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Abstract: It has been generally accepted, on the basis of kinetic studies with phosphorothioate-containing
substrates and analyses by NMR spectroscopy, that a divalent metal ion interacts directly with the pro-Rp
oxygen at the cleavage site in reactions catalyzed by hammerhead ribozymes. However, results of our
recent kinetic studies (Zhou, D.-M.; Kumar, P. K. R.; Zhang. L. H.; Taira, K. J. Am. Chem. Soc. 1996, 118,
8969—8970. Yoshinari, K.; Taira, K. Nucleic Acids Res. 2000, 28, 1730—1742) demonstrated that a Cd*"
ion does not interact with the sulfur atom at the Rp position of the scissile phosphate (P1.1) in the ground
state or in the transition state. Therefore, in the present study, we attempted to determine by P NMR
spectroscopy whether a Cd?* ion binds to the P1.1 phosphorothioate at the cleavage site in solution. In
the case of the R32-S11S (ribozyme—substrate) complex, neither the Rp- nor the Sp-phosphorothioate
signal from the S11S substrate at the cleavage site was perturbed (the change was less than 0.1 ppm)
upon the addition of Cd?* ions (19 equiv) at pH 5.9 and 8.5. By contrast, we detected the significant
perturbation of the P9 phosphorothioate signal from another known metal-binding site (the A9/G10.1 metal-
binding motif). The Rp-phosphorothioate signal from A9/G10.1 was shifted by about 10 ppm in the higher
field direction upon the addition of Cd?* ions. These observations support the results of our kinetic analysis
and indicate that a Cd?* ion interacts with the sulfur atom of the phosphorothioate at the A9/G10.1 site
(P9) but that a Cd?" ion does not interact with the sulfur atom at the Rp- or at the Sp-position of the scissile
phosphate (P1.1) in the ground state.

Hammerhead ribozymes, which are catalytic RNA molecules, relatively small, and X-ray crystallography has facilitated studies
cleave a specific phosphodiester bond to generat8ac¥clic of their mechanism of actiohConsiderable controversy exists,
phosphate and $ydroxyl product in solutions with millimolar however, as to the role of metal ions, which are of critical
concentrations of divalent metal ions or molar concentrations importance in the folding of RNA and in catalydist Replace-
of monovalent cation¥2 Hammerhead ribozymes are also ment of phosphate by phosphorothioate groups has been a
popular approach to the elucidation of the binding sites and
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(a) A A (b) (©) | In the present study, to clarify the involvement of metal ions
5 w.-aGc—c?.,, a(-:_Gs- pu ) in the vicinity of the phosphate group at the cleavage site, we
o Grs cemage =G forewd]  c=G " ")‘:" - —. examined the physicochemical properties of a hammerhead
e O mfGchnn Y = ""Y\,p - ribozyme-substrate complex (R32-S11S; Figure la) %y
GG//('“ :ﬂ%ﬂ e |-,.--(--}._-,.;__<: ".‘TE%&"“ ‘@ Q) o NMR spectroscopy. The substrate, S11S, contained a phospho-
G o0 Ulg,\ W moti C=G G- :/<O rothioate group at the C1.1 residue and was a diastereomeric
‘ugh "-'};_é . é:g mixture of Rp- and §p-phosphorothioates. R32 is a 32-mer
g{:g S.G—CS, -&‘? hammerhead ribozyme (Figure 1a) that has been studied in
185 G=C 155 @y considerable detall® Analysis of3IP NMR spectra facilitates
¥ 8 A9/ G10.1 motif investigation of interactions between a metal ion and a phos-
9rs Re GA10 GA10SpS  GA10ApS phorothioate group since the chemical shift of the phospho-
X=0 X=8 rothioate signal is clearly separate from the signals due to
v=s Y=0 phosphodiesters, which appear within a crowded narrow region

Figure 1. Sequences and secondary structures of (a) a hammerheadnf the gpectrum. Thus, the perturbations of the chemical shift

ribozyme (R32) and the uncleavable substrate with phosphorothioate at the f the ph h hi . | iv b iz
cleavage site (S11S). A black arrow indicates the cleavage site. (b) Sequenc®! the phosphorothioate signal can easily be recogrizedn

and secondary structure of GA10. The metal-binding motifs (the A9/G10.1 the present study, we also analyzed the A9/G10.1 metal-binding
motif (;behavr?/ﬁ;efheggcfli(bg?;rgesg“ie :g:%g?seggﬂagaesnéa ";?:- |2n%ane|5motif by separating two diastereomeric isomers, G&i®and
ghzgred-’typg ?502 pairs are inrzjicat’ed in bars, open circles,pandYasterisks,G'A_‘]'oRpS (Flgure_ 1b.c), a”O_' _monlto”ng théfP NMR s_pectra._
respectively. (c) Schematic representation of the A9/G10.1 motif. This system provided a positive control for changes in chemical
shifts since the well-characterized GA10 sample contained a
However, addition of trace amounts of a thiophilic metal ion phosphorothioate moiety at P9, as described béfow.
(CcP*) enhanced the rate of cleavage of Rgephosphorothioaté. An important metal-binding site within the R32 hammerhead
This phenomenon is known as “€drescue” and has been  yihozyme, A9/G10.1, is located around domain Il (U7-A9 pairs
explained by the HSAB (hard and soft, acid and base)¥ule. wjth G12-A14), which forms a continuous stack between stem
According to the HSAB rule, a “hard acid”, such as a¥g || (G10.1-C10.4 pairs with C11.1-G11.4) and stem Il (A15.1-
ion, prefers to bind to a “hard base” oxygen atom rather than c15 5 pairs with U16.1-G16.5) (Figure 1a). Many studies of
to a “soft base” sulfur atom. By contrast, a “soft acid”, such as ¢rystal structures of hammerhead ribozymes have identified a
a Cd" ion, prefers to bind to a “soft base” sulfur atom. On the metal-binding site between the pRp oxygen of the phosphate
basis of the experimental results, it was proposed thaRfhe of A9 (P9 phosphate) and the N7 atom of G1®Moreover,
sulfur substitution disrupted the coordination to Rgeposition Uhlenbeck’s group and Herschlag's group reported that their
of a hard metal ion, a Mg ion, that is in some way essential  kinetic studies of ribozymes with a phosphorothioate group
for cleavage. This proposal is supported by the fact that the jhstead of the A9 phosphate indicated that Rm-phospho-
crystallographic structure of a freeze-trapped intermediate yothioate linkage reduced the cleavage rate by a factor 3f 10
revealed a M§" ion in close proximity to the pr&p oxygen  ith the rate returning to the control value after the addition of
of the phosphate (P1.1) at the cleavage &ifbis proposal is, C®* ions19f Thus, it appears that the nonbridging oxygen of
however, somewhat controversial. In a recent kinetic study of {he phosphate at the A9 residue is one of the metal-binding
the effects of C&" ions on a background of €aions, we  sijtes that is required for efficient catalysis even though this
concluded that a Cd ion does not interact directly with the  metal-binding site, within the crystal structure, is located
sulfur atom at theRp-position of the scissile phosphate either approximately 20 A from the scissile phosphodiester bond.
in the ground state or in the transition stattn a titration Although this metal ion at the A9 residue that is 20 A away
experiment with C#" ions in which we monitored the ribozyme-  from the cleavage site was suggested to be a catalytic metal
catalyzed cleavage of native and phosphorothioate substratesjon 149 recent molecular dynamics analysis denied such a
we found that the rate of the ribozyme-mediated cleavage of possibility1" leading to a controversy.

the Rp-phosphorothioate substrate was different (significantly |, the present study, we examined G/ApS and GA1&pS
lower in the presence of lower concentrations of Cibns) which are derivatives of the well-characterized GA10 mol-
from that of both the unmodified and tr&u-phosphorothl_oate eculel® whose sequence is shown in Figure 1b. Although GA10
substrate. However, the apparégtof the Rp-phosphorothioate  corresponds only to the structure of part of a hammerhead
substrate for Ct ions was identical with that of the unmodified ribozyme, GA10 is comparable to the A9/10.1 motif of the
and theSp-phosphorqthioate substrate, indicating that'the affinity hammerhead ribozyme since GA10 includes a sheared-type
for CiP* ion of each ribozyme substrate complex was identical,  (andem G12-A9 pair as a metal-binding site in the duplex and

regardless of whether the cleavage site included a phosphate of; has heen shown that the GA10 molecule is sufficient to allow
a phosphorothioate group. This result suggested, furthermore,

that the sulfur in the phosphorothioate group at the cleavage (8) (a) zhou, D.-M.; Taira, KChem. Re. 1998 98, 991-1026. (b) Zhou,

(
; ; i i ; ; D.-M.; Usman, N.; Wincott, F. E.; Matulic-Adamic, J.; Orita, M.; Zhang,
site did not interact specifically with a €tion. L H.. Komiyama, M.. Kumar, P. K. R. Taira. KL Am. Chem. S04.996
118 5862-5866. (c) Zhou, D.-M.; Kumar, P. K. R.; Zhang. L. H.; Taira,

(5) (a) Pearson, R. Q. Chem. Educl968 45, 581-587. (b) Pearson, R. G. K. J. Am. Chem. S0d.996 118 8969-8970.
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(7) (a) Yoshinari, K.; Taira, KNucleic Acids Re200Q 28, 1730-1742. (b) K. J. Am. Chem. So@00Q 122 11303-11310. (b) Tanaka, Y.; Kojima,
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capture of divalent cations in the absence of any of the other phosphorus are not perturbed just by the presence &f i©ds
conserved residues that are found in hammerhead riboz{fmes. and that perturbations occur only where there are specific and
Thus, GA10 plays a role as a metal-binding site by itself and it direct interactions between metal ions and sulfur atoms. In other
is for this reason that we used GARS and GA1GpS, which words, there is no specific interaction betweer? Cibns and
correspond to GA10 with a phosphorothioate group at A9, as athe sulfur atoms of these diribonucleotides. Since the dinucle-
positive control for a metal-binding site in our comparisons of otides do not act, by themselves, as ligands with a metal ion-
perturbations of chemical shifts. binding pocket, this negligible perturbation of the signal from

Both the P1.1 and the P9 sites have recently been analyzedhe dimer provides an indication of nonspecific interactions (if
by 3P NMR 911 All the results of such analyses are consistent any) between Cd and the sulfur atoms of the phosphorothio-
with the conclusion that a metal ion interacts with the non- ates. These results suggested that it should be possible to
bridging phosphoryl oxygen at the P9 site. It was also reported examine the binding of a metal ion at the cleavage site of a
that a Cd" ion interacts with the cleavage-site phosphate (P1.1) hammerhead ribozyme b§P NMR analysis of titration of
of a hammerhead ribozyniéIn the cited study, thé'P NMR phosphorothioates with Gl
signals fromRp- andSp-phosphorothioates at the cleavage site Absence of Any Change in3P NMR Signals from
were slightly perturbed upon the addition of up to 10 equiv of Phosphorothioate at the P1.1 Cleavage Site upon Addition
Cd?* ions: theRp-signal was shifted to a higher field by about  of Excess Cd* lons. We performed titration experiments with
0.6 ppm and th&p-signal was shifted to a lower field by about the R32-S11S complex, focusing on the cleavage site of the
the same amount. These results appear to argue for a specifigibozyme-substrate complex, using a solution that contained
interaction between a Gd ion and theRp-sulfur at the P1.1 0.6 mM S11S (substrate containing a phosphorothioate at the
cleavage site. It is still generally accepted that a metal ion P1.1 site; Figure 1a), R32 (the hammerhead ribozyme; Figure
coordinates directly with the cleavage-site [Rp-oxygen at 1a), 100 mM NacCl, and 10 mM Mgglat pH 5.9 and 8.5, with
P1.1. Nonetheless, our present results and analysis argue againgtrious concentrations of CdGlnamely, 0, 1.8, 6, and 11.4
the previous interpretation and our data can best be interpretednM. These concentrations of CdQlorresponded to 0, 3, 10,
if we assume that a Gt ion does not interact with either an  and 19 molar equiv relative to R32-S11S. At each concentration
Rp- or anSp-phosphorothioate at the cleavage site. The presentof CdCl, we recorded théP NMR spectrum in HO/D,O
conclusions, based on NMR analysis, are relevant to our (molar ratio, 9:1) at 30C. Figure 2 shows th#P NMR spectra
previous discussions of the results of our kinetic analySes. of the R32-S11S complex. Since S11S was a mixtur&mf

and Sp-phosphorothioate diastereomers, two phosphorothioate

Results signals were detectable even in the absence of Cdllese
Extent of Perturbations of 3P NMR Signals from Phos- two signals were identified by reference to a previous stdd§.
phorothioates during Interactions with Metal lons. The 3P In the absence of Cdglat pH 5.9, the signal at 51 ppm

NMR signals from normal phosphodiester bonds are usually corresponded to thé&p-isomer and the signal of 54 ppm
observed around 0 ppm (relative to the signal from external corresponded to thBp-isomer (Figure 2a).
trimethyl phosphaté$ and signals due to phosphorothioate We checked the pH before each measurement and, even
linkages are usually found at approximately 55 pidit.is easy though the final concentration of €dions was equal to 19
to monitor phosphorothioate signals and to investigate interac- molar equiv, the two phosphorothioate signals were perturbed
tions between phosphorothioate groups and metal ions becaus®y less than 0.1 ppm. Changes of this magnitude reflect
the chemical shifts of signals due to phosphorus in phospho- honspecific environmental changes, as noted above. Thus, the
rothioates are located far from normal phosphodiester signals.addition of CdC} did not induce any significant changes in the
The effects of metal ions on adenine thionucleotides were chemical shifts of the two phosphorothioate signals at pH 5.9.
studied by Cleland’s group, who found that A@® and ATBS With increases in the concentration of CdCh new signal
(adenine nucleotides prepared with phosphorothioates groups)emerged at 17 ppm, corresponding to the signal from the product
yielded a higher field shift of 6.0 ppm than the controls upon of hydrolysis, namely, a cyclic phosphate. We repeated the
addition of Cd™ ions, an indication that binding of metal ions titration experiments at pH 8.5 because in a study reported by
induced a large change in chemical shift. DeRose and co-workers, while there was no*Citiduced
Before initiating our study of a hammerhead ribozyme, we perturbation of the signal due to the cleavage-site phospho-
examined two kinds of diribonucleotide, each of which con- rothioate at pH 5.5, a perturbation was observed at pH18.5.
tained a phosphorothioate, namely CpsC and GpsA, as negativdiowever, in our analysis, the chemical shifts of the two signals
controls. These dimers did not show any significant perturbation from the phosphorothioate of S11S did not change (Figure 2b).
of signals (less than 0.1 ppm) upon addition of 19 equiv of The data can best be interpreted if we assume, on the basis of
Cc?* ions (data not shown), indicating that chemical shifts of earlier kinetic analyse&?“that Cd* ions do not interact with
the Rp- or the Sp-phosphorothioate at the cleavage site.

(12) Gorenstein, D. GPhosphorus-31 NMR: Principles and Applications Significant Perturbations of 31p NMR Signals from Phos-
Academic Press: Orland, FL, 1984. . N . .
(13) (a) Stec, W. J.: Zon, G.: Egan, W.; Stec,JBAm. Chem. S0d.984 106, phorothioate at the P9 Metal-Binding Site within the A9/

6077-6079. (b) Connolly, B. A.; Potter, B. V. L.; Eckstein, F.; Pingoud, i iti + H
A.; Grotjahn, L. Biochemistry1984 23 3443-3453. (c) Almer, H.; G10.1 Motif u.pon Addltlon_ of Exc?,ess Cd* lons. T.O e_xamlne
Stawinski, J.; Strmberg, R.; Thelin, MJ. Org. Chem1992 57, 6163- the perturbations of chemical shifts caused by binding of metal

6169. (d) Sierzchala, A.; Okruszek, A.; Stec, WJJOrg. Chem1996 i i i m
61, 6713-6716. (e) Jaroszewski, J. W.; Clausen, V.; Cohen, J. S.; Dahl, ions to the A9/G10.1 motif, we next examined G and

O. Nucleic Acids Res1996 24, 829-834. (f) Guga, P.; Domanski, K.; GA10RpS by 3P NMR spectroscopy. We separated the two

Stec, W. JAngew. Chemlnt. Ed 2001, 40, 610-613. B
(14) Pecoraro, V. gI]_.;WHermerg, J.D,; Clelg{nd, W. Blochemistry1984 23, _stgremsomers by reversed-phase HPLC. The retsona_nces of
5262-5271. imino protons of GA1@S and GA1RpS were nearly identical
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(a) R32-S11S; pH 5.9 [—\ (a) GA10RpS
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Figure 3. 3P NMR spectra of GA1RpS (a) and GA18S (b). The spectra

Figure 2. 1P NMR spectra of R32-S11S. The spectra were recorded from Were recorded Irom_a solution of 0.1 M NaCl in 10 mM succirdgéuffer
agolution of 0.1 M NF:aCI in 10 mM succinath—bﬂffer at pH 5.9 (a) and (pH 5.9) at 40°C with an acquisition time of 0.33 s, a sweep width of
8.5 (b) at 3C°C with an acquisition time of 0.33 s, a sweep width of 25 000 2f5 ((3)2(1 Hz,Sand a 16555 ri/(l:ycle d(zjlayl. The colr;centratu'):ns Oftﬁp‘?@nf "
Hz, and a 1.5 s recycle delay. The concentration of R32-S11S was 0.6 mM 0 03) were 0.5 mM (as a duplex) In all cases. From he lop 1o the
in each case. From the top to the bottom in panels a and b, the molar 2OUOM in panels a and b, the molar equivalence of gdelative to the
equivalence of CdGlto the ribozyme was 0, 3, 10, and 19, respectively. duplex+v_vas 0.1,2,4,6.5,and 9, respectively. With increasing concentrations
At both pH 5.9 and 8.5, the chemical shifts of the phosphorothioate of of C?* ions, signals from botRp- andSp-phosphorothioatesp, 56 ppm;

i P P, 55 ppm, in the absence of €dons) shifted in the higher field direction.
(S::(L‘]éilwere perturbed by less than 0.1 ppm upon addition of the titration of The profile of each phosphorothioate signal was also changed by |

discussed in the text.

with those of GA10, which forms a double-stranded structure and 9 molar equiv relative to GARDS and GA1GpS (with

(data not shown)> Therefore, it appeared that GASS and  eqpect to each duplex). At each concentration ofddns,
GA10RpS also formed double-stranded structures. Figure 3 \ya recorded théP NMR spectra in HO/D,O (molar ratio
shows the’’P NMR spectra obtained in experiments in which 9:1) at 40°C
GA10RpS and GA18pS were exposed to increasing concentra- | the absence of Cd ions, signals due to normal phos-
tlo_ns of Cd* ions. We perf_ormed these titration experiments phodiester bonds were detected around 0 ppm and signals due
using a solution that contained 1 mM GARES or GA1(EpS to phosphorothioate linkages were detected at 56 (in the case
(single strand), 100 mM NaCl, and 2 mM MgGit pH 5.9 of purified GA1(RpS) and 55 ppm (in the case of purified
with concentratlor_\s of Cdgbf 0, 0.5, 1, 2, 3.25, and 4.5 mM. GA10SS). Upon addition of C& ions to the solutions of
These concentrations of CdQlorresponded to 0, 1, 2, 4, 6.5, GA10RpS and GA18pS, the signals from botRp- and Sp-
(15) Katahira, M.; Kanagawa, M.; Sato, H.; Uesugi, S.; Fujii, S.; Kohno, T.; p_hosphorotr_lioates shifted considerably in the_ higher field
Maeda, T.Nucleic Acids Resl994 22, 2752-2759. direction (Figures 3 and 4). At 9 equiv of &dions, the

J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002 8233



ARTICLES Suzumura et al.

e GA10RpS The Large Perturbation of the Chemical Shift in the Case

-B- GA10SpS of the Rp-Isomer with a Phosphorothioate at the P9 Siteln
—A—pH 5.9; Rp R32-5115 an earlier titration experiment with GA10 (which does not
—X~pH 5.9; Sp R32-5118 include a phosphorothioate group), perturbations in chemical
—K-pH 8.5; Rp R32:5118 shifts of P9 (0.3 ppm), C8/G10.140.5 ppm), and H8/G10.1
—&— pH 8.5; Sp R32-S11S

(+0.08 ppm) occurred upon addition of MgGf2 The extents

! of such changes in chemical shifts were relatively small and so
0 we could not judge whether the coordination of a divalent cation
g7 to the A9/G10.1 motif was direct or indirect. In the present
g 27 study, by contrast, the large (10 ppm) change in chemical shift
g 2T of the phosphorothioate signal from GARSS (Figure 4)
5 a4t appears to imply direct coordination of €do the sulfur atom
g 54 of the phosphorothioate.
2 6 The change in chemical shift of the signal from GA&RpP®
g a4 induced by CdGl was larger than that from GABDS, and,

) sl thus, the order of the chemical shifts of the signals from
5 ol phosphorothioate groups of the two isomers was reversed. In
a0l the absence of Cdglthe chemical shift of the phosphorothioate

signals from GA1®pS (56 ppm) was larger than that of

.
a
-

GA10pS (55 ppm). With the addition of 9 equiv of Cd{ihe
[Cd*] (equivalents) signal from GAL1BRpS was observed at 46 ppm and that frqm
Figure 4. Changes in chemical shifts of phosphorothioate signaféfn GAlOS)S WaS. observed at 49 ppm. m gengral, the chemical
NMR spectra of GA1BpS, GAL®pS, and R32-S11S with increasing  Shift of theRp-isomer of a phosphorothioate is larger than that
concentrations of Cd ions. It should be noted that the binding isotherm  of the Sp-isomer, and this reversal of the order of chemical shifts
does not reflect the intrinsi€p values, and the estimatéq, value is only upon the addition of C4 ions is unusual3r—d
b,21
an apparerlt one ) . . The profiles of phosphorothioate signals were also affected
perturbations of phosphorothioate signals were close to maximal,py the addition of CdGlto the solution of each isomer. With
indicating saturation by Cd ions of both GAI®PS and  the addition of 1 equiv of CdGl the signal from both RNAs
GA10SpS. At that point (9 equiv Cd ion), the chemical shift  proadened (Figure 3) but further addition of Cg€harpened
was 10 ppm higher than that from GARGS in the absence of  the signals conspicuously. These results reflect the transition
CcP* ions. In the case of GADS, the signal shifted by about  from a metal-free form to a metal-bound form. Thus, at 1 equiv
6 ppm at 9 equiv of CdGI(Figures 3 and 4). The change in  of CdCl, metal-bound and metal-free states were presented in
chemical shift of the signal from GARPS that was induced  sojution and medium-range exchange between the two species
by CdCh was larger than that from GABDS. Thus, the order  resulted in the broadening of phosphorothioate signals on the
of the chemical shifts of the signals from the phosphorothioate NMR time scale.
groups of the two isomers was reversed upon addition of £dCl  The changes in chemical shifts and in profiles of signals from
(Figure 3). phosphorothioates suggest the binding of?Cibns at the
Discussion phosphorothioates. These observations are in agreement with
] ) o ) those of DeRose’s group. They studied ribozyrsabstrate

In this report, we described the characterization, by monitor- complexes in which the hammerhead ribozyme contained a

ing 3P NMR signals from phosphorothioates, of two possible phosphorothioate at the P9 site and reported the shifting of

metal-binding sites, the P9 site in the A9/G10.1 metal-binding phosphorothioate signals in the higher field direction upon
motif and the P1.1 site at the cleavage site, of a hammerhead

' c : addition of Cd* ions1! In our studies and those of DeRose’s
ribozyme. TheRp- andSp-phosphorothioate signals of GARES

] ) - group, the perturbation caused by%Cdons of the chemical
and GA1(®pS (A9/G10.1 motif) moved dramatically in the  ghigt for the Rp-isomer was significantly greater than that for
higher field direction with increasing concentrations of?Cd

: - ' > the Sp-isomer (it should be mentioned here that the assignment
ions in the presence of Mg ions (Figure 3). However, thiep- of Rp- and Sp-isomers was reversed in their papéd. The

and Sp-signals at the P1.1 cleavage site of the R32-S11S |5.4er perturbation in the case of tRp-isomer as compared to
complex remained unchanged upon addition of'Gions, 8 the gp-isomer suggests that the interaction between thg Cd
was also the case for two diribonucleotides (CpsC and GpsA), ion and theRp-sulfur atom might be preferred over that between
which lack metal-binding sites. It follows from the difference, e cd* ion and theSp-sulfur atom at the P9 site.

in terms of a change in chemical shift, between the A9/G10.1 Evidence Against Direct Coordination of a Metal lon with

motif ahd the P1.1 pleavage site that the'prese.nce of phos-a p1.1 Phosphoryl Oxygen at the Cleavage Site in Both
phorothioate and Cd ions does not necessarily, by itself, cause {he Ground State and the Transition State.The mechanism

a change in chemical shift, and this observation implies that a ¢ e cleavage reaction of the hammerhead ribozyme has not
change in chemical shift reflect:_s a specific interaction between paqp fully elucidated and, in particular, the conformation at the

the sulfur atoms of phosphorothioates and Gdns. Therefore, o4 ction site is a major source of controversy, because the crystal
as we postulated initially, titration with €d ions of phos- g cture suggests that the cleavage bond does not adopt a

phorothioate groups allows analysis of interactions between .,ntormation that would allow in-line attack by theQH of
Cd?t ions and phosphorothioates and investigations of metal-

binding pockets. (16) Slim, G.; Gait, J. MNucleic Acids Resl997, 19, 1183-1188.
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nucleotide 17 at the cleavage site and, thus, further rearrange
ment is required for cleavage of the bolcEf Moreover, current

of intrinsic isotope effectd.Kinetic solvent-isotope effects
suggest that proton transfer occurs in reactions catalyzed by

research is reshaping basic theories about the roles of metathe hammerhead ribozyme in the presence of high concentrations
ions in reactions catalyzed by hammerhead ribozymes and, inof monovalent NH" ions in the absence of any metal ions. By
the opinion of many researchers, such ribozymes should nocontrast, no such proton transfer apparently occurs in reactions

longer be viewed as true metalloenzynigs’®e The activity of

catalyzed by R32 in the presence of divalent metal 161318

a hammerhead ribozyme in the presence of monovalent ionslt is clear, moreover, that the divalent-metal-ion-catalyzed
has been used to argue against the hypothesis that metal ionseaction is significantly more efficient than the monovalent-

can induce the deprotonation df@H or stabilize the leaving
group directly or indirectly. The activity of a hammerhead
ribozyme in the presence of Co(Nfs#* also revealed that inner-
sphere coordination is not a prerequisite for cataly/sBespite

the variations in the properties of divalent metal ions, monova-

metal-ion-catalyzed reaction. Thus, extremely high concentra-
tions of metal ions are required for the monovalent-metal-ion-
catalyzed reactions. Therefore, it is likely that, under physiological
conditions, hammerhead ribozymes use divalent ions as the
catalytic cofactor and that they act as true metalloenzymes in

lent metal ions, exchange-inert metal ions, and even ammoniumvivo. However, as demonstrated in the present study, it is

ions, all such ions have positive charge in common. In general,

unlikely that the divalent metal ion coordinates directly with

it is becoming more and more accepted that the presence of ahe P1.1 phosphoryl oxygen.
relatively dense positive charge, rather than the presence of any ) )
particular metal ions, is the general fundamental requirement. EXPerimental Section

Whether or not the positive charge plays a role in the chemical

The hammerhead ribozyme R32 was synthesized by the phosphora-

process now seems less important. However, our recent kineticmidite method on an automated DNA/RNA synthesizer (model 394;

analysis indicates that the role of monovalent ions can be
assigned to a specific chemical step.

Moreover, the results of our kinetic studies of phosphorothio-
ates indicated that Gdions do not interact with the sulfur atom
at theRp-position of the scissile phosphate in the ground state
and in the transition stafeWe performed titrations with Cd
ions of the ribozyme-catalyzed cleavage of native and phos
phorothioate substrates with 100 mM%aons as background
[50 mM MES-Na (pH 6), 37°C]. The rate of the ribozyme-
mediated cleavage d®¥p-phosphorothioate substrate was 3 to
4 orders of magnitude lower than that of the unmodified and
F-phosphorothioate substrates. However, the app#igifor
Cd?t ions was identical for all three substrates, indicating that,

PE Biosystems, USA). All of the reagents for RNA synthesis were
purchased from Glen Research (USA). Each oligomer was purified by
reversed-phase column chromatography as described else\Wkere.

the exchange of counterions, each oligomer was adsorbed onto an anion-
exchange column (mono-Q; Pharmacia Biotech, Uppsala, Sweden). The
column was washed with more than 10 column volumes of MILLI-Q
water (MILLIPORE, USA) to wash out triethylammonium ions, which
were replaced by Naby elution of the oligomer wit 2 M NacCl.
Finally, excess NaCl was removed by desalting on a gel-filtration
column (TSK-GEL G3000PW; TOSOH, Japan) with MILLI-Q water

as the mobile phase. The final solution contained only the oligomer
and the counterion (Naion). A crude sample of diribonucleotides
(CpsC and GpsA) and the uncleavable pseudosubstrate S11S, which
has a 20Me group and a phosphorothioate at the cleavage site (C17)

regardless of whether the cleavage site includes a regularOf the normal substrate, were purchased from Genset Corporation
phosphate or a phosphorothioate, there is no difference in the(France). S11S was purified by polyacrylamide (20%) gel electro-

affinity for Cd?* ions. This observation suggests that the sulfur
of the phosphorothioate at the cleavage site does not interac
with Cc?* ions specifically, and the apparefp for Cc?* ions
reflects Cd" ion-binding to the metal ion-binding motif (A9/
G10.1 motif) that is distal from the scissile phosphate. Indeed,
in the present study, the addition of €dons did not perturb
the chemical shift of the P1.1 signal, indicating that, in the
ground state, Cd ions did not interact with the sulfur atom at
the Rp-position of the scissile phosphate. Although Maderia et
al.'* observed the chemical shift perturbations at the phospho-
rothioates at the scissile phosphate, the degrees of perturbatio

were much smaller than those due to specific interactions. The
difference in the degrees of perturbation between our sample

and that of Maderia et &F seems to reflect the difference in

phoresis. In this study, we did not separate S11S into its phospho-
rothioate diastereomeric isomers. Thus, S11S gaveRproand Sp-
tphosphorothioat(-) signals in #% NMR spectrum. A crude mixture of
the GALMRpS and GA1®pS phosphorothioate isomers was purchased
from Genset Corporation. The two compounds of the mixture were
separated by reversed-phase HPLC (Hypersil BDS Ci5length,

250 mm; i.d., 4.6 mm; Alltech, USA), with elution with a linear gradient
of CH3CN (2%-6%, v/v) in 0.1 M CHCOONH, buffer (pH 7.0). The
retention times were 8.6 min for GARPS and 11.5 min for GA1®S.

The preparations of separated isomers were desalted on a column of
Sephadex G-25 (Fast Desalting column; Pharmacia Biotech Inc.).
rQ]Assignments of isomers were made after digestion by snake venom
phosphodiesterase and nuclease®12%2! For digestion by snake
venom phosphodiesterase, an aliquot of each thio-substituted oligo-
nucleotide (0.5 nmol) was incubated #®h at 37°C with snake venom
phosphodiesterase (Quy; Sigma-Aldrich) and calf alkaline phosphatase

the ribozyme sequence and NMR measurement conditions (6.0 ug; Takara, Japan) in 0.05 M Tris-HCI (pH 9.0), 0.3 mM DTT,

within solution equilibrium.

and 1 mM MgC} in a reaction volume of 15aL. The products were

The question that remains to be answered is whether theanalyzed directly by HPLC on a reversed-phase column (TSK-GEL
hammerhead ribozyme is a metalloenzyme. Our recent studiesODS-80TM; length, 250 mm; i.d., 4.6 mm; TOSOH) with a gradient

suggest that more than one channel might exist for reactions

catalyzed by thdR32 hammerhead ribozyme and that the role
of metal ions can be assigned to a specific chemical préégss.
The putative existence of different channels in hammerhead-

catalyzed reactions is strongly supported by the result of analyses

(17) Zhou, J.-M.; Zhou, D.-M.; Takagi, Y.; Kasai, Y.; Inoue, A.; Baba, T.; Taira,
K. Nucleic Acids Re2002 30, 2374-2382.

(18) Sawata, S.; Komiyama, M.; Taira, &.Am. Chem. Sod995 117, 2357
2358

(19) (a) Komatsu, Y.; Kanzaki, |.; Ohtsuka, Biochemistry1996 35, 9815-
9820. (b) Tanaka, Y.; Kojima, C.; Yamazaki, T.; Kodama, T. S.; Yasuno,
K.; Miyashita, S.; Ono, A. M.; Ono, A. S.; Kainosho, M.; Kyogoku, Y.
Biochemistry200Q 39, 7074-7080.

(20) (a) Burgers, P. M. J.; Eckstein, Biochemistry1979 18, 592-596. (b)
Almer, H.; Stawinski, J.; Stmmberg, R.J. Chem. So¢c.Chem. Commun.
1994 1459-1460.

(21) Misra, V. K.; Draper, D. EJ. Mol. Biol. 1999 294, 1135-1147.
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of buffer A, namely, 0.1 M triethylammonium acetate (pH 7.0), and prepared at pH 8.5. Each sample was heated &%nd then allowed
buffer B, which consisted of 60% buffer A and 40% acetonitrile (5% to cool slowly over the course of 30 min. Concentrated solutions of
B for 15 min followed by 5-100% B over the course of 45 min).  MgCl, and CdC} were added directly to the sample. For studies in the
Retention times were as follows: cytidine, 2.86 min; uridine, 5.89 min; hresence of metal ions, by contrast, the oligomers were not heated to
995‘“0,3'”9’ 8.02 min; anq agen05|ne, 12.31 min. The products f)f 90 °C because MR ions at high concentrations can destroy RNA
digestion of the later-eluting isomer generated a peak at 25.87 min oligomers at high temperature. Ai-decoupled NMR spectra were

that corresponded t8-GpsA. For digestion by nuclease P1, an aliquot )
of each thio-substituted oligonucleotide (0.5 nmol) was digested with recorded on a spectrometer (ALPHA-500; JEOL, Japan) operated at

nuclease P1 (ZDg, Sigma-Aldrich) in distilled water (lsz) for 1 202 MHz with an acquisition time of 0.33 s and a sweep width of
h at 37°C. The solution was buffered with 8. of 50 mM Tris-HCI 25009 Hz, a 1.5 s recycle delay, and 99@‘”900 scans. Thé'P
(pH 9.0) and digested with calf alkaline phosphatase §.0Takara) chemical shifts were referenced to external trimethyl phosphate (2.0

for 1 h at 37°C. The products were analyzed by reversed-phase HPLC ppm; 10% solution in ethanol). The concentrations of G&I® and
as described above. The products of digestion of the earlier-eluting of GALORpS were 0.5 mM (as duplexes) and spectra from both samples
isomer generated a peak at 24.46 min that correspondeg-@®psA. were recorded at 48C. The concentration of the ribozymsubstrate

Samples for NMR spectroscopy were prepared by dissolving purified complex, R32-S11S, was 0.6 mM (as a complex) and spectra were
oligomers in 0.12 mL of a solution, prepared in 90%CHand 10% recorded at 30C.

D,0, of 0.1 M NaCl and 10 mM succinatk-buffer at pH 5.9 in a 3
mm NMR tube (Shigemi, Japan). A solution of R32-S11S was also JA0202098
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