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Biologically active RNA molecules utilize metal ions to fold into specific conformations or to form a catalytic cen-
ter. Hammerhead ribozymes also contain a metal ion-binding motif in their conserved core region. This motif and
bound metal ions have recently been focused on from the viewpoint of whether the metal ions are a catalytic metal or a
structural metal. We studied the interaction between metal ions and an RNA oligomer, r (GGACGAGUCC), which
mimics the metal ion-binding motif of hammerhead ribozymes, using NMR spectroscopy in solution. Using *N-labeled
RNA oligomers, the chemical shift of N7 of the G7 residue [N7(G7)] in the metal ion-binding motif was specifically
perturbed upon the addition of Cd(IT). It was also found that the 3P resonance of the phosphate of the A9 residue
showed the largest perturbation of all the 3'P resonances during titration. These data indicate that divalent cations can
bind to the metal ion-binding motif in solution, and that the binding sites for cations are N7(G7) and the phosphate of
A9. More importantly, the metal ion-binding motif is an independent functional module that can capture divalent ca-
tions without the assistance of other conserved residues in hammerhead ribozymes.
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Schematic Representations of Secondary Structures of Hammerhead Ribozymes and GA10, and the Metal lon-Binding Motif

(a) Conserved sequences and the secondary structure of hammerhead ribozymes. (b) The topology of hammerhead ribozymes based on the crystal structures
with numbering systems. (c) GA10 with numbering systems. (d) Schematic representation of the metal ion-binding motif (the A9/G10.1 site) of hammerhead ribo-
zymes. The residue numbers in GA10 are shown, and the residue numbers in hammerhead ribozyme are also shown in parenthesis. In (b) and (c), the metal-binding
motif (the A9/G10.1 site) in hammerhead ribozymes and GA10 is highlighted. In (a) and (b), enzyme and substrate strands are shown in black and gray, respec-

tively, and the cleavage site is indicated by a black arrow. In (d), a metal ion is shown in a gray ball with a character “M”’

, and is linked to binding sites via dashed

lines. The tandem G—A pairs are indicated by black dashed lines with residue names. Watson—Crick base-pairs, non-Watson—Crick base-pairs, and sheared-type G
—A pairs are indicated in bars, open circles and asterisks. Putative metal ion-binding sites (N7 of G7, and the phosphate of A9) are highlighted.
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Fig. 2. Two Kinds of Metal Ion-Recognition Modes
The left panel represents inner-sphere coordination and the right panel
represents outer-sphere binding [hydrogen bonding through metal ligands] .
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Fig. 3. One-Dimensional (1D) !’N-NMR Spectra

(a) Chemical structure of guanosine and numbering system. (b) Titration spectra of GA10G7L (0.9 mwm as a single strand) . (c) Those of GA10G5L (0.74 mm
as a single strand). (d) Those of GA10G2L (0.68 mwm as a single strand). (¢) Those of GA10GIL (1.2 mm as a single strand) . The ratios of [CdCl,]/[GA10
(duplex) ] are indicated on the left of each spectrum. Resonances are labeled with their names of the nuclei in the spectrum at the top. The resonances of N7 (G7) are
labeled with asterisk. The spectrum was recorded at 313 K, with a Bruker DM X800 NMR spectrometer. Typical spectra were recorded with a spectral width of 20000
Hz digitized into 16384 points (1.2 Hz/point and 0.015 ppm/point), and 20000 scans were averaged. These spectra were processed with an exponential window
function to give a line-broadening of 10 Hz.
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Fig. 4. Plots of ’N-Chemical Shifts against the Molar Ratio ([CdCl,]/[GA10(duplex)])
(a) Those of N7, (b) Those of N1, (c) Those of N2, (d) Those of N3, and (e) Those of N9. Squares, triangles, diamonds and open circles represent cor-
responding resonances of G1, G2, G5 and G7, respectively. The theoretical curves were generated as described previously.2V

Table 1. Summary of SN NMR Data

Metal ligands [ligand] /mMm Metals Res. 46 (5N)? /ppm Unman? /Hz Ref.
r(GGACGAGUCC), [GA10] 0.4 cdcl, G7  —19.6(6.0eq) not detected 5
Guanosine monomer 500 Zn (NO;), — —20.1(1.0eq) — 31
Guanosine monomer 500 Hg (NO;), — —20.5(1.0eq) not reported 31
Inosine monomer 1000 Zn (NO;) , — —15.2(0.7 eq) — 32
Inosine monomer 1000 Hg (NO3), — —4.8(0.75 eq) not detected 32

—: not applicable. ¢) Chemical shift perturbations of N7 (guanosine) from the unmetalated state. Minus and plus values indicate higher and lower field shifts,
respectively. b) J-coupling between metalated nitrogens (1’N) and metal ions (/=1/2), such as '3Cd and '®Hg.
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Fig. 5. 2D 'H-3'P HMQC-NOESY Spectrum

(a) Correlations observed in 2D 'H-3'P HMQC-NOESY spectrum. (b)
2D 'H-3'P HMQC-NOESY spectrum of GA10. The results of sequential as-
signments are depicted by gray lines. The cross peaks between P (A6) and H8
(GS5) are depicted as an open circle with an arrow. The spectrum was record-
ed at 305 K with a Bruker DM X500 NMR spectrometer. The spectrum was
recorded with 1024*32 complex points for a spectral width of 5040.32*
404.913 Hz, 4096 scans were averaged, and the mixing time for NOESY was
150 ms.
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SETHHNMRESIETH BN TOWTHHS M
EBOTHELT, ZOHREHSNET DD DT
I EHEITHOTND, FBRBNI—Ay REY
AP A LD RNA SHYIWT IR 2T &E1 4 > OE
ML, YIBRGD A=A LD ZRHL T
NWELNWEEZTNVWDS,

BE ARSI R IR R (B
iR ) & LT, EXENRAER (H
T RN OZILBHGRBIZD S & T - 209
T, WFZERTTICH 0 #ahi, #BSEE L&
TEICHALHBHL BT ET. SNEF#HXZ LA FR
(7514 K) ENMR O >4 A AZHEHBEGTE
TR Ui R Y - B 0 TR IEfE S8,
INEP S AR W2 U E Y. £ /2 NMR #IE 12
MHTEE L LBEKY - BiaTHEBROHRHSE
N, 28 BIeimB ARl K 2EBE R 2 O VLIS R R AR
Jerk,  PESEELANER S RFFTET O LRGN 2 1 I W
UET. ARFRIIEHEEEZIICDETHLH
ERFEE O %4 R OWFSE B O 43 NS AL R F R F
B - LR O R B FE BB Ol g 71T & 0 X7
TEXEHOTY. ETHELEL BT ET.
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