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ABSTRACT: Mg2+ is important for the RNase activity of the hammerhead ribozyme. To investigate the 
binding properties of Mg2+ to the hammerhead ribozyme, cleavage rates and CD spectra for substrates 
containing inosine or guanosine a t  the cleavage site were measured. The 2-amino group of this guanosine 
interfered with the rate of the cleavage reaction and did not affect the amount of Mg2+ bound to the 
hammerhead RNA. The kinetics and CD spectra for chemically synthesized oligoribonucleotides with a 
S, or R, phosphorothioate diester bond at  the cleavage site indicated that 1 mol of Mg2+ binds to the pro-R 
oxygen of phosphate. The binding constant for Mg2+ was about lo4 M-', which represents outer-sphere 
complexation. The hammerhead ribozyme catalyzes the cleavage reaction via an in-line pathway. This 
mechanism has been proved for R N A  cleavage by RNase A by using a modified oligonucleotide that has 
an S,, phosphorothioate bond a t  the cleavage site. From these results, we present the reaction pathway and 
a model for Mg2+ binding to the hammerhead ribozyme. 

H a m m e r h e a d  ribozymes, which contain 3 stems and 13 
conserved nucleotides, have been found in avocado sunblotch 
viroid (Hutchins et al., 1986), the plus strand of tobacco 
ringspot virus (Buzayan et al., 1986; Prody et al., 1986) the 
virusoid of lucerne transient streak virus (vLTSV; Forster & 
Symons, 1987a,b) and transcripts of satellite DNA of the newt 
(Epstein & Gall, 1987). During a rolling circle replication 
of these RNAs, the hammerhead ribozymes seem to serve as 
the catalyst that cleaves multimeric replicated RNA into 
monomeric RNA in the presence of Mg2+. It has been shown 
that a hammerhead domain was essential for this reaction in 
short transcribed RNA (Uhlenbeck, 1987). We have also 
found some crucial base pairs by synthesizing several mutants 
(Koizumi et al., 1988a). From the results of these mutagenesis 
experiments, we were able to design riboyzmes that cleavaged 
targeted RNA by recognizing a sequence of 9-15 nucleotides 
and hydrolyzed a mutant c-Ha-ras mRNA without cleaving 
the wild-type mRNA (Koizumi et al., 1988b, 1989). Haseloff 
and Gerlach (1988) reported that RNA enzymes could cleave 
transcripts of the chloramphenicol acetyltransferase gene. 
Sarver et a]. (1990) showed that a designed hammerhead 
ribozyme reacted as an anti-HIV- 1 therapeutic agent. 

Mg2+ is necessary for reactions of the other ribozymes that 
were found in self-splicing RNAs (Grosshans & Cech, 1989) 
and an RNA component of RNase P (Guerrier-Takada et al., 
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1986). Sugimoto et al. (1988, 1989) showed that the inter- 
vening sequence (IVS) of Tetrahymena rRNA bound to 2 mol 
of Mg2+ to act as a catalyst for linearization of IVS with 
cytidylyluridine. Uhlenbeck (1 987) showed that cleavage rates 
of the hammerhead ribozyme depend on the Mg2+ concen- 
tration. However, the Mg2+ binding properties and mecha- 
nisms of participation of Mg2+ in the hammerhead ribozyme 
reaction are not clear. 

For this paper, we investigated a mode of Mg2+ binding in 
a hammerhead ribozyme by measuring cleavage rates and CD 
spectra for substrates containing inosine or guanosine at the 
cleavage site and concluded that the 2-amino group of gua- 
nosine interferes with the rate of cleavage reaction and did 
not affect the amount of Mg2+ bound to the hammerhead 
RNA. The kinetics and CD spectra for chemically synthesized 
oligoribonucleotides with an Sp or R ,  phosphorothioate diester 
bond at the cleavage site indicated that 1 mol of Mg2+ bound 
to thepro-R oxygen of phosphate at this site. Using a modified 
oligonucleotide that has an S,  phosphorothionate bond at the 
cleavage site, we showed that the hammerhead ribozyme 
catalyzed the cleavage reaction via an in-line pathway, which 
has been shown to be a mechanism of RNA cleavage by 
RNase A (Usher et a]., 1972; Eckstein, 1985). 

MATERIALS AND METHODS 
Oligonucleotides. Oligoribonucleotides were synthesized 

by the phosphoramidite method using 2'-O(tetrahydropyranyl) 
and 5'-O-(dimethoxytrityl) protecting groups as described 
previously (Koizumi et al., 1989). Oligoribonucleotides con- 

0006-2960/91/0430-5145%02.50/0 @ 1991 American Chemical Society 



5146 

taining 2'-O-methylcytidine (Inoue et al., 1987) or inosine 
(Kawase et al., 1989) were prepared as described. These 
oligoribonucleotides were synthesized on a DNA synthesizer, 
Applied Biosystems 380A. 

Oligoribonucleotides containing a phosphorothioate bond 
were synthesized as described (Ott & Eckstein, 1987; Stein 
et al., 1988). In the sulfur oxidation step, 5% S8 in pyri- 
dine-CS,-triethylamine (9595: 10 v/v/v) was allowed to react 
for 450 s. S ,  and Rq phosphorothioate bond containing de- 
blocked oligonucleotides were separated and purified by re- 
verse-phase HPLC with a linear gradient of 7-10% CH3CN 
in 0.1 M triethylammonium acetate (pH 7.0) during 20 min. 
The retention times of substrates in complexes 7 and 8 were 
10.7 min (R, )  and 11 $8 min (SJ, respectively. 

Cytidine 3'-0-Phosphorothioate Methyl Ester. 4-N- 
Benzoyl-5'-(dimethoxytri tyl)-2'-0-( tetrahydrdopyrany1)cyti- 
dine 3'-0-( 0-methyl N,N-diisopropylphosphoramidite) (0.84 
g, 0.94 mmol) was added to tetrazole (0.22 g, 3 mmol) and 
ethylene cyanohydrin (96 pL, 1.41 mmol) in dry CH3CN (6 
mL). After stirring for 1 h at room temperature, sulfur (300 
mg, 9.4 mmol) in pyridine (30 mL) was added and the solution 
was stirred for 1 h. The solution was evaporated to dryness. 
Methanol was added, the residual sulfur was removed by 
filtration, and the filtrate was evaporated. The residue was 
chromatographed on a column of a silica gel (20 g). The 
eluate gave 0.70 g (83%) of the S,  and R,  isomers (31P NMR; 
CDC13/trimethyl phosphate; 6 = 67.1 1 and 66.97 ppm). These 
isomers (0.14 g) were dissolved in pyridine (1 mL) and con- 
centrated NH,OH (9 mL) and were incubated for 5 h at  60 
OC. The reaction mixture was evaporated to dryness, and the 
residue was chromatographed on a C18 reverse-phase column 
with a linear gradient of CH3CN in 50 mM triethylammonium 
bicarbonate. The fractions containing the 5'-dimeth- 
oxytritylated product were evaporated and repeatedly evapo- 
rated with H20.  HCI (0.01 N; pH 2.0) was added, the solution 
was stirred for 16 h at room temperature, and it was neu- 
tralized with 0.1 N N H 4 0 H .  The solution was washed with 
AcOEt, and then it was evaporated. Two isomers of cytidine 
3'-O-phosphorothioate methyl ester could be separated by 
reverse-phase HPLC with a linear gradient of 2.5-10% 
CH3CN in 0.1 M triethylammonium acetate (pH 7.0) during 
20 min. The faster eluting product, whose retention time was 
14.5 min, yielded 300 A,, units (31P NMR; D20/85% H3PO4; 
6 = 57.41 ppm). The slower eluting products, whose retention 
time was 17.2 min, yielded 250 A260 units (31P NMR; 
D,0/85% H3P04; 6 57.48 ppm). 

Transesterification of Cytidine 3 '-0- Phosphorothioate 
Methyl Ester by RNase A .  To an isomer of cytidine 3'-0- 
phosphorothioate methyl ester (0.6 ,4260 unit) dissolved in 9 
pL of 0.1 M Tris-HCI (pH 7.5) and 1 mM EDTA was added 
a solution of RNase A (1 pL, 10 mg/mL, Sigma). After 30 
min at 37 OC, the solution was treated with phenol-chloroform. 
The product was analyzed by reverse-phase HPLC (Saenger 
et al., 1974; Ludwig & Ecstein, 1989). 

RNA Cleavage Reaction in the Presence of M?+. The 
substrate (CL-3) and the ribozyme (CL-2 and -4) were in- 
cubated in 25 mM MgCl,, 40 mM Tris-HC1 (pH 7.5), and 
20 mM NaCl at 37 OC. Samples were mixed with the loading 
solution for 20% polyacrylamide gel electrophoresis in the 
presence of 8 M urea. Cleavage rates were estimated by 
cutting the gel and counting the radioactivity with a liquid 
scintillation counter after autoradiography. 

Measurement of CD Spectra. C D  spectra were recorded 
with a Jasco J-500A spectropolarimeter. Oligonucleotides (1 
A260 unit/mL) were dissolved in 40 mM Tris-HCI (pH 7.5) 
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CL-2 CL-2 

FIGURE 1 : Secondary structures of hammerhead ribozymes. (A) 
Self-cleaving RNA containing the sequence of the satellite R N A  of 
the newt. (B) A substrate (CL-3) and two-strand ribozyme (CL-2 
and -4). X = C and Y = G were conserved nucleotide. Sequences 
of mutated R N A  are shown in Tables I and 11. 

Table I: Initial Cleavage Rates of Complexes 1-3 

relative 
complex X Y u (nM/min) act. (%) 

CL-3 CL-2 

1 C C 36 100 
2 I C 5.9 17  
3 G C 0.040 0.1 1 

and 20 mM NaC1. The titration curves were obtained by 
addition of 35 mM or 350 mM MgCI,. 

RESULTS AND DISCUSSION 
Effects of the 2-Amino Group of Guanosine at the Cleavage 

Site on the Ribozyme Activity. Figure 1 shows secondary 
structures of hammerhead ribozymes based on the newt sat- 
ellite RNA sequence. We have shown that an enzyme frag- 
ment (CL-2) with a substrate fragment (CL-1) formed the 
A-type hammerhead ribozyme and cleaved the substrate, to 
yield a 5'-hydroxyl and a 2',3'-cyclic phosphate a t  the terminus 
of the cleaved product (Koizumi et al., 1988a). The B-type 
hammerhead ribozyme, which consisted of two catalytic 
fragments (CL-2 and -4) and a substrate fragment (CL-3), 
has been cleaved at  C4 as expected (Koizumi et al., 1989). 
The t l / *  values for the A- and B-type ribozyme reaction were 
3.5 h and 12 min, respectively, in the presence of 25 mM Mg2+ 
a t  37 O C .  The cleavage rate of B-type was about 18 times 
faster than that of A-type. The B-type ribozyme had greater 
stability because CL-1 was separated into two strands between 
C and G in the unstable loop, which consists of two nucleotides. 
The B-type ribozyme, which was proved to be efficient, was 
used in the mutagenesis experiment described below. 

We have reportd that C at  the cleavage site could be re- 
placed by A or U but not by G (Koizumi et al., 1988a). 
Sheldon and Symons (1989) have also showed that vLTSV 
RNA having G at this site had less activity than the wild type. 
Why could the hammerhead ribozyme not cleave the substrate 
with G at  this site? It is known that the 2-amino group of 
guanosine is in the minor groove of an RNA duplex. We  
postulated that a hammerhead RNA having G at  that point 
could not be cleaved due to steric hindrance of the 2-amino 
group. An irregular binding of Mg2+ to this G and/or a base 
pairing between this G and the C that was one of the conserved 
nucleotides in CUGA of CL-2 may inhibit the reaction. To 
resolve this problem, we synthesized a substrate in which the 
C at the cleavage site was replaced by inosine. Because inosine 
does not have the 2-amino group, unlike G, we could inves- 
tigate the effects of the 2-amino group on the cleavage reaction 
of the hammerhead ribozyme. 

Substrates containing inosine or guanosine at  the cleavage 
site were synthesized, and these mutated substrates were in- 
cubated with the ribozyme fragments (CL-2 and -4) in the 
presence of 25 m M  Mg2+ at  37 "C. The initial rate for 
cleavage was obtained by plotting the amount of the cleaved 
substrate versus time. These rates are shown in Tables I and 
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complex R, R2 Rs conflguratlon 
1 H 0 0  

Table 11: Initial Cleavage Rates of Complexes 4-6 

relative 
complex X Y v (nM/min) act. (96) 

4 C U 0.47 100 
5 1 U 0.063 14 
6 G U ND’ 

CL-3 CL-2 

@ N D  = not detected. 

H 

C : I  U : I  
FIGURE 2: Formation of base pairing of I C ,  GC, I U ,  and G.U. 

11. The initial rate of complex 2 was one-sixth of that of 
complex 1, which had a substrate-containing C at the cleavage 
site (Koizumi et al., 1988a). The substrate with G at the 
cleavage site (complex 3) was cleaved very slowly (0.11% of 
the cleavage rate of the wild type). In previous mutation 
experiments using the A-type ribozyme, the cleavage of the 
substrate with G at the cleavage site was not detected. This 
may be due to the fact that the rate in A-type ribozyme was 
slower than that in B-type as described above. G and I at the 
cleavage site form the Watson-Crick type and wobble base 
pairs with a nucleoside in position 7 of CL-2 as shown in Figure 
2. These base pairs may affect the cleavage of the ham- 
merhead ribozyme. We changed C7 in CL-2 into U7, so that 
G and I in mutated substrates form wobble base pairs with 
U7 of CL-2, and the 2-amino group of the guanosine does not 
affect the hydrogen bonds. The cleavage rate of complex 5 
showed one-seventh activity with respect to complex 4, which 
was much less active than the wild type (Table 11). The 
cleavage of complex 6 was too slow to detect. We assume that 
the base pairing between the nucleotides of the cleavage site 
and position 7 in CL-2 gave rise to about a 6-7-fold decrease 
of the cleavage rate. From the comparison of the cleavage 
rate of complex 2 with that of complex 3, the presence of 
2-amino group of G at the cleavage site seems to result in about 
a 150-fold decrease of the cleavage rate. 

Chemical Synthesis and Susceptibility of Substrates Con- 
taining a Phosphorothioate Linkage at the Cleavage Site. The 
phosphodiester bonds in the hammerhead ribozyme have been 
modified to phosphorothioate diesters of the R, configuration 
using T7 RNA polymerase and NTPaS’ (Buzayan et al., 
1988; Uhlenbeck et al., 1989). It has been shown that mod- 
ification of the phosphate to phosphorothioate at the cleavage 
site with Rp configuration strongly interfered with the cleavage 
reaction. We investigated the effects of the phosphorothioate 
diester of S, configuration at  the cleavage site on the reaction 

I Abbreviations: NTPaS, nucleoside 5 ’ 4 4  1-thiotriphosphate); 
cCMFS, cytidine 2’,3‘-cyclic phosphorothioate; >p, 2’,3’-cyclic phosphate; 
>pS, 2’,3’-cyclic phosphorothioate. 

0 OR, 
I 

H O S  Rp 7 
0 H S O  Sp 

‘.“-oQc 9 CH3 0 0 
CH3 0 S Rp 
CHa S 0 Sp 

10 
R3 11 

o m  

FIGURE 3: Configuration of the two isomers of phosphorothioate bond 
containing substrates (X = C). 

Table 111: Kinetic Data for the Phosphate or Phosphorothioate Bond 
Containing Substrate 

K m  kcat k,,/K,,, relative 
complex (pM) ( m i d )  (M-I min-I) act. 

1 3.3 0.25 7.6 X 10‘ 1 .o 
7 1.9 0.0045 2.4 X IO3 0.032 
8 2.1 0.70 2.6 X los 3.5 

of the hammerhead ribozyme. Oligoribonucleotides containing 
phosphorothioate diester bonds of S, configuration cannot be 
enzymatically synthesized. However, when chemical synthesis 
methods are used, oligonucleotides containing both isomers 
can be obtained. Decaribonucleotides containing a phospho- 
rothioate bond were synthesized by using 2’-O-(tetrahydro- 
pyranyl) and 5’-0-(dimethoxytrityl) protecting groups as de- 
scribed previously (Koizumi et al., 1988a), except for the 
oxidation step of the phosphate at  the cleavage site. In this 
step, the mixture was treated with 5% S8 in pyridine-CS2- 
triethylamine (95:95:10 v/v/v) in place of I2 in H2Chpyridine. 
The fully deprotected product contained two isomers (S, and 
R,) derived from the chiral phosphorus of the phosphorothioate 
diester (Figure 3). The two isomers were separated by re- 
verse-phase HPLC. The S, and R, isomers were characterized 
by digestion with snake venom phosphodiesterase (Burgers & 
Eckstein, 1979). Because the oligonucleotide that had a faster 
retention time was easily cleaved by snake venom phospho- 
diesterase, we characterized this isomer as the R ,  isomer 
configuration. 

Cleavage reactions of these substrates by the ribozyme 
(CL-2 and -4) were done and compared in the presence of 25 
mM Mg2+ at 37 OC. Figure 4 shows the autoradiograms of 
cleavage mixtures in the reactions. The substrate containing 
the R,  phosphorothioate was cleaved very slowly even a t  pH 
9.0. However, the cleavage rate of the Sp phosphorothioate 
containing substrate was larger than that of the wild-type 
substrate. Kinetic parameters for these three substrates ob- 
tained by Hanes-Woolf plots are shown in Table 111. The 
K, of the R, phosphorothioate containing substrate was similar 
to that of the phosphate-containing substrate, but the k,, 
differed by about 55-fold. Replacement of the oxygen by 
sulfur at the pro-S position caused a 3-fold increase of the kat. 
These results suggest that the pro-R oxygen of phosphate at  
the cleavage site is involved in the cleavage reaction. Saenger 
and Eckstein (1970) showed that a negative charge of a 
phosphorothioate diester localized at  the oxygen atom in 
crystalline uridine 2’,3’-cyclic phosphorothioate. Jaffe and 
Cohn (1979) also showed that the localization of a negative 
charge of a phosphorothioate diester depended on the hardness 
or softness of the metal ion. The increased rate in the S 
isomer may be explained by an easy binding of the hard Mg2p 
to the hard pro-R oxygen, which has a localized negative 
charge. In the presence of Mn2+, the R ,  phosphorothioate 
bond containing substrates at  the cleavage site were cleaved 
efficiently (Uhlenbeck et al., 1989; van To1 et al., 1990), 
because Mn2+, which is softer than Mg2+, may be bound to 
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complex 7 (Rp) 8 (Sp) 1 
hr min min 

Time 0 0 . 5  1 2 3 4 0 5 1 0 1 5  2 0 3 0  0 5 1 0 1 5  2 0 3 0  

*c L-3 

*GGUbp 

FIGURE 4: Autoradiograms of the cleavage products of complexes 1,7, and 8. The 5'4abeled substrate (1 5 pmol) was treated with two-strand 
ribozyme (22.5 pmol) in 13.8 pL of 40 mM Tris-HC1 (pH 7.5 for complexes 1 and 8, pH 9.0 for complex 7). 25 mM MgCI2, and 20 mM 
NaCl at 37 OC. Samples (2.5 pL) were taken at different times and mixed with loading solution for 20% polyacrylamide gel electrophoresis 
in the presence of 8 M urea. 

a b 

1 .o 

0.8 

0.6 

0.4 

0.2 

0.0 

* I  

0 5 1 0  1 5  - 4  - 3  - 2  

Mg2+ (mM) log [Mg2+1 
FIGURE 5: (a) Plots of the degree of Mg2+ binding to RNA complex vs concentration of Mg2+. (b) Hill plots for calculating the number of 
Mg2+ binding sites (n) and the association constant (K,) of complexes 3 (A), 9 (H), 10 (m), and 11 (+). 

pro-R sulfur more easily than Mg2+. 
CD Spectra for  Complexes Containing Modified Nucleo- 

tides. The magnitudes of peaks in CD spectra of tRNA in- 
crease when Mg2+ is added (Willick & Kay, 1971). The 
change of the ellipticity values shows a conformational change 
of RNA and Mg2+ binding to RNA. The Mg2+ binding 
constants to tRNA have been obtained from the change of [e] 
values at various concentrations of Mg2+. 

We have shown that CD spectra for the hammerhead ri- 
bozymes containing 2'-O-methyl groups at the cleavage site 
(complex 9 in Figure 3) could be measured (Koizumi et al., 
1989). This substrate was used for titration of Mg2+ binding 
to the hammerhead ribozyme. Figure 5 shows the Mg2+ ti- 
tration curve of these RNAs from [812,, values of the CD 
spectra at 18 OC. When the Mg2+ concentration reached 7 
mM, the ellipticity value at 265 nm did not change. This 
suggests that the maximum amount of Mg2+ binds to the 
hammerhead ribozyme at 7 mM. The number of Mg2+ 
binding sites (n)  and the association constant (K,)  were cal- 
culated from a Hill plot using [el265 values on the concentration 
of Mg2+ varied from 0 to 7 mM (see Appendix). The n and 
K, were 1.4 X 104 and 2.5 X 104 M-', respectively. The results 
described in the previous section and this section suggest that 
1 mol of Mg2+ binds to a mole of the hammerhead ribozyme 
containing 2'4-methylcytidine at the cleavage site. The order 
of the binding constant for Mg2+ was 104 M-I, which represents 
outer-sphere complexation of Mg2+ (Sugimoto et al., 1988, 
1989). This complexation indicates that the mode of Mg2+ 
binding may be Mg2+-H2&RNA as shown in Figure 6. The 
Pb2+ and Mg2+-indued cleavage have been found in yeast 
tRNAPhe and Escherichia coli tRNAPhe (Brown et al., 1985; 
Marciniec et al., 1989). The metal-bound hydroxyl group has 
been proposed to play a role of the nucleophile that removed 
a proton from the 2'-hydroxyl group of the cleavage site from 
the crystallographic study for the metal-tRNA complex. We 
assume from the above binding experiment that some hydroxyl 

. .  
O\ /O 
o$...'\s exo 

subsirate ribozyme 

FIGURE 6: Proposed mode of Mg2+ binding and reaction pathway for 
the hammerhead ribozyme via the in-line mechanism. 

groups were bound to 1 mol of Mg2+, which was hexa- 
coordinated, and that they supported the formation of the 
ternary structure in the hammerhead ribozyme. We postulated 
that one of the hydroxyl gorups might be the nucleophile that 
removed a proton from the 2'-hydroxyl group of the cleavage 
site (Figure 6), as found in the metal-induced cleavage in 
tRNA. 

The CD spectra for the ribozyme with G at the cleavage 
site (complex 3) were measured under the same conditions, 
since the substrate was stable under these conditions. The 
titration curve for complex 3 gave a K ,  of 2.9 X lo4 M-' and 
an n of 1.2. Since these values for complex 3 were similar to 
those of the noncleavable ribozyme (complex 9), the 2-amino 
group of G, which caused a decrease of the cleavage, did not 
affect the binding of Mg2+. From these and the previous 
mutagenesis experiments, in which we have shown that the 
base at the cleavage site (C) could be replaced by A or U 
(Koizumi et al., 1988a), Mg2+ does not bind to the base of 
the nucleotide at the cleavage site. These results are consistent 
with a model of computational graphics, which showed that 
the base of the nucleotide at the cleavage site was at the surface 
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FIGURE 7: Reverse-phase HPLC analysis of RNase A digests of GGUC>pS and cytidine 3’4-phosphorothioate methyl ester. (A) RNase 
A digestion of cytidine 3’-O-phosphorothioate methyl ester. Peak a, exo-cCMPS; peak b, endo-cCMPS; peak c, cytidine 3’-O-phosphorothioate 
methyl ester (R,);  peak d, cytidine 3’-Ophosphorothioate methyl ester (Sp). (B) RNase A digestion of GGUC>pS, which was the cleaved 
products of complex 8. Peak a, exo-cCMPS; peak e, GGU>p. (C) Mixture of RNase A digests of cytidine 3’-O-phosphorothioate methyl 
ester (A) and digests of GGUC>pS (B). 

Table IV: Number of Mg2+ Binding Sites (n) and Association 
Constant (K.) from Hill Plots of the Data of CD Spectra 

complex n K, W’) 
3 1.2 2.9 x 104 
9 1.4 2.5 x 104 

10 1.9 2.6 x 107 
11 1.3 1.0 x 104 

and free to move (Mei et al., 1989). 
The CD spectra for complexes 7 and 8, which contain a 

phosphorothioate bond at the cleavage site, could not be 
measured, because the substrate of these complexes cleaved 
under the measuring conditions. We synthesized a substrate 
containing both 2’-O-methylcytidine and a phosphorothioate 
diester bond at the cleavage site as shown in Figure 3. Two 
isomers (S, and R, configuration) derived from the chiral 
phosphorus as well as the substrates in complexes 7 and 8 were 
separated by reverse-phase HPLC. The CD spectra for com- 
plexes 10 and 11 could be measured without being cleaved. 
The n and K, values of these complexes are shown in Figure 
5 and Table IV. These values of complex 11 were similar 
to those of complex 9. On the other hand, the n value of 
complex 10, which had the R, phosphorothioate bond con- 
taining substrate, was 1.9. This result showed that a molar 
excess of Mg2+ might bind to this complex. This irregular 
binding of Mg2+ may give rise to the less active complex 7 
containing the R, phosphorothioate diester bond at the 
cleavage site. 

Stereochemical Pathway of Cleavage in Hammerhead 
Ribozyme. The hydrolysis of RNA occurs in two steps, a 
transesterification step and a hydrolysis step. Then a nu- 
cleoside 2’,3’-cyclic phosphate is yielded as an intermediate. 
Usher et al. (1972) showed that the transesterification by 
bovine pancreatic RNase A followed the in-line mechanism, 
in which a 2’-hydroxyl group attacked the phosphorus in an 
SN2 reaction. The reaction of Tetrahymena ribozyme pro- 
ceeded with inversion of the configuration at phosphorus, and 
the reaction was proposed to occur by the in-line mechanism 
(McSwiggen & Cech, 1989; Rajagopoal et al., 1989). We 
investigated stereochemical pathways of cleavage in the ham- 
merhead ribozyme by identifying the configuration of 2’,3’- 
cyclic phosphorothioate on the 3’-termini from complex 8. The 

complex containing the S,  phosphorothioate diester at the 
cleavage site was allowed to react in the presence of 25 mM 
Mgz+ at 37 OC. The cleavage products (GGUC>pS and 
CUAGGA) and two ribozyme fragments were separated by 
reverse-phase HPLC, and the tetramer GGUC>pS was iso- 
lated. Two peaks were observed by RNase A digestion of the 
GGUC>pS as shown in Figure 7B. The enzyme hydrolyzed 
the phosphodiester bond between U and C to give GGU>p 
(peak e) and cCMPS (peak a). Authentic exo- (peak a) and 
endo-cCMPS (peak b) were obtained by RNase A digestion 
of cytidine 3’-Ophosphorothioate methyl esters with S, (peak 
d) and R, configurations (peak c), respectively as shown in 
Figure 7A (Usher et al., 1972). The R, phosphorothioate was 
cleaved faster than the S,  isomer (Burgers & Eckstein, 1979). 
The exo-cCMPS was eluted faster than the endo-cCMPS 
(Ludwig & Ekstein; 1989). The elution profile of the mixture 
containing both two isomers of cCMPS and digests of 
GGUC>pS is shown in Figure 7C. The digestion product of 
GGUC>pS (peak a in Figure 7B) was found to be the exo 
isomer of cCMPS. Therefore, the cleavage product from 
complex 8, which has the S,  phosphorothioate diester, was 
found to have a 3’-terminal exo-2’, 3’-cyclic phosphorothioate. 
These data suggest that the cleavage reaction of the ham- 
merhead ribozyme occurs by the in-line mechanism as shown 
in Figure 6. This result is consistent with the pathway that 
has been shown in a report in which an enzymatically syn- 
thesized substrate containing an R, phosphorothioate was used 
(van To1 et al., 1990). This result is also consistent with a 
proposed mechanism from ab initio molecular orbital calcu- 
lations (Taira et al., 1989). 

APPENDIX 
The reaction of Mgz+ binding to the hammerhead RNA is 

presented below. When this RNA has n Mgz+ binding sites 
and the association constant K,, the equations are 

RNA + nMgZ+* RNA-MgZ+, (1) 

K, = [RNA-MgZ+,]/[RNA][Mg2+]” (2) 

and 

The degree v> of Mgz+ binding from the measured [ez6,] 
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values of CD spectra is given by 
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f =  [RNA-Mg”,]/([RNA] + [RNA-Mg”,,]) 
= Ka[Mg2+I/(l + Ka[Mg2+I) (3) 

(4) f = ([el,,, - [eImin)/([eImax - [elmin) 

log (1 / f - 1) = -log Ka - n log [Mg”] 

Equation 3 may be rearranged to give 

( 5 )  

Equations 4 and 5 were used for plotting Figure 5 .  
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