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Abstract: Hammerhead ribozymes (Rz) have catalytically important tandem G:A pairs in the core region,
and we recently demonstrated that the P9-G10.1 motif (a sheared-type G:A pair with a guanine residue on
the 3' side of the adenine residue) with several flanking base pairs is sufficient for capture of divalent
cations, such as Mg?* and Cd?" ions that are important to maintain full activities (Tanaka et al. J. Am.
Chem. Soc. 2002, 124, 4595—-4601; Tanaka et al. J. Am. Chem. Soc. 2004, 126, 744—752). We also
found that mutant hammerhead ribozymes that have an additional G residue inserted between A9 and
G10.1 residues (the metal-binding P9-G10.1 motif) have significant catalytic activities. In this study, we
demonstrate that the hammerhead ribozymes are capable of maintaining the catalytically competent structure
even when the tandem, sheared-type G:A pairs were perturbed by an insertion of an additional nucleotide,
whereas the chirality of the phosphorothioate at the P9 position significantly influenced the enzymatic activity
for both the natural and G-inserted ribozymes.

Introduction viruses® The putative consensus sequence required for activity
has three duplex stems and a conserved “core” of two nonhelical
segments, plus an unpaired nucleotide at the cleavage site
(Figure 1). The trans-acting ribozyme consists of an antisense
section (stems | and Ill) and a catalytic domain with a flanking
stem/loop Il section (hereafter, the term ribozymes, Rz, refers
exclusively to hammerhead ribozymes unless otherwise nbted).
Stem Il can be a common stem in the case of dimeric
T National Institute of Advanced Industrial Science and Technology maXIZym_esg'_SUCh RNA motifs can cleave oligoribonucleotides
(AIST). at specific sited.In nature, the most commonly found cleavage
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The hammerhead ribozyme is one of the smallest RNA
enzymes. Because of its small size and potential utility as an
antiviral agent, it has been extensively investigated in terms of
the mechanism of its actién* and possible applications in vivo.

It was first recognized as the sequence motif responsible for
self-cleavage (cis action) in the satellite RNAs of certain
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Figure 1. (A) Secondary structures of the hammerhead ribozyme. (Right) Schematic representation of the P9-G10.1 motif, as revealed by X-ray crystallography
A divalent ion is shown in magenta, and is linked to binding sites via magenta dashed lines. The tandem G:A pairs are indicated by black dashed lines with
residue names. (B) Possible secondary structures of the G-inserted mutant hammerhead ribozymes. The bulged-out nucleobases are difiasemtednd the

G nucleotide is indicated with an asterisk. The substrate-recognition sequence is identical in both Rz3 and G-Rz3.

triplet is GUC, though GUA and AUA also have been observed. the N7 of G10.1:14NMR spectroscopy of a Rz in solution also
Mutagenesis studies have revealed that cleavage triplets of theevealed another metal-binding site, namely, the phosphate of
NUX rule are tolerated (where N is any nucleotide and X is A13.2 This site has structural features similar to those of the
either A, U, or C). P9-G10.1 motif of Rz (enclosed by the green line in Figure
Activities of hammerhead ribozymes (Rz) are heavily de- 1A), and the sheared-type-@ pair with a purine residue on
pendent on divalent metal ions, and these ribozymes use divalenthe 3 side of the adenine appears to be a general metal-binding
ions as the catalytic cofactors, at least under physiological motif.*1¢dFurthermore, it was once suggested that a metal ion
conditions®19X-ray crystallography has revealed that metal ions bound to the P9-G10.1 motif might be a catalytic metal3on,
bind to core sequences that include tandem G:A paiFsgure and it is obviously important to characterize this motif and its
1A). In most crystal structures analyzed, metal ions bound at properties. On the basis of NMR analysis, we recently demon-
the tandem GA pairs through the phosphate of A9 (P9) and strated that the P9-G10.1 motif can, by itself, support the binding
N7 of G10.1 (P9-G10.1 motif, enclosed by the magenta line in of the structurally and catalytically important &dion as well
Figure 1A), and more recent NMR analyses demonstrated thatas other general divalent cations in soluti®s?
the nature of the interaction at the P9-G10.1 motif is an inner-  To determine whether other sequences might be possible in
sphere coordination, namely, the P9 metal ion binds directly to the hammerhead’s catalytic core, attempts were made to select
functional Rz sequences in vitro and in vivo from a population
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cated that the consensus sequence, derived from viruses angl\

virusoids, was the optimal sequeriéed However, other data Substrate

suggested that mutant Rz, with one extra nucleotide insertion

into the above-mentioned metal-binding P9-G10.1 motif, com- %' 3
prising A9 and G10.1 residues, supported the cleavage aéiifty.  Cleavage sites f T T

This was a surprise to us because attempts in the past had failed Sub Sub2 Sub3 Subd

to isolate any mutant ribozymes that had catalytic activities
comparable to that of the wild-type ribozyrike.

Although there exist natural ribozymes that have an extra
nucleotide inserted between the A9 and G10.1 resiéties
the nature of the important P9 metal coordination within the
nucleotide-inserted P9-G10.1 motif remains unclear. In this
report, we examined several types of extra nucleotide-inserted
ribozymes. We found that one type of G-Rz (G-Rz3; G-inserted
mutant ribozyme) had catalytic power withkg,; value of 6.4
min~1in 50 mM Tris-HCI (pH 8.0) and 10 mM MgGl! To the
best of our knowledge, this and another U-inserted Rz have the
highestk.s values ever reported for a mutant ribozyme with
natural components$efMore importantly, structural and kinetic
analyses on these extra nucleotide-inserted mutant Rz reveale
that the original stem Il, which includes the G10.1:C11.1 pair,
was maintained in the mutants and the original P9 phosphate
(the phosphate between G8 and A9) still plays the pivotal role

in the establishment of the active Rz core. These results suggest

that the P9 metal ion is important in establishing the active Rz
structure, but other alternative structures involving the sheared-
type G:A pairs are also possible to support the catalysis in full.

Experimental Section

Synthesis of Ribozymes and SubstrateRibozymes (Rz2 and Rz3;
Figure 1A), extra nucleotide-inserted mutant ribozymes [G-R21
Rz4 (Figure 2A), C-, A-, U-, and $51:G11..—Rz3 (Figure 4), and Rz3S
(Figure 5A)], and their corresponding substrates (Stbdb4; Figure
2A) were chemically synthesized on a DNA/RNA synthesizer (model
394; Perkin-Elmer, Applied Biosystems, Foster City, CA). Subl
contained a GUU triplet located at nt 1168 of the p300 mMRNA (Figure
2)15 Sub2, Sub3, and Sub4 contained, respectively, GUA at nt 1181,
GUC at 1401, and GUA at 1412 (Figure 2A). Reagents for RNA
synthesis were purchased from Perkin-Elmer, Applied Biosystems.
Oligonucleotides were purified as described in the user bulletin from
ABI (no. 53; 1989) with minor modifications. Further purification was
based on polyacrylamide gel electrophoresis as described previusly.

Kinetic Measurements. The kinetic parameters shown in Figure
2A were determined basically in 10 mM MgCind 50 mM Tris-HCI
(pH 8.0; except for the pHrate profile) under substrate-saturating
(multiple-turnover) conditions at 37C. Reactions were initiated by
the addition of MgCl to a buffered solution that contained the ribozyme
(20 nM) together with the substrate (from 100 nM to 4®1), and
each resultant mixture was then incubated at@7The 5 terminus of
each substrate was labeled withFP]JATP using T4 polynucleotide
kinase (Takara Shuzo, Tokyo).

Profiles of logkond VS pH were obtained under conditions similar
to saturating conditions. The concentrations of ribozyme and substrate
were 20 nM and %M, respectively. The reactions were examined at
pH 7.0, 7.5, and 8.0.
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1997 94, 11262-11267. (d) Kawasaki, H.; Eckner, R.; Yao, T.; Taira, K.;
Chiu, R.; Livingston, D. M.; Yokoyama, K. KNature 1998 393 284—
289. (e) Kuwabara, T.; Warashina, M.; Kato, Y.; Kawasaki, H.; Taira, K.
J. Biochem. Mol. Biol2001, 34, 51-58. (f) De la Pena, M.; Flores R.
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Figure 2. (A) Sequences of G-inserted mutant hammerhead ribozymes and
their target sites within the gene for p300. Sequences of their substrates
used in kinetic measurements are also shown. Kinetic parameters of cleavage
of original Rz and G-Rz are summarized in the table. (B}-ib{ kops Of
mutant G-Rz. The slope of this profiles are the same, about 1.0.

The rate constants shown in Figure 4B were measured in 50 mM
Tris-HCI (pH 8.0) and 25 mM MgG| under multiple-turnover
conditions at 37°C. The rate constant of 1¢::G11.1—Rz3 (Figure 4)
was measured in 50 mM Tris-HCI (pH 8.0) and 25 mM MgQinder
a single-turnover condition because of the low cleavage activity. The
kinetic parameters shown in Figure 5B were measured in 50 mM MES
(pH 6.5) and 25 mM MgGl either in the presence or in the absence
of 500uM CdCl,, under multiple-turnover conditions at 3€. In this
measurement, reaction was initiated by the addition of substrate to a
buffered solution that contained the ribozyme together with the metal
ions, and each resultant mixture was then incubated 4C37Tn time
course plots shown in Figure 6, reaction rates were measured in 10
mM MgCl; and 50 mM Tris-HCI (pH 8.0), either (i) under ribozyme-
saturating (single-turnover) conditions at @ (Figure 6A; the
concentrations of ribozyme and substrate were 600 and 60 nM,
respectively) or (ii) under substrate-saturating (multiple-turnover)
conditions at 0°C (Figure 6B; the concentrations of ribozyme and
substrate were 60 and 600 nM, respectively). The plot shown in Figure
6A was obtained by computer-fitting to the following equation:

F(t) = a1 — exp(—b x 10)] + c[1 — exp(—d x 10)]

In this equationa andc indicate the endpoints of the first and second
curves, respectively. The value afwas 0.46, and the value ofwas
0.35. The value okgps in the first curve (which meanSp-mediated
cleavage) was determined as 0.56 mifThe value okgpsin the second
curve (which meanRp-mediated cleavage) was determined as 0.0019
min~1.
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Figure 3. Probing of the secondary structures of ribozyme and G-inserted ribozyme with alkaline solution, and RNase T1 and U2, in the presence of
noncleavable DNA oligomer. Single-stranded RNA is more cleavable in alkaline solution.
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Figure 4. (A) Secondary structures of different nucleotides inserted into
Rz3, instead of G*. (B) Comparison of the cleavage rates of mutant G-Rz3. G-Rz3S 0.14 2.1 15
Rate constants were measured under multiple-turnover conditions, except (Type @)
that the rate constant of G10.1:C11.1-Rz3 (0.02*) was measured under
single-turnover condition due to its low cleavage activity. G-Rz3S ® 0.25 11 4.4
(Type @)

Reactions were stopped at intervals by removing aliquots from the

reaction mixture and mixing them with an equal volume of a solution Figure 5. (A) G-Rz containing a phosphorothioate-linkage at the sites

. o indicated by asterisk. Phosphorothioate linkage are inserted between G8
that contained 100 mM EDTA9 M urea, 0.1% xylene cyanol, and ~and A9 (TypeD), and between A9 and the inserted-G (T} (B) Effects
0.1% bromophenol blue. The substrate and the products of the reactiongs thio-substitution for TypéD or Type® G-Rz on the cleavage reaction

were separated by electrophoresis on ai18% polyacrylamide/7 M in the presence and absence ofCd

urea denaturing gel and were detected by autoradiography. The extent

of cleavage was determined by quantitation of radioactivity in the bands ~ Probing of the Secondary Structures of Natural and Mutant

of substrate and products with a Bio-Image Analyzer (BAS2000; Fuji Ribozymes.To evaluate the structures of Rz, we used a weakly alkaline
Film, Tokyo). All kinetic measurements were performed at least in solution, in which phosphodiester bonds in single-stranded regions were
duplicate, and the reported kinetic parameters are the average valuesmore susceptible to alkaline attack than those within double-stranded
in that potential errors were found to be 10% for each measure- regions!®!’ The reaction mixture for hydrolysis contained 50 mMpNa
ment. COy/NaHCG; (pH 9.2), 25 mM MgC), and 3-32P-labeled Rz (10
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Figure 6. (A) Biphasic reactions are observed by a mixture of the thio-
P9 and thio-RRp ribozymes. (B) Burst kinetics of the reaction catalyzed
by thio-substituted G-ribozymes. The ratio of the concentration of each
ribozyme to the substrate is 1:10.

kcpm). The 53%2P-labeled Rz was first heated to 96 for 2.5 min,
slowly cooled to room temperature, and allowed equilibrate for 30 min
to avoid formation of local minimum-energy structures. The concentra-

group and Scott's and Klug’s group are nearly identical in terms
of tertiary folding and conformatiotfa—¢ In the X-ray structure
(Figure 1A) the catalytic core is divided into two regions:
domain | consisting of gJ4GsAg and domain Il consisting of
nucleotides @A 13A14 and U;GgAo. The nucleotides of domain

Il form two sheared G:A base pairs betweegA33 and Ay

G2 and a non-WatsonCrick A;4:U7 base pair that consists of
one hydrogen bond (these interactions are indicated by dotted
lines in Figure 1). This extended stem Il stacks onto the non-
Watson-Crick base pair, As 1:U16.1, resulting in formation of

a pseudo-A-form helix by stems Il and Il (Figure 1A, lef®).
The adjacent non-WatseitCrick A—U base pairs (A:U; and
A1s1:U16.1) form the basis of a three-way junction. The four
nucleotides (€U4GsAg) of domain | form a “uridine-turn” motif,
allowing the phosphate backbone to turn and connect with stem
l.

During the construction of ribozyme vectors, we isolated an
active mutant ribozyme that had an extra G residue inserted
between A9 and G10.1 of the consensus catalytic core (Figure
1B) 5d.14d.eThe G-inserted mutant ribozymes had high activities
in vitro and in vivo, and they appeared indistinguishable from
the parental ribozymes. In the case of our mutant G-inserted
ribozymes (G-Rz), the pseudo-A-form helix formed by stems
[l and 11l should be perturbed by the insertioha G residue
(Figure 1B)2d14d.eqs should be for the naturally occurring extra
nucleotide-inserted ribozymé&-—<f To demonstrate the general
activity of the extra nucleotide-inserted ribozymes, we first
synthesized four G-Rz targeting four different NUX (GUX)
site$P within p300 MRNA4d and kinetic parameters were
determined under multiple-turnover conditions. The results of
such kinetic measurements are summarized in Figure 2. Because
of the high level of activities of G-Rz, cleavage reactions were
performed under multiple-turnover conditions. From the-pH
log(rate) profiles in Figure 2B, it is clear that the measured rate

tions of the ribozyme and the uncleavable substrate, which is 13mer COnstants Ke) reflect the chemical cleavage stejt is also

DNA corresponding to RNA substrate, were 10 nM (10 kcpm) and 6
uM, respectively. The reactions were initiated by the addition of the
alkaline solution, with incubation at 37, 50, or 7C. All reactions
were quenched by quickly freezing the reaction mixtures after the
addition of an equal volume of a solutioh®@M urea, 100 mM EDTA,
0.1% xylene cyanol, and 0.1% bromophenol blue.

To make control ladders, we also used RNase T1, which cleaves at
G residues in single-stranded regions, and RNase U2, which cleaves

at A residues in single-stranded region's3%®-Labeled Rz (10 kcpm)
was digested with 0.01 U of RNase T1 in 50 mM Tris-HCI (pH 7.5)
with 25 mM Mg ions. 3-3%P-Labeled Rz (10 kcpm) was digested
with 0.5 U of RNase U2 in 20 mM sodium citrate (pH 4.5) with 25
mM Mg?* ions. Prior to the RNase-mediated cleavage of RNA, Rz

true that G-Rz in general have high levels of activity. Surpris-
ingly, the ko value of G-Rz3 was extremely high (6.4 mi).
The keqt value of the corresponding parental ribozyme under
similar conditions is in general slightly larger than 1 miipas
indicated in Figure 2A. Our standard ribozyme (R32), which
we usually use in kinetic analysis for mechanistic studies
because R32 is a well-behaved ribozyhtgs thek., value of

2.5 mirr? under the conditions used in this study. To the best
of our knowledge, G-Rz3 and the other U-inserted riboZfme
appear to be the most active mutant ribozymes that have the
natural all-RNA backbones without invoking kissing interac-
tions1®

was incubated with its uncleavable substrate. The concentration of each ~ Structures of the G-Inserted RibozymesDespite the fact
RNA was the same as that in the experiments with the weakly alkaline that the pseudo-A-form helix in G-Rz formed by stems Il and
solution. All reactions were quenched as described above. The partially ||| should be perturbed by the insertiofi@ G residue (Figure

digested ribozymes were fractionated on a 20% polyacrylamide/7 M
urea denaturing gel. Fragments on gels were identified from their
mobilities.

Results and Discussion

Mutant G-Inserted Ribozymes and Their Activities. There

have been several attempts to determine both the overall global
structure and the detailed atomic structure of the hammerhead

ribozyme. The X-ray crystal structures determined by McKay’s

(17) Zhou, D.-M. Nakamatsu, Y.; Kuwabara, T.; Warashina, M.; Tanaka, Y.;
Yoshinari, K.; Taira, K.J. Inorg. Biochem200Q 78, 261—268.

1B), all G-Rz supported extremely high levels of activity.

Considerable secondary structures of G-Rz with bulged-out G
(inserted residue; Figure 1B, left), bulged-out G10.1 (Figure
1B, center), or bulged-out A10.2 (Figure 1B, right) are depicted

(18) (a) Pley, H. W.; Flaherty, K. M.; McKay, D. Bdature1994 372 68—74.

(b) Scott, W. G.; Finch, J. T.; Klug, ACell 1995 81, 991-1002. (c) Scott,

W. G.; Murray, J. G.; Arnold, J. R. P.; Stoddard, B. L.; Klug, &cience

1996 274, 2065-2069. (d) Scott, W. G.; Klug, ATrends Biochem. Sci.

1996 21, 220-224. (e) McKay, D. BRNA1996 2, 395-403. (f) Murray,

J. B.; Terwey, D. P.; Maloney, L.; Karpeisky, A.; Usman, N.; Beigelman,

L.; Scott, W. G.Cell 1998 92, 665-673.

(19) Khvorova, A.; Lescoute, A.; Westhof, E.; Jayasena, N&. Struct. Biol.
2003 10, 708-712.
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in Figure 1B. To distinguish these structures and to identify tions. The results of such measurements are summarized in
the possible active G-Rz structure, we then carried out chemical Figure 4B, wherek,,s most likely represent&..;, namely, the
probing analysis. rate constant of the chemical cleavage step. Apparently, the rate
In general, in studies of stem-loop structures of RNAs, constantswere comparable to those of G-Rz. As expected, when
divalent heavy metals, such as?Phons, as well as Fe(||)_ the natural G10.1:C11.1 base pair had been replaced by the
EDTA, diethyl pyrocarbonate, and dimethyl sulfate, have been C10.1:G11.1 base pair within G-Rz, significant reduction of the

used in chemical probing experimeatdt is well known that, activity was realized. It has been known in the literature that
at high pH, all phosphodiester bonds in RNAs are cleaved such G10.1:C11.1-t0-C10.1:G11.1 mutation within natural ham-
rapidly because of intramolecular anchimeric attack b merhead ribozymes significantly hampers the catalysis, sup-

groups. We previously demonstrated that, in weakly alkaline porting the importance of the P9-G10.1 md#if.

solution, rates of hydrolysis of phosphodiester bonds in the The Importance of P9 Phosphate within G-Rz.All the
duplex region were significantly lower, because of the rigid available data are pertinent to the structure with bulged-out
conformatior?® than corresponding rates in single-stranded inserted base from the pseudo-A-form helix formed by stems
regions, and thus this property was used to probe the secondaryl and Ill. The next question, then, is whether the position of
structure of RNASY In view of the probable advantages of the the catalytically important P9 phosphate, especiallyptee Rp
chemical probing of functional RNAs by simple weak-alkaline oxygen, might have changed from the original phosphate
hydrolysis, we performed such analysis using our maxizyme between G8 and A9 to the adjacent phosphate between A9 and
complex that consisted of four strands of RRHA. the inserted G (Figure 5A). Most studies of crystal structures

Our success with the maxizyme in probing its secondary Of Rz have identified a metal-binding site between pne-Rp
structure by the simple weak-alkaline hydrolyéied us to use ~ 0xygen of the phosphate of A9 and the N7 atom of GG
the same strategy in probing the G-Rz (Figure 3). This strategy Even though this metal-binding site (P9 site) within the crystal
clearly distinguishes the single-stranded region from the stemmedstructure is located approximately 20 A from the scissile
region. In comparison with the results with the parental Rz (left), Phosphodiester bond, this metal-binding site is thought to play
it is apparent that, in the case of G-Rz (right), the inserted G @ crucial role in achieving maximal cleavage activity for the
(indicated by an asterisk) locates within the catalytic core: note following reasons. The substitution of tipeo-Rp phosphoryl
that the parental Rz produced six bands, corresponding to theoXygen at P9 by a sulfur atom (in the RBS ribozyme) resulted
cleavages at U4, G5, A6, U7, G8, and A9, whereas G-Rz inadecrease in Mgd-dependent catalytic activif?.Moreover,
produced seven bands in that one additional band originatedfrom the kinetic studies of PBpS Rz, it was demonstrated that

from the inserted G. Therefore, the chemical probing data the Rp phosphorothioate linkage reduced the cleavage rate by
support that the majority of G-Rz populations remain with a factor of 16. However, the rate returned to the control value

bulged-out G (inserted residue; Figure 1B, left), as shown in after the addition of a low concentration of Cdions, which
Figure 3. are thiophilic23-24

Other Mutant Ribozymes and Their Activities. Our chemi- To identify the important phosphate within G-Rz, we
cal probing data demonstrated that (i) the non-Wats®rick synthesized two types of phosphorothioate-containing G-Rz3S
base-pairing interactions within the catalytic core (indicated by (Figure 5); the kinetics of those mutants should answer the
dotted line; Figure 1), which link stem Il with stem IIl, resulting ~ question of whether the position of the catalytically important
in formation of a pseudo-A-form helix by stems Il and IIl, are P9 phosphate might have changed from the original phosphate
weaker than the WatserCrick base-pairing interactions within ~ between G8 and A9 (Figure 5A, left; ty®) to the adjacent
stem Il in both natural Rz and G-Rz (indicated by solid line; Phosphate between A9 and the inserted G (Figure 5A, right;
Figure 1) and that (ii) the inserted G locates within a weaker Type @). The position of the phosphorothioate linkage is
base-pairing region, namely, within the catalytic core. The most indicated by the asterisk in Figure 5A. We note that G-Rz3S is
likely structure of G-Rz is the one with bulged-out inserted-G @ diastereomeric mixture oRp and S phosphorothioate
from the pseudo-A-form helix formed by stems Il and Ill (Figure configurations (G-Rz3S wittRp and S phosphorothioate
1B, left, and Figure 3). linkages in a 1:1 ratio).

We then tested whether other nucleobases might similarly ~T© follow the reactions more accurately, a lower pH of 6
support the catalysis or the newly inserted C instead of G might Was used in this kinetic study. By the introduction of the
rearrange the base-pairings within the catalytic core by the Phosphrothioate linkage, both types of G-Rz3S reduced the
formation of inserted-C:G12 base-pairing with bulged-out A9, activity; the activity of Type@ was hampered more signifi-
resulting in reduction of activity (Figure 4). Kinetic measure- cantly. In general, addition of Cd ions enhances ribozyme
ments were made, under conditions similar to those used foractivities because theka of the hydrated C# ion is lower

other G-Rz shown in Figure 2, under multiple-turnover condi- than that of Mg* ion and, thus, C# ions can better catalyze
the Rz-mediated cleavage reactions thar®Mipns#1 The

(20) (a) Milligan, J. F.; Uhlenbeck, O. Qdethods EnzymolL989 180, 51—

64. (b) Pan, T.; Uhlenbeck, O. Glature1992 358 560-563. (c) Bernal, (22) Ruffner, D. E.; Stormo, G. D.; Uhlenbeck, O. Biochemistry199Q 29,

J. J.; Garcia-Arenal, RNA1997 3, 1052-1067. (d) Felden, B.; Himeno, 10695-10702.

H.; Muto, A.; McCutcheon, J. P.; Atkins, J. F.; Gesteland, RRRA1997, (23) Perracchi, A.; Beigelman, L.; Scott, E. C.; Uhlenbeck, O. C.; Herschlag,

3, 89-1083. (e) Ushida, C.; Sasamura, S.; Muto,JABiochem1997, 122, D. J. Biol. Chem.1997, 272, 26822-26826.

1202-1207. (f) Costa, M.; Christian, E. L.; Michel, RNA1998 4, 1055~ (24) In our recent NMR studies by using the metal-binding motif of A9/G10.1

1068. (g) McGregor, A.; Murray, J. B.; Adams, C. J.; Stockley, P. G.; site (ref 11c,d), we found that the substitution of the oxygen atom with a

Connolly, B. A.J. Biol. Chem.1999 274, 2255-2262. (h) Phillips, C.; sulfur atom atpro-Rp position of A9 (P9 site) could change the

Kyriakopoulou, C. B.; Virtanen, ANucleic Acids Res1999 27, 429 conformation of the natural ribozyme and this conformational change may

438. cause the reduction of the catalytic activity (Suzumura et al., manuscript
(21) Zagoowska, I.; Kuusela, S.; lmberg, H.Nucleic Acids Res1998 26, in preparation). This NMR study casts a question as to the important role

3392-3396. of pro-Rp oxygen.
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@-.. the 1:1 ratio were bound with the substrates. Under this
=~ condition, 90% of the substrates were unbound because of the
@ o substrate-excess conditions. Kinetics were followed°a,Gand
~~ @ @ HO O Figure 6B demonstrates that half of the bound substrates (5%
e '- 0—4=0 of the total substrates) could be cleaved within 60 min, most
S s o-J© probably by the G-inserted Rz with tHg phosphorothioate
-0—=0 s HO O configuration. The remaining half of thHep phosphorothioate-
s o F:==o bound substrates (5% of the total substrates) remained uncleaved
HN ie] under this condition.
Q 'Y wo O :
=0 HNAS, 60_-0—$=0 Taken all together, the more than 2 orders of magnitude
*) G10.1 3 difference in the two kinetic parameters is attributable to the
Eull Ho ‘i difference of the cleavage activities betwe&®p and Sp
activity phosphorothioate conformers at the P9 site of the G-inserted
Rz3 —  G-R2z3 riobozyme. These results are consistent with the previous

Figure 7. Schematic models of the interaction betweer?Mand the region observations with the natural ribozy#é3 that the rate of the
around G10.1 and A9 phosphate. Even a insertian® nucleotide between  first phase is caused (§pS and the second B3pS ribozymes.

A9 and G10.1 retains full catalytic activity. Since introduction of phos- Therefore, the present data support the idea that the active
phorothioate at P9 site is very sensitive (Figure 5), and since the mutant t ’f he G-Rz is th h he right side of Fi
C10.1:G11.1 G-inserted ribozyme was inactive (Figure 4B), the metal ion Structure of the G-Rz is the one shown on the right side of Figure
appears to coordinates with P9 phosphate and the G10.1 base (right). 7.

o - ] Conclusion. To date, no structural data exist regarding the
intrinsic enhancement by the addition ofCdbns to the G-Rz3-  important P9-G10.1 metal-binding motif for the naturally
catalyzed reactions was 4.3-fold (Figure 5B). Similar enhance- gccurring, extra nucleotide-inserted ribozymén this study,
ment was realized in the case of TY@EG-Rz3S with 4.4-fold e could propose a structural model (Figure 7, right) by
increase in rate by the addition of €dions. By contrast, the  analyzing highly active G-Rz and its derivatives. Since (i) the
increase in rate (15-fold increase) of TYEG-Rz3S-catalyzed g pstitution of the phosphoryl oxygen at the original P9 site
reactions was significantly higher than that of the other two peyeen G8 and A9 by a sulfur atom within G-Rz resulted in
cases, implicating an additional interaction between the thio- 5 gecrease in Mg-dependent catalytic activity and it was
philic Cc* ion and the introduced sulfur atom at the original egcyed by the addition of €tions and (i) biphasic kinetics
PQ site between .A9.and G8. Therefore, the more significant \;ere observed for thBp andSp phosphorothioate conformers
thio effect (reduction |_rk0bsfr.om.0.37 to 0.14) and the observed 54 the P9 site of the G-inserted riobozyme, it is apparent that
rescue by the thiophilic Cd ion in the case of Typ@_ G-Rz3S  the original P9 phosphate plays an important role in reactions
suggest that th_e original P_9 site p_Iays an essfentlal role for thecatalyzed by G-Rz (Figure 7, right). Since the mutant C10.1:
capture of the important divalent '0?45' even in the case of an 11 1 G-inserted ribozyme was inactive (Figure 4B), the metal
extra nucleotide-inserted ribozymes appears to coordinate with G10.1 base (Figure 7, right). The

. TO, analyzp in further dgtail the importgnce of P9 phosp'hate, chemical probing data suggested that the most likely structure
kinetic studies were carried out under single-turnover (Figure ¢ s b is the one with bulged-out inserted-G from the pseudo-

BA) and multiple-turnover (Figure GB_) (_:onditions at"_O; at A-form helix formed by stems Il and IIl (Figure 1B, left, and
this low temperature, substrate dgsomatlon from the ribozyme Figure 3). Itis in a sense surprising that the present G-Rz and
substratg complex is “99"9,'?%- In the case of ribozyme- __other such naturally occurring extra nucleotide-inserted ri-
EXCess s!ngle-turnover conditions, all the Substrat'e.s were at f'rStbozymes could maintain the full catalytic activities despite the
bound with the TypéD c|;d$2|?8 li]nderr] the_ C?n?'t'ons of the fperturbation of the pseudo-A-form helix formed by stems I
measurements, we could follow the chemical cleavage step ofy [, and that one extra nucleotide inserted between A9 and

a single-turnover reaction, leading to a biphasic kinetics as G10.1 would still support the function of the P9-G10.1 metal-

shtown n ::lg:m: GﬁhA? d::‘scrldbeld in the I?xperlmenéal Set(.:tlo?'(ginding motif (Figure 7, right). Clearly, the P9-G10.1 motif is
rate constants for the fast and slow reactions can be esimaleq,,o of the most important regions not only in the natural

to be 0.56 and 0.0019 nif, respectively, for th&p- andRp- ribozyme but also for the extra nucleotide-inserted other

02,23
catalyzed reactiori ribozymes. Our results (Figure 7) appear to suggest the existence

mL\,I/|\:ie |g.]§;nm2)\::)rwfc?n(;2?onk;n(eélicirgngg)r w?hSt{f?;e;isba(;:;r?#gg of an alternative structure(s) that fully support the Rz-mediated
P 9 ’ y catalysis. This interpretation is consistent with our recent

SrTyr;eéD ((;3 ;?Rzégss\)/vti(t)hlts ?n%sg)atigitlig:olthligégtI?r:i; ae”stihne conclusion that the P9-G10.1 metal-binding motif is relatively
yp Rp phosp 9 flexible so that both hydrated and unhydrated metal ion(s) can
(25) (a) Takagi, Y.; Taira, KFEBS Lett1995 361 273-276. (b) Warashina, D€ captured by this motif.d

M.; Takagi, Y.; Sawata, S.; Zhou, D. M.; Kuwabara, T.; Taira,JKOrg.
Chem.1997, 62, 9138-9147. JA049634M
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