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Abstract A modified hammerhead ribozyme (R32S) with a
phosphorothioate linkage between G8 and A9, a site that is
considered to play a crucial role in catalysis, was examined by
high-resolution 1H and 31P nuclear magnetic resonance (NMR)
spectroscopy. Signals due to imino protons that corresponded to
stems were observed, but the anticipated signals due to imino
protons adjacent to the phosphorothioate linkage were not
detected and the 31P signal due to the phosphorothioate linkage
was also absent irrespective of the presence or absence of the
substrate. 31P NMR is known to reflect backbone mobility, and
thus the absence of signals indicated that the introduction of
sulfur at P9 had increased the mobility of the backbone near the
phosphorothioate linkage. The addition of metal ions did not
regenerate the signals that had disappeared, a result that implied
that the structure of the core region of the hammerhead ribozyme
had fluctuated even in the presence of metal ions. Furthermore,
kinetic analysis suggested that most of the R32S^substrate
complexes generated in the absence of Mg2+ ions were still in an
inactive form and that Mg2+ ions induced a further conforma-
tional change that converted such complexes to an activated
state. Finally, according to available NMR studies, signals due to
the imino protons of the central core region that includes the P9
metal binding site were broadened or not observed, suggesting
that this catalytically important region might be intrinsically
flexible. Our present analysis revealed a significant change in the
structure of the ribozyme upon the introduction of the single
phosphorothioate linkage at P9 that is in general considered to be
a conservative modification.
z 2000 Federation of European Biochemical Societies.
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1. Introduction

The hammerhead motif is one of the motifs of self-cleaving
RNA found in small RNA plant pathogens and it catalyzes
the sequence-speci¢c cleavage of RNA [1^4]. Divalent metal
ions are fundamental participants in the catalytic cleavage of

the phosphodiester bond in an RNA to a 2P,3P-cyclic phos-
phate by hammerhead ribozymes. Thus, these ribozymes are
metalloenzymes [5^21]. However, under certain conditions (in
the presence of 1^4 M monovalent cations, such as Li�, Na�,
and NH�4 ), hammerhead ribozymes do not require divalent
metal ions for catalytic activity [22]. Most studies of crystal
structures of hammerheads have identi¢ed a metal-binding
site between the pro-Rp oxygen of the phosphate of A9 (P9
oxygen) and the N7 atom of G10:1 [23^25]. Even though this
metal binding site (P9 site) within the crystal structure is lo-
cated approximately 20 Aî from the scissile phosphodiester
bond, this metal binding site is thought to play a crucial
role in achieving maximal cleavage activity for the following
reasons. The substitution of the pro-Rp-phosphoryl P9 oxygen
by a sulfur results in a decrease in Mg2�-dependent catalytic
activity [26]. Furthermore, replacement of G10:1 by a pyrimi-
dine also results in a substantial decrease in the ribozyme's
activity [27,28]. Moreover, Uhlenbeck's group and Her-
schlag's group reported that their kinetic studies of ribozymes
with a phosphorothioate modi¢cation at the P9 phosphate
indicated that an Rp-phosphorothioate linkage reduced the
cleavage rate by a factor of 103. However, the rate returned
to the control value after the addition of a low concentration
of Cd2� ions, which are thiophilic [29]. Thus, it appears that
the P9 oxygen is one of the metal binding sites that is required
for e¤cient catalysis [18^21].

The kinetics of the reaction catalyzed by R32, a 32-mer
hammerhead ribozyme (Fig. 1a), have been studied in consid-
erable detail [16,30]. Although we intended initially to design
this ribozyme such that it would not adopt any inactive con-
formations under physiological conditions, the existence of an
inactive form of R32 (Fig. 1b) in the absence of Mg2� ions
was revealed by nuclear magnetic resonance (NMR) spectros-
copy [31]. However, we were able to monitor the Mg2� ion-
induced changes in the structure of R32 that are favorable for
recognition of the RNA substrate by NMR spectroscopy. No
conformational change in R32 occurred unless Mg2� ions
were present [31]. Moreover, monovalent metal ions, such as
Na� ions, were unable to substitute for Mg2� ions. This ob-
servation implies that divalent metal ions play a direct role
not only in the chemical cleavage of the phosphodiester bond
but also in the formation of the correctly folded active con-
formation [31^34]. However, the metal binding site was not
clearly revealed in the R32^substrate complex because signals
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due to imino protons in the central core region (U7-G8-A9 :
G12-A13-A14) were broadened.

In the present study, in order to characterize the P9 site,
which appears to be important not only structurally but also
catalytically [18,19], we examined the physicochemical proper-
ties of R32S (see Fig. 1a), which contains a phosphorothioate
moiety between G8 and A9 (at position P9), by NMR spec-
troscopy. We hoped initially that this replacement of a phos-
phate by a phosphorothioate linkage would enable us to mon-
itor directly, by NMR, the binding of a metal ion at the P9
phosphate. Since the Cd2� ion is a thiophilic metal ion, we
postulated that binding of Cd2� to the sulfur atom would
induce a change in the chemical shift of this speci¢c thiophos-
phate at P9. Unfortunately, because of the broadening of the
signal due to the P9 thiophosphate in R32S, we could not
detect this 31P signal at low temperatures. Nevertheless, our
analysis revealed a signi¢cant change in the structure of the
ribozyme upon the introduction of the single phosphoro-
thioate linkage at P9. Moreover, this change enhanced the
conformational £uctuation of the core region of the hammer-
head ribozyme. It has been reported that the formation of
ribozyme^substrate complex depends on the sequence of rec-
ognition arms. However, two ribozymes analyzed in this study
had an identical sequence except for the introduction in one
case of a phosphorothioate linkage at P9. Therefore, e¡ects of
a sulfur atom on the structure of a ribozyme could be inves-
tigated. Moreover, identi¢cation of the conformational

changes that lead to the active hammerhead ribozyme^sub-
strate complex should be important not only for our under-
standing of the mechanism of action of the wild-type hammer-
head ribozyme but also for our understanding of that of
maxizymes, which are capable of forming dimeric structures
that are very active [35^39]. We demonstrate here the £exibil-
ity in the vicinity of P9 that might be important for catalysis
[18,19].

2. Materials and methods

2.1. Preparation of RNA molecules, namely the modi¢ed ribozyme
R32S and the uncleavable pseudosubstrate S11OMe

Synthesis and puri¢cation of the wild-type ribozyme R32, its sub-
strate (S11) and uncleavable pseudosubstrate (SdC11) were described
previously [31]. Crude samples of the modi¢ed ribozyme R32S and an
uncleavable pseudosubstrate (S11OMe), in which the nucleophilic 2P-
OH at the cleavage site (C17) of the normal substrate (S11) was re-
placed by 2P-OMe, were purchased from Genset Corporation
(France). Two kinds of pseudosubstrates (SdC11 and S11OMe)
were used in this study, but the di¡erence between SdC11 and
S11OMe was not important in the present analyses. RNAs were pu-
ri¢ed by reversed-phase HPLC on a Capcellpak AG120 column (Shi-
seido, Tokyo, Japan), with elution with a linear gradient of CH3CN
(5^20%, v/v) in 0.1 M triethylammonium acetate bu¡er (pH 7.0). The
preparations of puri¢ed oligonucleotides were desalted on a column of
Sephadex G-25 (Fast Desalting column; Pharmacia Biotech Inc.).
After evaporation of the solvent, all counterions were replaced with
sodium by successive treatments on small columns of Dowex 50W-X2
(pyridine form), Dowex 50W-X2 (sodium form), and Chelex-100 (so-
dium form) resins. The appropriate fractions were collected and
evaporated to dryness by lyophilization.

The presence and the position of the phosphorothioate linkage in
the modi¢ed ribozyme (R32S) were con¢rmed by treating an aliquot
of the solution of 5P-32P-labeled R32S (after NMR spectra had been
recorded; see below), at 37³C for 8 h, with an equal volume of methyl
iodide. Enhanced cleavage of R32S speci¢cally at P9 was con¢rmed
by electrophoresis on a 20% polyacrylamide/7 M urea denaturing gel.
Since we recently realized that the speed of migration of hydrolysis
reaction products decreased in the following order: 2P or 3P acyclic
(thio)phosphates cyclic phosphates cyclic thiophosphate [19], we
also con¢rmed the proper introduction of the phosphorothioate link-
age at the P9 site by analyzing the speed of migration of the hydro-
lysis reaction products of R32 and R32S. In order to facilitate the
analysis, R32 and R32S were ¢rst cleaved by a DNA enzyme (5P-
CGG CCT CAG GCT AGC TAC AAC GAC AGC CCC G-3P)
designed [40,41] to cleave o¡ the nine nucleotides from the 5P-side
of R32 and R32S, to generate a 23-mer 3P-fragment (5P-UGp�s�A
GGC CGA AAG GCC GAA ACG GC-3P) that was subsequently
hydrolyzed and the speed of migration of hydrolysis reaction products
was analyzed (see Fig. 6 of Yoshinari and Taira [19] for more details).
The slower migration of the hydrolyzed dinucleotide (cyclic thiophos-
phate 5P-UGps) originating from the 23-mer 3P-fragment of R32S con-
¢rmed unambiguously that a phosphorothioate linkage was intro-
duced speci¢cally at the P9 position (data not shown).

2.2. Kinetic measurements
Kinetic measurements were made basically as described previously

[13,42]. The 5P-terminus of the substrate was labeled with [Q-32P]ATP
using T4 polynucleotide kinase (Takara, Japan). Reaction rates were
measured in 25 mM MgCl2 and 50 mM Tris^HCl (pH 8.0, adjusted at
5³C) under ribozyme-saturating (single-turnover) conditions (1 WM
ribozyme and less than 2 nM substrate) at 5³C. After preincubation
of the reaction mixture, reactions were initiated by adding a solution
that contained either MgCl2 or the cleavable substrate S11. Reactions
were stopped by the removal of aliquots from the reaction mixture at
appropriate intervals and mixing them with an equal volume of a
solution of 100 mM EDTA, 9 M urea, 0.1% xylene cyanol, and
0.1% bromophenol blue. The substrate and 5P-cleaved product were
separated by electrophoresis on a 20% polyacrylamide/7 M urea de-
naturing gel and the extent of cleavage was determined from the
radioactivity of the substrate and product with a Bio-Image Analyzer
(Storm830, Molecular Dynamics, USA).

Fig. 1. a: Sequences and proposed secondary structures of the 32-
mer ribozymes (R32 and R32S) and the uncleavable substrate
(S11OMe). b: Proposed secondary structures of R32 and R32S in
the absence of substrate in 0.1 M NaCl, 10 mM sodium phosphate
bu¡er (pH 7.0).
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2.3. NMR spectroscopy
Samples were prepared by dissolving puri¢ed oligomers in 0.12 ml

of a solution, prepared in 90% H2O and 10% D2O, of 0.1 M NaCl
and 10 mM phosphate bu¡er (pH 7.0). All spectra were recorded on a
spectrometer (Alpha-500; Jeol, Tokyo) operated at 500 MHz for 1H
spectra and 202 MHz for 31P spectra at 5³C. The chemical shifts of
protons were determined relative to the signal from the internal stand-
ard, 2-methyl-2-propanol (1.23 ppm). The 31P chemical shifts were
referenced to an external trimethyl phosphate (10% solution in etha-
nol). To suppress signals due to water, a 1^1 solvent suppression
sequence [43], incorporating pulsed-¢eld gradients, was employed in
the one-dimensional proton spectra. Each sample was heated to 90³C
and then cooled slowly over the course of 30 min. Concentrated so-
lutions of MgCl2 and CdCl2 were added directly to the sample tube.
However, in the presence of metal ions, the oligomers were not heated
to 90³C because Mg2� ions at high concentrations can destroy RNA
oligomers at high temperature.

3. Results

3.1. 31P NMR studies
Fig. 2 shows the 31P NMR spectra of the puri¢ed R32S

sample at 5³C (a) and 60³C (b). The 31P signals due to normal
phosphodiester bonds around 0 ppm (expansion of 36 to 31
ppm at 5³C) were well de¢ned but the signal derived from the
phosphorothioate linkage, which usually gives 31P signals at
approximately 55 ppm [44^46], was absent from the 31P NMR
spectrum taken at 5³C (a). Since the chemical analysis of the
R32S sample con¢rmed the existence of a phosphorothioate
linkage (see Section 2) and since the similarly prepared S11S
substrate that contained a phosphorothioate linkage at the
cleavage site showed the expected 31P signals around 52^55
ppm (a mixture of Rp and Sp isomers; data not shown), we
postulated that this result might have been due to broadening
of the signal because of medium-range exchanges in confor-
mations, occurring on the NMR time scale, around the P9
phosphorothioate linkage of R32S. In order to con¢rm that
the medium-range exchanges caused the disappearance of the

phosphorothioate signal, the 31P NMR was then recorded at a
high temperature (Fig. 2b). In the 31P NMR spectrum taken
at 60³C, a signal due to the P9 phosphorothioate was detected
at 52 ppm (Fig. 2b, arrow). The high temperature enhanced
the hydrolysis of RNA (see the new signal at 17 ppm of the
hydrolysis products, cyclic phosphates). Thus, at least in the
case of this ribozyme, the sequence around A9 appeared to
gain £exibility upon the introduction of the phosphorothioate
linkage. This possibility was supported by results of 1H NMR
experiments in which the signals due to imino protons adja-
cent to the phosphorothioate linkage, which had been ob-
served in the NMR spectrum of the parental R32 ribozyme
(Fig. 3b), disappeared upon introduction of the P9 phosphor-
othioate linkage (Fig. 3a).

No signal due to phosphorothioate was observed at 5³C
after the addition of the substrate and metal ions, which are
known to induce formation of a stable conformation in the
case of the parental R32. Since we did not attempt to separate
the diastereomeric Rp- and Sp-phosphorothioated forms of
R32S, we had initially expected two 31P NMR signals, with
one originating from each isomer (as we observed in the 31P
NMR spectra of S11S substrate that contained a phosphor-
othioate linkage at the cleavage site; data not shown). How-
ever, as described above, such signals were not observed in the
31P spectrum at low temperatures (at which RNA hydrolysis
can be avoided; Fig. 2) and, thus, we could not monitor the
binding of metal ions to the sulfur atom at P9 directly. There-
fore, we decided to investigate conformational exchanges by
monitoring imino protons, as follows.

3.2. Assignments of imino proton resonances of R32S
The imino proton resonances (Fig. 3a) of R32S, in the

absence of the pseudosubstrate and divalent metal ions,
were assigned by reference to the assignments of imino proton
resonances of the parental R32 (Fig. 3b and Table 1 [31]). The
previously determined secondary structure of R32, as deter-

Fig. 2. 31P NMR spectra of R32S in 0.1 M NaCl, 10 mM sodium
phosphate bu¡er (pH 7.0). The spectra were acquired on a Jeol Al-
pha-500 MHz spectrometer using proton decoupling during the
0.33-s acquisition time and with a sweep width of 25 000 Hz, a 1.5-s
recycle delay, and 150 000 scans, at 5³C (a) and at 60³C (b). Arrow:
Signal due to phosphorothioate at P9; U : signal due to hydrolysis
products; *: signal due to phosphate bu¡er. See text for details.

Fig. 3. Signals due to imino protons of the phosphorothioate-modi-
¢ed ribozyme R32S (a) and the unmodi¢ed ribozyme R32 (b) in the
absence of pseudosubstrate and divalent metal ions. The spectra
were recorded in 0.1 M NaCl, 10 mM sodium phosphate bu¡er (pH
7.0) at 5³C with the 1.17-s acquisition time and with a sweep width
of 14 005 Hz, a 1.0-s recycle delay, and 35 000 scans. See text for
further details.
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mined from NOE studies performed in the absence of metal
ions, is shown in Fig. 1b. The sequence from C15:2 to C15:5,
corresponding to the recognition arm of stem III, forms base
pairs with the sequence from G5 to G2:1 (4-bp duplex). The
recognition arm of stem III is, thus, closed and R32 forms a
large duplex, composed of stem II, a non-Watson^Crick 3-bp
duplex and the 4-bp duplex. In the case of R32S, we observed
signals due to the imino protons of the GAAA loop (GL2:1,
10.66 ppm), stem II (G11:4, 12.54 ppm; G11:3, 13.27 ppm;
G10:2, 13.14 ppm; G10:1, 12.62 ppm) and 4-bp duplex (G5,
11.98 ppm; U4, 11.62 ppm; G15:3, 10.49 ppm; G15:4, 13.36
ppm; G2:1, 13.14 ppm). However, the signals due to the imino
protons that corresponded to the non-Watson^Crick 3-bp du-
plex (U7, G8, G12) were not detectable (or were only very
weakly detectable) in the absence of the substrate and metal
ions (Fig. 3a). In other words, no signals due to imino protons
in the central core, which had been deduced to be the Mg2�

binding site, were observed even though the signals due to the
duplex imino protons of both edges of the long helix were
observed in the absence of the substrate and metal ions (see
the proposed secondary structure of R32S in Fig. 1b). It
seems likely that a medium-range exchange in conformations
occurred, upon introduction of sulfur at the P9 position, in
the central core region (U7-G8-A9 : G12-A13-A14) that included
the phosphorothioate linkage, and that this change was re-
sponsible for the disappearance of the signal. These results
and the disappearance of the 31P NMR signal that corre-
sponded to the phosphorothioate linkage support each other.

3.3. E¡ects of addition of an uncleavable pseudosubstrate to a
solution of R32S

Since the chemical shifts of signals due to imino protons
re£ect the arrangement of base pairs extremely well, they can
provide information about interactions between a ribozyme
and its substrate upon formation of a complex. In the case
of R32, we observed signals due to imino protons of the non-
Watson^Crick 3-bp duplex in the presence of a pseudosub-
strate, in which the sugar of the residue on the 5P-side of the
cleavage site in the natural substrate (S11) had been changed

from ribose to deoxyribose [31], without metal ions. This re-
sult implies that no ribozyme^pseudosubstrate complex was
formed in the absence of Mg2� ions. Upon addition of Mg2�

ions, R32 was able to open its substrate recognition arm and
form a complex with the uncleavable pseudosubstrate.

In the case of R32S (Fig. 4b), the addition of the uncleav-
able pseudosubstrate (Fig. 4a) resulted in new signals due to
imino protons at 12.60 ppm, 12.71 ppm, 12.92 ppm and 13.41
ppm, as indicated by asterisks in Fig. 4c, while signals due to
imino protons of U4 and G5 disappeared, even in the absence
of metal ions (Fig. 4c). It is noteworthy that the 1H NMR
spectrum of R32S plus the pseudosubstrate in the absence of
metal ions (Fig. 4c) and the spectrum of R32 plus the pseu-
dosubstrate, but only in the presence of Mg2� ions (Fig. 4f),
were almost identical. This correspondence indicates that
R32S could form a ribozyme^substrate complex without di-
valent metal ions while R32 needed divalent metal ions for
formation of the ribozyme^substrate complex. Apparently,
replacement by a sulfur atom of the P9 oxygen signi¢cantly
destabilized the stem structure of R32S as depicted in Fig. 1b
and, as a result, the formation of a complex between R32S
and its substrate became possible even in the absence of diva-
lent metal ions.

The addition of Mg2� ions to the solution of R32 plus the
pseudosubstrate induced the disappearance of the signals due
to imino protons (U4, G5, U7, G8, G12 ; Fig. 4e,f), but the
addition of MgCl2 (1 mM) to R32S plus the pseudosubstrate
did not result in any change in the 1H NMR spectrum (Fig.
4d). Furthermore, even the addition of Cd2� (150 WM) ions to
the solution of R32S plus the pseudosubstrate did not a¡ect
the 1H NMR spectrum (data not shown). All our data indi-
cated that the conformation of the R32S^substrate complex,
with or without Mg2� ions, was close to that of parental R32^
substrate complex in the presence of Mg2� ions. No 31P NMR

Table 1
Chemical shifts (ppm) of signals due to imino protons of R32 and
R32S at 5³C in the absence of substrate and metal ions

Imino proton R32
(chemical shifta)

R32S
(chemical shifta)

Stem I
G2:1 13.10 13.14

Stem II
G10:1 12.60 12.62
G10:2 13.10 13.14
G11:3 13.22 13.27
G11:4 12.49 12.54

Stem III
G15:4 13.32 13.36
G15:3 10.45 10.49

GAAA loop
GL2:1 10.61 10.66

Others
U4 11.64 11.62
G5 11.94 11.98
U7 10.88 n.d.b

G8 10.13 n.d.
G12 9.88 n.d.

aRelative to 2-methyl-2-propanol (1.23 ppm).
bNo signal detected.

Fig. 4. Signals due to imino protons of R32S and R32. The spectra
were recorded in 0.1 M NaCl, 10 mM sodium phosphate bu¡er (pH
7.0) at 5³C with the 1.17-s acquisition time and with a sweep width
of 14 005 Hz, a 1.0-s recycle delay, and 35 000 scans. (a) Sub
(S11OMe; a pseudosubstrate); (b) R32S; (c) R32S plus Sub
(S11OMe); (d) R32S plus Sub (S11OMe) plus Mg2� (1 mM); (e)
R32 plus Sub (SdC11; a pseudosubstrate); (f) R32 plus Sub
(SdC11) plus Mg2� (5 mM). *: New signals (12.60, 12.71, 12.92 and
13.41 ppm)
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signals due to the phosphorothioate linkage of R32S were
observed, even in the presence of the pseudosubstrate, irre-
spective of the presence or absence of metal ions, implying
that a medium-range exchange in conformations on the
NMR time scale must have occurred around the non-Wat-
son^Crick 3-bp duplex. Accordingly, we can deduce that the
central core of R32S does not form a stable conformation,
even in a complex with a pseudosubstrate, regardless of the
presence or absence of metal ions.

3.4. E¡ects of the order of addition of substrate and Mg2+ ions
to the reaction mixture on the rates of ribozyme-catalyzed
reactions

Our NMR studies suggested that R32S could form an
R32S^substrate complex in the absence of Mg2� ions while,
by contrast, the formation of the parental R32^substrate com-
plex requires Mg2� ions [31]. In previous kinetic studies [31], it
was apparent that the order of addition of substrate and
Mg2� ions to the reaction mixture a¡ected the rate of R32-
mediated cleavage at the relatively low temperature of 5³C (on
ice). When reactions were initiated by the addition of Mg2�

ions to a preincubated solution of R32 and its substrate
(`Mg2� start' ; open squares in Fig. 5), the rate of the reaction
was lower than that of the reaction initiated by the addition of
substrate to a preincubated solution of R32 and Mg2� ions
(`substrate start' ; closed squares). These observations suggest
that in the absence of Mg2� ions, R32 was trapped, at least to
some extent, in an inactive conformation without formation
of a complex with the substrate.

R32S was able to form a complex with the pseudosubstrate
in the absence of Mg2� ions. Therefore, we wondered whether
such a complex, in the absence of Mg2� ions, might be an
almost active complex that can cleave the bound substrate

immediately upon capture of the necessary catalytic Mg2�

ions. If this were the case, we anticipated that, in contrast
to the results for the parental R32^S11 system, the rate of
the reaction initiated by the addition of Mg2� ions to the
R32S^S11 complex (`Mg2� start' ; open circles in Fig. 5)
would be as high as (or even higher than) the rate of the
reaction initiated by the addition of substrate to the R32S-
Mg2� complex (`substrate start' ; closed circles). As shown in
Fig. 5, the initial rate of the `Mg2� start' reaction catalyzed by
R32S was much lower than that of the `substrate start' reac-
tion catalyzed by R32S and also than that of the reaction
catalyzed by the parental R32. It should be noted that, in
the case of R32S-catalyzed reactions, we monitored cleavage
of the substrate by the diastereomeric Sp-phosphorothioated
R32S exclusively since the activity of the Rp isomer is negli-
gible under our present conditions [18,19,29]. This aspect of
the study explains, at least in part, the fact that the activity of
the R32S-catalyzed reactions was lower than that of the R32-
catalyzed reactions. The lower rate of the `Mg2� start' reac-
tion of R32S implies that the conformation of the R32S^S11
complex, which was examined in the NMR study, was still an
inactive ground state and that, for formation of the transition-
state structure of the R32S^S11 complex, further conforma-
tional changes that generated an activated ground state were
needed. However, we cannot completely exclude the possibil-
ity that the lower concentrations of ribozyme and substrate
used in the kinetic analysis, as compared to those in the NMR
study, might have disrupted the putative formation of an ac-
tive R32S^substrate complex in the absence of Mg2� ions.

4. Discussion

To our knowledge, this is the ¢rst report of a study by 1H

Fig. 5. Single-turnover reactions in the R32S/S11/Mg2� and R32/
S11/Mg2� systems. Reactions were initiated by adding either the
substrate S11 or Mg2� ions. Solid squares, S11-initiated reaction
mediated by R32 (`substrate start'); open squares, Mg2�-initiated re-
action mediated by R32 (`Mg2� start') ; solid circles, S11-initiated re-
action mediated by R32S (`substrate start'); open circles, Mg2�-initi-
ated reaction mediated by R32S (`Mg2� start'). Reactions were
carried out with 1 WM ribozyme and less than 2 nM substrate, S11,
at 5³C in the presence of 25 mM MgCl2. Relative amounts of prod-
uct were determined after electrophoresis of reaction mixtures.

Fig. 6. Schematic representation of the conversion of inactive ribo-
zymes to active forms. Formation of the active R32^substrate com-
plex is possible only in the presence of Mg2� ions. The R32S^sub-
strate complex is formed only upon addition of substrate in the
absence of Mg2� ions. z represents the cleavage site in the sub-
strate.
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and 31P NMR of the structure and reaction kinetics of a
hammerhead ribozyme that include a phosphorothioate link-
age at the P9 position. Fig. 6 shows a schematic representa-
tion of the secondary structure of R32S and of the proposed
structural changes caused by the pseudosubstrate S11OMe
and Mg2� ions in R32S (Fig. 6b), as compared with the pa-
rental ribozyme R32 (Fig. 6a).

In the case of the unmodi¢ed ribozyme R32, we observed
the signals due to imino protons of the GAAA loop, stem II,
the non-Watson^Crick 3-bp duplex and the 4-bp duplex (Fig.
3b). The modi¢ed ribozyme R32S yielded imino proton reso-
nances from the GAAA loop, stem II and the 4-bp duplex but
no signals corresponding to imino protons in the non-Wat-
son^Crick 3-bp duplex, even in the absence of substrate and
divalent metal ions (Fig. 3a). Moreover, the signal due to the
phosphorothioate linkage was absent in the 31P NMR spec-
trum at 5³C (Fig. 2). This absence implies that a medium-
range conformational exchange occurred in the core region
(U7-G8-A9 : G12-A13-A14) on the NMR time scale. The overall
shape of R32 is presumed to be that of a long duplex com-
posed of the GAAA loop, stem II, the non-Watson^Crick 3-
bp duplex and the 4-bp duplex. By contrast, the global struc-
ture of R32S is composed of one loop (the GAAA loop), two
stable stems (stem II and the 4-bp duplex) and a labile bulge
(three non-Watson^Crick base pairs) that is sandwiched be-
tween the two stable stems (Fig. 6b).

Upon addition of the pseudosubstrate, the signals due to
imino protons of U4 and G5 disappeared (Fig. 4c) and new
base pairs formed in R32S in the absence of metal ions, im-
plying that the recognition arms of R32S were opened, with
resultant formation of stems I and III. By contrast, signals
due to the imino protons of the 4-bp duplex of R32 remained
apparent (Fig. 4e) upon the addition of the pseudosubstrate
only, and R32 did not form a complex with the pseudosub-
strate in the absence of divalent metal ions (Fig. 6a). Thus, the
introduction at P9 of a single phosphorothioate linkage,
which is generally considered to be a conservative change,
increases the £uctuations of the backbone in R32S that desta-
bilize a stem structure. As a result, R32S and the pseudosub-
strate are able to form a complex more e¤ciently.

The addition of Mg2� ions to a solution of R32 induces a
change in the structure of the recognition arms and formation
of the R32^substrate complex occurs (Fig. 4f). In combination
with R32, Mg2� ions not only have a catalytic role, but they
also induce structural changes that are favorable for recogni-
tion of the substrate. In R32, the 4-bp duplex is stabilized by
the adjacent non-Watson^Crick 3-bp duplex. Therefore, the
substrate cannot split the 4-bp duplex of R32 and no ribo-
zyme^substrate complex can form upon addition of the sub-
strate only. Thus, in the case of the hammerhead ribozyme
that has a stable base-pair duplex in the region of the uridine
turn, the inactive monomeric hairpin structure must be dis-
rupted for formation of the ribozyme^substrate complex.
Mg2� ions might a¡ect the stability of the non-Watson^Crick
3-bp duplex and might induce a split in the 4-bp duplex. As a
result, the Mg2� ions support the formation of the ribozyme^
substrate complex.

The recognition arms of R32S can be opened easily and
R32S can form a complex with the substrate in the absence
of metal ions. Addition of divalent metal ions did not change
the NMR spectrum of the R32S^substrate complex (Fig. 4d),
moreover, this spectrum was very similar to that of the R32^

substrate complex formed in the presence of Mg2� ions (Fig.
4f). Thus, the conformations of these two complexes appear
to be very similar. In addition, the absence of signals due to
imino protons of R32S and of 31P signals from R32S, as well
as the signals due to imino protons of R32 around A9, sug-
gests that this region is £exible and does not form a stable
stem.

In previous NMR studies, signals due to the imino protons
of this central core region were broadened or not observed
[47^51]. These results and ours suggest that this catalytically
important region might be intrinsically £exible. Moreover, a
single replacement of the phosphate at P9 by phosphoro-
thioate had a dramatic e¡ect on structure. Although replace-
ment of oxygen by sulfur is considered, in general, to be a
very conservative modi¢cation, several cases are known in
which such a substitution abolished catalytic function
[52,53], directed cleavage to the next unmodi¢ed phospho-
diester bond [54], or displaced essential catalytic metal ions
from the active site as a consequence of the size of the bulky
sulfur atom [55]. Accordingly, in our case, a single substitu-
tion of the phosphate at the catalytically important P9 posi-
tion signi¢cantly altered the properties of a hammerhead ri-
bozyme as depicted in Fig. 6. Our chemical probing data
(Nakamatsu et al., unpublished) also support the conclusion
that, in contrast to what one might expect from X-ray studies
that indicate a pseudo-A-form helix at the P9 position [23^25],
this region does not always form a stable helix in solution.
The £exibility at P9 might be important for catalysis in ham-
merhead ribozyme-catalyzed reactions [18,19].
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