From the nonlinear least-squares regression, apparent dissociation constants for
the first and the second metal ion-binding constants (Kd1appandKd2app) were calculated to be 3.2× 10-4 ( 0.2× 10-4 and 3.3× 10-4 ( 0.2× 10-4 M-1,
respectively. The standard deviations ofKd1appandKd2appwere derived fromKd1appandKd2appvalues, calculated by the Monte Carlo simulation using 100
sets of titration data in which the chemical shift value of each titration point independently contained a random error (the standard deviations of the experimental
errors were set at 0.005 ppm). The results indicated that the difference betweenKd1app andKd2app was not significant, and the equilibrium system of the
Cd(II)-binding process could be interpreted as that of two binding sites with the sameKd value, as well. Because of the condensation of Cd(II) ions around
an RNA oligomer and the resulting nonspecific Cd(II) ion-binding due to the electrostatic interaction between RNA oligomers and Cd(II) ions, the above
dissociation constants are apparent values under the conditions that we measured, and the calculated values ofKd1appandKd2appmay have systematic errors.9

For further realistic calculation, the charge condensation effect must be incorporated into the least-squares calculation. However, we could not perform such
a complicated calculation due to the limitation of the program.
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Cd(II) ion changes the electron density distribution of the
guanine base of G7.

In the present work, the chemical shifts of the base proton
and carbon of G7 (H8/G7 and C8/G7) showed significant low-
field shifts as observed in our previous work,1i but the induced
chemical shifts were much larger than those observed previously,
namely, they are 2.3 (C8/G7) and 0.38 ppm (H8/G7) for Cd(II)

ion-saturated conditions, and 1.1 (C8/G7) and 0.18 ppm (H8/
G7) at the ratio of GA10(duplex):CdCl2 ) 1:2 at this time
(unpublished data), whereas the corresponding values were 0.8
and 0.08 ppm at the ratio of GA10(duplex):CdCl2 ) 1:2 in the
previous study. In the previous work,1i MgCl2 was added prior
to the addition of CdCl2. This reduced the apparent perturbation
due to the Cd(II) binding since the C8/G7 and H8/G7 resonances

Figure 3. 1D 1H NMR titration spectra of unlabeled GA10. The resonances of H8/G7 and H8/A6 are labeled by an arrow and an asterisk, respectively. The
characteristic features of the H8/A6 resonance are described in the Results section. The titration experiments were performed at 313 K under the solution
conditions of 1.5 mM GA10 (single strand), 40 mM NaClO4, and various concentrations of CdCl2 (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6,
2.8, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0 molar equiv to double stranded RNA oligomer). All the spectra were recorded on a Bruker DMX 800 spectrometer
with spectral width of 10 000 Hz digitized into 16 384 complex points; 128 scans were averaged. These spectra were processed with an exponential window
function to give a line-broadening of 3 Hz. Assignments of proton resonances were reconfirmed by 2D NOESY spectra at the ratios of [CdCl2]/[GA10-
(duplex)] ) 0.8 and 4.0. These assignments were also consistent with the results of1H-13C HSQC spectra of labeled samples.
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were already shifted to low field by the MgCl2. When compared
with the perturbations due to Mg(II) binding, the perturbations
due to Cd(II) ions were much larger and probably reflect the
much stronger binding of the Cd(II) ion to the motif. This
stronger interaction results in the quite large low-field shift of
the C8/G7 and H8/G7 resonances. More importantly, the
simultaneous large low-field shifts of the resonances of the base
protons and base carbons indicate the binding of the metal ion
to the N7-nuclei of the purine base. In the case of31P-nuclei,
the resonance of the ligand phosphate group to the metal ion
showed the largest shift (0.86 ppm toward high-field; unpub-
lished data). In our previous paper,1i we could not unequivocally
assign the31P-resonances in the presence of CdCl2. In the present
work, we found that the resonance of P/A6 of GA10, which
corresponds to P/A9 in the hammerhead ribozyme, shifted
toward high-field upon addition of CdCl2, for the first time.
This shift is also much larger than that due to Mg(II) binding.

Now, we discuss the scalar coupling between113Cd(II) ion
and15N-nucleus of N7/G7. Scalar coupling through hydrogen
bonds has been observed between hydrogen-bonded nitrogen
atoms (N-H‚‚‚N).4c,d In addition, an inner-sphere coordination
is a much stronger interaction than hydrogen bonding. Therefore,
scalar coupling between113Cd(II) ion and15N7/G7 should be
observed if the Cd(II) ion is directly coordinated to N7/G7.
Actually, large scalar couplings were observed between113Cd(II)
and15N (78-216 Hz) in cadmiummeso-tetraphenylporphyrin
and the complex betweenâ-lactamase and Cd(II) ion.5 Thus,
we tried to observe the scalar coupling between15N7/G7 and
113Cd(II) (I ) 1/2). However, no scalar coupling was observed.
Nevertheless, the existence of scalar coupling and the possibility
of inner-sphere coordination of the Cd(II) ion cannot be excluded
since the15N resonance was quite broad. The line width at half-
height (ν1/2) was 22 Hz for N7/G7 at Cd(II) saturation and∼100
Hz when unsaturated due to scalar coupling with13C-nuclei and

the chemical exchange, and thus a scalar coupling smaller than
the line width would not be detectable. It is noted that scalar
couplings in complexes between nucleosides and the199Hg(II)
ion have previously been found difficult to observe,6a,b and as
a consequence, there is some controversy over whether metal
ion-binding to nucleic acids involves inner-sphere coordination.6a,b

The failure to observe scalar coupling between113Cd(II) and
15N may be due to the fast exchange of the ion between the
free and bound forms.6a,bIf present, the scalar coupling constant
would be smaller than 20 Hz for our sample at the metal ion-
saturated condition, which would be much smaller than previ-
ously observed constants.5

However,15N-chemical shift perturbation by 19.6 ppm is quite
large and one of the largest shifts of all metal ion-nucleic acids
system ever observed. In conclusion, we were able to unam-
biguously identify N7/G7 as the Cd(II) binding site in a model-
independent manner.

Experimental Section

Uniformly 15N- and 13C-labeled guanosine phosphoramidite was
synthesized from uniformly15N- and13C-labeled guanosine as described
elsewhere.4e,7RNA oligomers labeled with a specific single nucleotide
were chemically synthesized, and purified as previously described
(Figure 1d).1i,4e All the RNA oligomers were quantitated by UV
absorbance at 260 nm after nuclease P1 digestion. The error in the
quantitation is less than 3%, which is important for the titration
experiments in which the molar ratio is critical.

The solutions for NMR measurements contained 0.63-1.5 mM
GA10, 40 mM NaClO4, and various concentrations of113CdCl2. To
avoid precipitation of metal-buffer complexes and the resulting pH
changes, no buffer was added to the solution used in the NMR
measurements.1i Instead, the pH of each solution was adjusted to 6 by
direct titration as described previously.1i All titration experiments were
performed at 313 K. In this paper, we chose CdCl2 as the divalent
cation source, since MgCl2 induces intermolecular aggregation and

Figure 5. Chemical shifts of15N-nuclei are plotted against the molar ratio ([CdCl2]/[GA10(duplex)]), according to the kind of nucleus for N7 (a), N1 (b),
N2 (c), N3 (d), and N9 (e). Squares, triangles, diamonds, and open circles represent G1, G2, G5, and G7, respectively. The theoretical curves were generated,
based on the result of the 1D1H NMR titration experiment. Chemical shift changes for all the nuclei were accountable for the same thermodynamic parameters,
and found that spectral changes were cooperative. This indicates that chemical shift changes reflect metal ion-binding to the motif and resulting conformational
changes for all sites.
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significant signal broadening at Mg(II)-saturating conditions,1i and also
because all of the proton resonances were sharp and traceable until
Cd(II) ion excess conditions. Further, in the favorable cases for labeled
samples, the scalar coupling between15N-nuclei of N7/G7 and113Cd(II)
ions could be observed. For the monovalent cation source, NaClO4 was
employed instead of NaCl since chloride ions bind to Cd(II) ions and
cause further signal-broadening of113Cd NMR spectra due to the
quadrupolar nuclei of chloride ions (35Cl- and37Cl- ions). The chemical
shift value of Cd(II) was included in the ranges of those of hexa-
coordinated Cd(II) complexes. However, more precise information were
not derived, since the chemical shift of Cd(II) is affected by so many
factors such as the binding of ligands (nucleobases, phosphates, and
Cl- ions) and the concentration of Cd(II) itself. The conditions for NMR
measurements are presented in the legends to Figures 3 and 4.

For the generation of the theoretical curves for15N-chemical shift
changes, the solution equilibrium for the Cd(II)-GA10 system was
analyzed by 1D1H NMR titration spectra. Here we assumed double
transitions between three states (free GA10, GA10 with a single Cd(II)
ion, and GA10 with two Cd(II) ions) (eqs 1 and 2), since several signals
were not well described using only a single transition between two
states (free GA10 and GA10 with two Cd(II) ions)

where GA10, Cd(II), GA10‚Cd(II), GA10‚2Cd(II), Kd1app, andKd2app

mean GA10(duplex), Cd2+ ion, the 1:1 complex between GA10(duplex)
and Cd(II), the complex between GA10(duplex) and two Cd(II) ions,
an apparent dissociation constant for the first Cd(II) binding, and an
apparent dissociation constant for the second Cd(II) binding. Nonlinear
least-squares regression was performed with Excel 98 on a Macintosh,
based on the following equations:4e,8

where [GA10]t, [Cd(II)] t, [GA10], [GA10‚Cd(II)], [GA10‚2Cd(II)],
[Cd(II)], δcalc, δf, δm, δd, δobs, andf are the total concentrations of GA10-
(duplex), and Cd(II), the equilibrium concentrations of GA10(duplex),
GA10‚Cd(II), GA10‚2Cd(II), and Cd(II), the calculated chemical shifts
of the specific proton of GA10(duplex), free GA10(duplex), mono-
metalated GA10(duplex), and dimetalated GA10(duplex), the observed
chemical shift of the corresponding proton, and the target function to
be minimized for the least-squares calculation, respectively. Experi-
mental data and theoretical curves for 1D1H NMR titration spectra
are presented in Figure 2. Based on the results from1H NMR titration
spectra, the least-squares fittings for15N-chemical shifts were performed,
and their resulting theoretical curves are presented in Figure 5.
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