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Abstract: Kinetic analysis, using substrates that consisted entirely of deoxynucleotides with the exception of the
single mandatory ribonucleotide at the cleavage site which contained eitHeoxg-5or 5-thio-leaving group,
demonstrated that the departure of thdeaving group was not the rate-limiting step of a hammerhead ribozyme-
catalyzed reaction [Kuimelis, R. G.; McLaughlin, L. \&.Am. Chem. S0d.995 117, 11019-11020]. We recently
synthesized a naturalll-RNA substrate that contains a-thio-leaving group at the cleavage site and performed
detailed kinetic analysis. In contrast to the conclusion of Kuimelis and McLaughlin, we found that (i) the attack by
the 2-oxygen at G7 on the phosphorus atom is the rate-limiting step only for the substrate that contditisia 5
group (R11S) and (ii) the departure of tHel&aving group is the rate-limiting step for the natumRNA substrate
(R110) in both enzymatic and nonenzymatic reactions.
Introduction ion, the exact mechanism of catalysis remains obskire.

Kuimelis and McLaughlin recently synthesized a DNA substrate

Among various catalytic RNAs, the hammerhead-type ri- that contained a single mandatory ribonucleotide with-thi®-

bozyme is the smallest and best-understood as far as thq . t the cl ite for the h head rib
relationship between structure and function is concetned. eaving group at the cleavage site for the hammernead ribo-

B o : . :
Over the past few years, it has become apparent that ribozymeZYMe:° Since (i) their Sthio substrate was cleaved at a rate
are metalloenzymes15 Although recent X-ray analysis of a similar to that of cleavage of the parent&éldxy substrate and

hammerhead ribozyme identified one potential catalytic metal (il) there was no switch in metal ion specificity, they concluded
that () the departure of the'8eaving group is not the rate-
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Applied Biochemistry, University of Tsukuba.

" National Institute of Bioscience and Human Technology.

* Beijing Medical University.

§ University of Tsukuba.

U Ribozyme Pharmaceuticals Inc.

'Yamanouchi Pharmaceutical Co. Ltd.

T University of Tokyo.

® Abstract published ifAdvance ACS Abstractsune 1, 1996.

(1) Symons, R. HTrend Biochem. Scil989 14, 445-450.

(2) Bratty, J.; Chartrand, P.; Ferbeyre, G.; CedergrenBRchim.
Biophys. Actal993 1216 345-359.

(3) Symons, R. HAnnu. Re. Biochem 1992 61, 641-671.

(4) Uhlenbeck, O. CNature 1987, 328 596-600.

(5) Haseloff, J.; Gerlach, W. LNature 1988 334, 585-591.

(6) Dahm, S. C.; Derrick, W. B.; Uhlenbeck, O. Biochemistryl993
32, 13040-13045.

(7) Piccirilli, J. A.; Vyle, J. S.; Caruthers, M. H.; Cech, T. Rature
1993 361, 85—-88.

(8) Yarus, M.FASEB J 1993 7, 31—-39.

(9) Uchimaru, T.; Uebayasi, M.; Tanabe, K.; Taira, KASEB J 1993
7, 137-142.

(10) Steitz, T. A.; Steitz, J. AProc. Natl. Acad. Sci. U.S.A.993 90,
6498-6502.

(11) Pyle, A. M.Sciencel993 261, 709-714.

(12) Uebayasi, M.; Uchimaru, T.; Koguma, T.; Sawata, S.; Shimayama,
T.; Taira, T.J. Org. Chem1994 59, 7414-7420.

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

(14) Zhou, D.-M.; Zhang, L.-H.; Orita, M.; Sawata, S.; Yoshinari, K.;
Taira, K. Phosphorus Sulfur Silicoh996 109110, 273-276.

(15) Kumar, P. K. R.; Zhou, D. M.; Yoshinari, K.; Taira, K. Mucleic
Acids and Molecular BiologyEckstein, F., Ed.; Springer-Verlag: Berlin,
1996 Vol. 10, pp 217230.

and (if), in contrast to the reaction catalyzed by fretrahymena
ribozyme’ a metal cofactor does not interact with the leaving
group in the transition state.

We have been working independently on a similar substrate
with a S-thio-leaving group at the cleavage site. The major
difference is that our substrate consists entirely of RNA whereas
that of Kuimelis and McLaughlin consisted primarily of DNA.
Hammerhead ribozymes can cleave natural RNA substrates
more efficiently than their DNA counterparts. We will dem-
onstrate in this paper that our kinetic parameters, based on
reactions with an RNA substrate (see Figure 1 for the structures)
that possesses either the native (R110) or thio (R11S) linkage,
are quite different from those based on a DNA substrate. Since
we used naturahll-RNA substrates and since our R11S was
hydrolyzed by the ribozyme more than three orders of magnitude
more rapidly than the corresponding DNA substrate of Kuimelis
and McLaughlin (upon correction of pH and metal concentration
to the same value), we believe that our result reflects true
ribozyme-mediated catalysis.
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Figure 1. Sequence and secondary structure of a complex between
32-mer ribozyme (R32) and itsll-RNA 11-mer substrate (R110 or
R11S). An expanded view of the cleavage site (betwegrad G 1)

is shown to provide details of the phosphodiester linkage in the
unmodified substrate (R110) and in the modified (R11S) substrate with
a phosphorothioate linkage.
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Figure 2. 3P NMR spectrum of R11S. NMR experiments were
performed with a model ALPHA-500 spectrometer as described
previously (JEOL, Tokyo; 200 MHz fo#P)22 The 3'P chemical shift

for the bridging thiolinkage was determined to be 17.12 ppm.3fiRe
NMR spectrum was collected in,@—D,0 (4:1, v/v) at 5°C.
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Materials and Methods

Synthesis of Ribozymes and an Unmodified RNA Substrate.
Ribozymes (R32, R31, and I-R32) and an unmodified RNA substrate
(R110) were synthesized with a DNA/RNA synthesizer (model 392;
Applied Biosystems, Foster City, CA) and purified on a 20% poly-
acrylamide gel as described elsewh®®. RNA reagents were
purchased from American Bionetics Inc. (ABN; Hayward, CA). All
other reagents were purchased either from ABI or ABN. Purification
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Figure 3. Time course of the R32 ribozyme-catalyzed reaction with
either R110 or R11S as substrate in the presence &f dgs. The
upper autoradiogram represents the ribozyme-mediated cleavage of
R11S (lanes %10 for 0, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0, 8.0, 15.0 and 22.0
min, respectively) and the lower one represents that of R110 (lanes
1-8 for 10, 20, 40, 60, 90, 120, 180, and 300 min, respectively). The
R32 ribozyme-catalyzed cleavage reaction was carried out by incubating
R110 (25u4M) and R32 (2.0uM) in 50 mM MES buffer (pH 6.0)
with 0.3 mM M@?* ions at 28C. In the lower autoradiogram, samples
of lanes with odd numbers were loaded first and electrophoresis was
started. Then samples of lanes with even numbers were added and
electrophoresis was re-started. The extent of cleavage was determined
by quantitation of radioactivity in the bands of substrate and product
with a Bio-Image Analyzer (BA2000; Fuji Film, Tokyo).

(E. coli A 19; Takara Biomedicals, Kyoto, Japan) apd?P ATP (10
uCiluL, Amersham, UK) for 30 min at 37C. After completion of
the incubation, the reaction products were extracted twice with phenol
and chloroform (1:1) and precipitated in ethanol in the presence of
sodium acetate. We adopted this rapid purification strategy to avoid
degradation of R11S substrate during electrophoretic separation and
isolation. The labeled R11S substrate was stored dry8&°C until
further use. The R110 substrate wasebd-labeled as reported
elsewherd?

Kinetic Measurements.Cleavage reactions were carried out in 50
mM MES buffer (pH 6.0) in the presence of 0.3 mM Rigons at 28
°C under multiple-turnover conditions. Concentrations of ribozyme
and substrate were 2/#M and from 2 to 50uM, respectively. The

of the synthesized oligonucleotides was performed as described in thereaction was initiated by the addition of ®fgions and aliquots were

User Bulletin from ABI (No. 53; 1989) with minor modifications.
Synthesis of the 5Phosphorothioate RNA Substrate A bridging

5'-phosphorothioate linkage in a substrate (R11S) was incorporated at

a specific site (between;€and G j; Figure 1) using 5thiol amidite.

The coupling time was 600 s for-fhio rC and the following ribose

removed from the reaction mixture at appropriate intervals. These
aliquots were then mixed with an equal volume of a solution that
contained 100 mM EDTA9 M urea, and xylene cyanol and bromo-
phenol blue (0.1% each). Uncleaved substrate anteaved products
were separated on a 20% polyacrylamide gel that cordaingl urea

amidite was coupled for 800 s. The sample was then base-deprotecteqFigure 3). Electrophoresis was carried out with circulating iced water

as usual and treated with TEA/HF solution at®5for 0.5 h instead
of the standard 1.5 #. The product was isolated from the desilylation
reagent by precipitation wit3 M sodium acetate and butanol. The
resulting 5-thio substrate (R11S) was purified on a 20% polyacrylamide
gel without labeling with®?P. R11S was characterized by a partial
sequencing and also by?# NMR spectrurf? that gave a well resolved
signal at 17.12 ppm for the bridging-phosphorothioate (Figure 2).
Cleavage of R110 and R11S Substrates by RibozymeSor 5-
end-labeling of the R11S substrate, a small aliquot of the synthetic
R11S substrate was incubated in buffer [50 mM FHCI (pH 6.0),
10 mM MgCh, 0.1 mM EDTA (pH 8.0)] with polynucleotide kinase
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271, 9447-9454.

with six experimental points, were examined.

on the backside of the gel to prevent the decomposition of substrates.
The extent of cleavage reactions was determined by quantitation of
radioactivity in the bands of substrate and product with a Bio-image
analyzer (BAS 2000; Fuji Film, Tokyo). Cleavage rates were obtained
from the slopes of the curves for the time-course of reactions at the
initial stage (6-3 min), andKy, andk.. were calculated from Eadie-
Hofstee plots (Figure 4).

All kinetic measurements were carried out under multiple-turnover
conditions. For measurements of initial rates, for subsequent calcula-

tions of kear and Ky, at different concentrations of substrate—@}

different concentrations, spanning #g), the first 3 min of the reaction,
Initial rates were
measured in triplicate at-56 different concentrations of substrate and

the average values were plotted (Eaclitofstee plots in Figure 4).
Calculated values d{..:andK, are summarized in Table 1. Potential
errors in these values were found to be 30% at most from results of
duplicate experiments (two sets of Eadlidofstee plots).

During the isolation/phosphorylation of R11S, cleavage occurred not

only at the expected labile-5S bond, to yield 6-mer and 5-mer products
(cleavage after GUC), but also at the second phosphodiester linkage
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Figure 4. Kinetics of catalytic cleavage. (a) Eadielofstee plot of
kinetic data obtained from reactions in 50 mM MES buffer (pH 6.0)
with 0.3 mM Mg at 28°C. Initial rates of cleavage were determined
with 2.0 4M R32 and 2.6-25uM R110. The line yields &, of 1.2

4M and aVmax of 0.0084M min~. (b) Eadie-Hofstee plot of kinetic
data obtained under similar conditions to those of Figure 4a except
that R11S was used instead of R110 as the substrate. The line yield
aKm of 5.5uM and aVmax of 0.60uM min=.

from the 3 end, to yield 9-mer and 2-mer products. These products
were analyzed by sequencing (by enzymatic and non-enzymatic

Zhou et al.

Table 1. Kinetic Parameters for Ribozyme-Catalyzed Cleavage
Reaction3

kea(R110)/  kea(R32)/
SUD/RZ ke MmN KmuM K R11S)  keafR31)
R110/R32 0.0040 1.2 g5
R11S/R32 0.34 4.8 45
R11S/R31 0.0075 7.3
R11S/I-R32 O

a All measurements were made in the presence of 0.3 mM metal
ions (M), 50 mM MES (pH 6.0) at 28C. ® No cleavage of substrates
(Sub) was observed within 20 min of the start of the reaction used to
determine kinetic parameters for active ribozymes (Rsz: R32 and R31)
at different concentrations of substrates. The inactive ribozyme (I-
R32) differes from R32 by a single mutation of @ A.

(ref 23)] were tested in parallel as controls in order to confirm
that, in a solution that contained an active ribozyme, we were
really monitoring ribozyme-catalyzed reactions.

From our previously published Arrhenius pf8tye were able
to predict that thekey in the present measurements would
represent the rate of the chemical cleavage HggpJin Figure
2 of ref 24). Thus, the rate of the product dissociation step
(kdis9 is expected to be higher than the rate of the chemical
cleavage stefKfieav < Kais9.2* Nevertheless, in order to confirm
this prediction, under the conditions of our kinetic measurements
at pH 6.0 with 0.3 mM metal ions, we used a 31-mer ribozyme
(R31) that lacks one nucleotide at theetd, as compared with
the parental 32-mer ribozyme (R32). Our previous experiments
demonstrated that, when the chemical cleavage ktep)(was
the rate-limiting step, shortening of the binding arm resulted in
a decrease i and an increase iKy,. By contrast, if the
product dissociation stepkfs9 were the rate-limiting step,

Sshortening of the binding arm would result in an increase in

keat?® When R11S was treated with R31 in the presence of
Mg?" ions, k.t decreased 45-fold aritl, doubled, as compared
to the values obtained with the parental R32 ribozyme (Table

hydrolysis). The latter cleavage occurred at a regular phosphodiester1). Moreover, if the product dissociation stepid) were the

bond and we do not know, at present, how or why this bond became
so labile. Although the 9-mer product’{6CCGUGgsCC-3) could
serve as a substrate for the ribozymes used in this study (R32 and R31)

rate-limiting step, we would expect the identidal; for both
R110 and R11S because, in both cases, cleavage products are

its K.n was found to be more than 20-fold higher andkitgwas more hearly identical. Neyertheless, R;lS underwent cleavage almost
than 10-fold lower than the corresponding values for the normal 11- WO orders of magnitude more rapidly than R110. These results
mer substrate. Therefore, the 9-mer product did not act as a substrateclearly prove that thé,, under the conditions of present kinetic

nor as an inhibitor during the measurement of ribozyme-mediated measurements, represented the rate of the chemical cleavage
cleavage of R11S (Figure 3). Even though the 9-mer product (about

20%; indicated by asterisk on the autoradiograms in Figure 3) was

always observed, its concentration remained constant during the kinetic
measurements. Therefore, we carried out all our kinetic measurements

step Keleay)-
Kuimelis and McLaughlin concluded, from their analysis with

the almosiall-DNA substrate, that the attack by thedkygen

in the presence of these cleaved products (in practice, we could not@t Ci7 On the phosphorusTEl) is the rate-limiting step and

avoid such contamination).

Results and Discussion

Since R11S was very labile, we had to identify reaction
conditions under which non-ribozyme-mediated hydrolysis could
be minimized. Thus, reactions were carried out at pH 6.0 and
concentrations of Mg ions were kept at 0.3 mM. Higher
concentrations of Mg ions (for example, 5 mM) produced
approximately 60% cleavage products within a short time upon
addition of metals. The rates of background reactions at pH
6.0 and with 0.3 mM metal ions were low enough for our
purposes: the half-life of R11S was calculated to be 320 h with
0.3 mM M¢?" ions. Time courses for the ribozyme-catalyzed
reactions are shown in Figure 3 for R110 and R11S. We
confirmed that, within the time frame of the ribozyme-catalyzed
reactions (20 min for R11S), no background hydrolysis had
occurred. Nevertheless, for all kinetic measurements, inactive
ribozymes [I-R32 (see Table 1); in which,@&as mutated to A

that the departure of thé-feaving group 7S2) is not the rate-
limiting step in the cleavage reaction catalyzed by a hammerhead
ribozyme!® They reached this conclusion because the introduc-
tion of a B-bridging phosphorothioate linkage to the almaist

DNA substrate did not change the rate of the ribozyme-mediated
cleavage. However, our observations are clearly different from
theirs (Figure 3 and Table 1). In our case, R11S was cleaved
by the ribozyme almost two orders of magnitude more rapidly
than R110 in the presence of Kfgions.

Of the two separate transition states designaied (attack
by the 2-oxygen on the phosphorus) am&2 (departure of the
5'-leaving group from the phosphorus), our molecular orbital
calculations indicate thakS2 is always a higher-energy state

(23) Inokuchi, Y.; Yuyama, N.; Hirashima, A.; Nishikawa, S.; Ohkawa,
J.; Taira, K.J. Biol. Chem 1994 269, 1136111366.

(24) Takagi, Y.; Taira, KFEBS Lett.1995 361, 273-276.

(25) Warashina, M.; Zhou, D.-M.; Kuwabara, T.; Takagi, Y.; Kohda,
T.; Taira, K. Manuscript in preparation.
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Figure 5. Relative energies, for the natural substrate (R110; left) and a modified substrate Wwithidgfg thiophosphate linkage (R11S; right),

of reactions catalyzed by a hammerhead ribozyme (solid lines) as well as of non-enzymatic hydrolysis (dotted lines). The chemical cleavage step
consists of the attack by thé-8xygen at G; on the phosphorusTS1) and the departure of thé-aving group 7S2). Among the two separate
transition statesTS1andTS2, according to our molecular orbital calculatiolis®? TS2is always a higher-energy state tHB81 in non-enzymatic

hydrolysis (top left). This conclusion was further confirmed by the present analysis of the rates of non-enzymatic hydrolysis of R110 and R11S
because R11S was more than four orders of magnitude more susceptible to cleavage than R110. If the formation of the pentacoordinate intermediate
[P(V)] were rate-limiting (ifTS1 were a higher energy state th&i62), R11S should have been hydrolyzed at a rate similar to the rate of hydrolysis

of R110 because the-bridging phosphorothioate linkage would not be expected to enhance the attatkxyg@n3” Moreover, since the

of a thiol is more than 5 units lower than that of an alcoA@®,1 must be a higher energy state thE®2 in the non-enzymatic hydrolysis of R11S

(top right). The rate-limiting formation of S1 for R11S (top right) is more than four orders of magnitude faster than the rate-limiting formation

of TS2 for R110 (top left) in terms of the difference in rates of non-enzymatic reactfdh#n contrast to the earlier conclusidhthe departure

of the B-leaving group is also the rate-limiting step in the hammerhead ribozyme-catalyzed reaction with the natural substrate (bottom left).

than TS1 in non-enzymatic hydrolysi®&32 the calculated limiting formation of TS1 for R11S (top right diagram) is at
energy diagram is similar to the top left energy diagram shown least four orders of magnitude lower than the rate of the rate-
in Figure 5 that is drawn based on experimental measurementslimiting formation of TS2for R110 (top left diagram) in terms
We estimate the half-life of R110 at pH 6.0 to 31000 of the difference in rates of non-enzymatic reacti&h®,
years3334 Since the half-life for the R11®32 complex at pH If the formation of the pentacoordinate intermediate was rate
6.0 in the presence of 0.3 mM Mg ions is 170 min, the limiting (that is, if TS1 was a higher energy state thas2),
hammerhead ribozyme (R32) enhances the rate of hydrolysisR11S should have been hydrolyzed at a rate similar to the rate
of R110 by>10°-fold (bottom left diagram in Figure 5). Rates of the hydrolysis of R110 because thelfidging phosphoro-

of hydrolysis of R11S were measured in the absence andthioate linkage would not be expected to enhance the attack by
presence of the hammerhead ribozyme. At pH 6.0, in the the 2-oxygen36:37 By contrast, if the decomposition of the
presence of 0.3 mM MY ions, R11S was hydrolyzed at arate intermediate was rate limiting (that is, S2 was a higher

of 3.7 x 10~°> min~! and the corresponding R1¥&32 complex energy state thanS1), we would expect R11S to be hydrolyzed
was hydrolyzed at a rate of 0.34 mia Therefore, in the case  much more rapidly than R110 because thg pf thiol is more

of R11S, the hammerhead ribozyme (R32) enhanced the ratethan 5 units lower than that of an alco®E® Our results

of hydrolysis 16-fold (bottom right diagram in Figure 5). support the latter hypothesis in non-enzymatic hydrolysis of
Recently published data indicated that the rate of the rate- RNA (top left diagram in Figure 5).

Similarly, since the R11R32 complex was hydrolyzed
(26) Taira, K.; Uchimaru, T.; Tanabe, K.; Uebayasi, M.; Nishikawa, S.  g3imost two orders of maghnitude more rapidly than the RRBE2

Nucleic Acids Resl991, 19, 27472753. . .
(27) Uchimaru, T.; Uebayasi, M.; Hirose, T.; Tsuzuki, S.; Yelimiena, complex, at pH 6.0 in the presence of 0.3 mM ‘ngons, the

A.; Tanabe, K.; Taira, KJ. Org. Chem1996 61, 1599-1608. rate-limiting step cannot be the same in both cases. If the rate-
195(;%8)3ngf' 7K0.;1Uebayashl, M.; Maeda, H.; Furukawa, Rtotein Eng limiting step were the formation ofS1 in both cases, as

(29) ,Uchimaru,. T.; Tanabe, K.; Nishikawa, S.; Taira, K.Am. Chem. suggested by Kuimelis and McLaughffiboth R110 and,Rlls
Soc 1991 113 4351-4353, should have been hydrolyzed at the same rate. The discrepancy

(30) Storer, J. W.; Uchimaru, T.; Tanabe, K.; Uebayasi, M.; Nishikawa, between Kuimelis and McLaughlin’s result and ours could
S.; Taira, K.J. Am. Chem. S0d 991, 113 5216-5217.

(31) Taira, K.; Uchimaru, T.; Storer, J. W.; Yelimiena, A.; Uebayasi, (35) Liu, X.; Reese, C. BTetrahedron Lett1995 36, 3413-3416.
M.; Tanabe, KJ. Org. Chem1993 58, 3009-3017. (36) Shiiba, T.; Komiyama, MTetrahedron Lett1992 33, 5571-5574.

(32) Uchimaru, T.; Tsuzuki, S.; Storer, J. W.; Tanabe, K.; TairaJK. (37) Komiyama, M.; Bender, M. LBull. Chem. Soc. Jpnl98Q 53,
Org. Chem 1994 59, 1835-1843. 1073-1076.

(33) Komiyama, M.; Matsumura, K.; Matsumoto, ¥. Chem. Soc., (38) Bruice, T. B.; Fife, T. H.; Bruno, J. J.; Brandon, N.Eochemistry
Chem. Commurll992 640-641. 1962 1, 7—12.
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potentially originate from the differences in substrates used regular substrate (R110) and thethio substrate (R11S) were
(almostall-DNA versus altRNA), at least in part. Since we  cleaved more rapidly in a buffer that contained¥ions than
used naturalall-RNA substrates and since our R11S was in one that contained Mg ions. We will make comments on
hydrolyzed by the ribozyme more than three orders of magnitude this observation elsewhere.

more rapidly than the corresponding DNA substrate of Kuimelis |5 conclusion, we have been able to estimate, for the first
and McLaughlin (upon correction of pH and metal concentration time, the relative energies, for both a natural substrate and a
to the same value), we believe that our result reflects true mogified substrate with a Sridging thiophosphate linkage, of
ribozyme-mediated catalysis. Therefore, the attack by the 2. reactions catalyzed by a hammerhead ribozyme, as well as of
oxygen at Gz on the phosphorud §1) must be the rate-limiting  non_enzymatic hydrolysis (Table 1 and Figure 5). In contrast
step for R11S and the departure of theeaving group TS2) to the earlier conclusiot the departure of the'Beaving group
must be the rate-limiting step for R110, for the cleavage is found to be the rate-limiting step in the hammerhead
reactions catalyzed by a hammerhead ribozyme (as indicatedyihozyme-catalyzed reaction with the natural substrate. This

by the bottom energy diagrams in Figure 5). o conclusion does not depend on the lifetime of the penta-
SinceTS2 is _S|gn|f|cantly stabilized (the K, of a thiol is coordinate intermediate [P(V)]. If the lifetime of P(V) were
more than 5 units lower than that of an alcohol), in the case of kinetically insignificant (if the reaction were concerted), the

R11S it is likely that the Sthiol group leaves without the 5.5 gingle transition state for R110 and R11S wouldi$2
assistance of any metal ions. Note, moreover, that the hammer“ke and TS1-like, respectively

head ribozyme enhances the rate of hydrolysis of the natural
substrate (R110) and R11S by a factor »10° and 10,
respectively, which nearly matches the extent of the stabilization
gained by the good thio-leaving group 1°). Accordingly,
we did not observe a switch in metal ion specificity: both the JA9606790
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