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ABSTRACT: J1/2 of the Tetrahymena ribozyme, a sequence of three A residues, connects the RNA-binding 
site to the catalytic core. Addition or deletion of bases from J1/2 improves turnover and substrate specificity 
in the site-specific endonuclease reaction catalyzed by this ribozyme: G2CCCUCUA5 (S) + G + 
G2CCCUCU (P) + GAS. These paradoxical enhancements are caused by decreased affinity of the ribozyme 
for S and P [Young, B., Herschlag, D., & Cech, T. R. (1991) Cell 67, 10071. An additional property of 
these mutant ribozymes, decreased fidelity of R N A  cleavage, is now analyzed. (Fidelity is the ability to 
cleave at the correct phosphodiester bond within a particular RNA substrate.) Introduction of deoxy residues 
to give “chimeric” ribo/deoxyribooligonucleotides changes the positions of incorrect cleavage. Previous work 
indicated that S is bound to the ribozyme by both base pairing and tertiary interactions involving 2’-hydroxyl 
groups of S. The data herein strongly suggest that the P1 duplex, which consists of S base-paired with the 
5’ exon binding site of the ribozyme, can dock into tertiary interactions in different registers; different 
2’-hydroxyl groups of S plug into tertiary contacts with the ribozyme in the different registers. It is concluded 
that the mutations decrease fidelity by increasing the probability of docking out of register relative to docking 
in the normal register, thereby giving cleavage at  different positions along S. These data also show that 
the contribution of J1/2 to the tertiary interactions is indirect, not direct. Thus, a structural role of the 
nonconserved J1/2 is indicated: this sequence positions S to optimize tertiary binding interactions and to 
ensure cleavage at  the phosphodiester bond corresponding to the 5’ splice site. Substitution of sulfur for 
the nonbridging pro-Rp oxygen atom at the normal cleavage site has no effect on (kCat/K,Js but decreases 
the fraction of cleavage at  the normal site in reactions catalyzed by the -3A mutant ribozyme, which has 
all three A residues of J1/2 removed. Thus, the ribozyme chooses where to cleave S after rate-limiting 
binding of S, indicating that docking can change after binding and suggesting that the ribozyme could act 
processively. Indeed, it is shown that the +2A ribozyme cleaves at  one position along an RNA substrate 
and then, before releasing that R N A  product, cleaves it again. The ability of the substrate helix to move 
from one binding register to another without dissociation leads to a two-step model for RNA binding to 
the ribozyme: an “open” complex, in which S is held only by base-pairing interactions, precedes a “closed” 
complex, in which the base-paired duplex is docked into tertiary interactions. The change from the open 
to the closed complex can be described as an induced-fit conformational change, one which is able to contribute 
to specificity. 

x e  intron from Tetrahymena pre-rRNA excises itself in the 
absence of proteins or self-splices, as do several related group 
I introns (Kruger et al., 1982; Cech, 1990). Circularization 
of the excised intron showed that catalytic activity is contained 
within the intron (Zaug et al., 1983), and conversion of this 
intramolecular self-splicing reaction into an intermolecular 
reaction catalyzed by a shortened form of the intron, or 
“ribozyme”, has facilitated detailed investigations (Zaug & 
Cech, 1986; Zaug et al., 1988; McSwiggen & Cech, 1989; 
Herschlag & Cech, 1990a-c; Pyle et al., 1990; Herschlag et 
al., 1991). The site-specific endonuclease reaction catalyzed 
by the ribozyme is analogous to the first step of splicing, with 
the 5’ splice site provided in trans (Figure 1). 

5112 connects the 5’ exon binding site of the ribozyme to 
the rest of the ribozyme (Figure 2). Even though 5112 is not 
conserved in length or sequence among group I introns, mu- 
tations in this region have dramatic effects. These mutations 
(described in the right panel of Figure 2) decrease the binding 

of RNA oligonucleotides to the 5’ exon binding site by up to 
1000-fold but have little or no effect on the binding of DNA 
oligonucleotides (Young et al., 1991). These and other data 
provide evidence for tertiary interactions with 2’-hydroxyls of 
the oligonucleotide that stabilize that P1 duplex between 
substrate or product RNA oligonucleotides and the 5‘ exon 
binding site of the ribozyme [Figure 1 (bottom) and 2 (left); 
Sugimoto et al., 1989a; Herschlag & Cech, 1990a-c; Pyle et 
al., 1990; Pyle & Cech, 19911. The differential effect of 5112 
on RNA and DNA binding suggests that J1/2 plays a role 
in these tertiary interactions that help stabilize the binding 
of RNA (Young et al., 1991). 

Paradoxically, these mutations, which weaken binding, make 
the ribozyme a better enzyme. For the wild-type ribozyme, 
turnover with saturating RNA substrate is limited by slow 
dissociation of the second product in Figure 1 (bottom), 
GzCCCUCU (Herschlag & Cech, 1990b); the weaker binding 
to the mutant ribozymes speeds this rate-limiting step up to 
-60-fold (Young et al., 1991). The wild-type ribozyme has 
very low specificity because essentially every RNA substrate 
molecule that binds is cleaved, whether the substrate forms 
a matched or I’Ilkmatched duplex with the 5’ exon binding site 
(Herschlag & Cech, 1990~); the weaker binding to the mutant 
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FIGURE 1 : Comparison of the self-splicing (top) and endonuclease 
(bottom) reactions catalyzed by the Tetrahymena group I intron. 
(Top) The self-splicing reaction proceeds via two transesterification 
steps. After step 1 the 5’ exon is no longer covalently attached so 
that it can, in principle, dissociate (loss of 5’ exon) or proceed with 
step 2 to give ligated exons. (Bottom) Oligonucleotide substrates are 
cleaved by the L-21 ScaI ribozyme, a shortened version of the Tet- 
rahymena intron RNA (Zaug et al., 1988). The reaction is analogous 
to the first step in self-splicing. This ribozyme has been engineered 
so that the sites of intramolecular cleavage and the 3’-terminal G414, 
which can act as a nucleophile, are absent (Cech & Bass, 1986). Small 
letters denote the exons, capital letters denote the intron, italic G 
represents exogenous guanosine or GTP, and the shaded region is the 
5’ exon binding site, which forms the P1 helix with the 5’ exon (top) 
or oligonucleotide (bottom). Reprinted with permission from Her- 
schlag & Cech (1 990a). Copyright 1990 Macmillan Journals. 

ribozymes causes the mismatched substrate to dissociate prior 
to cleavage so that specificity is enhanced by up to -70-fold 
(Young et al., 1991). The J1/2 mutations also decrease the 
fidelity of the site-specific endonuclease reaction. (“Fidelity” 
refers to the ability to cleave a substrate at the correct 
phosphodiester bond, that corresponding to the 5’ splice 
junction.) Decreased fidelity in self-splicing would result in 
inaccurate ligation of exons in self-splicing (Young et al., 
1991). 

The infidelity caused by the J1/2 mutations is characterized 
herein and its physical basis explored. We find that the al- 
ternative cleavages arise from the P1 helix “docking” into the 
tertiary interactions in different registers. The ability to dock 
in different registers and a two-step binding process, in which 
docking is a step separate from formation of the base-paired 
duplex, allow the ribozyme to act processively. 

MATERIALS AND METHODS 
Materials. Unlabeled nucleoside triphosphates were pur- 

chased from P-L Biochemicals, guanosine from Sigma, [y- 
32P]ATP, [ 5’-32P]cytidine 3’,5’-bis(phosphate), [~u-~~P]cor-  
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dycepin (i.e., [ cu -~~P]  -3’-deoxyadenosine 5’-triphosphate), and 
calf alkaline phosphatase from New England Nuclear, T4 
polynucleotide kinase from U.S. Biochemicals, T4 RNA ligase 
and ScuI restriction endonuclease from New England Biolabs, 
poly(A) polymerase from Pharmacia, P1 nuclease from 
Calbiochem, RNase T 1 from Sanyo, and phosphoramidites 
for solid-phase RNA synthesis from ABN. Phage T7 RNA 
polymerase, isolated from Escherichiu coli strain BL2 1 con- 
taining the plasmid pAR1219 (Davanloo et al., 1984), was a 
gift from A. Zaug. 

The L-21 ScaI wild-type and mutant ribozymes were pre- 
pared as described previously (Zaug et al., 1988; Young et al., 
1991). The mutant ribozymes were kindly provided by B. 
Young. The oligonucleotides pppG,CCCUCUAGU and 
(Rp)-pppG2CCCUCU,,,AGU1 (Le., with two nonbridging 
phosphoryl oxygen atoms and with one sulfur atom and one 
oxygen atom, respectively, at the UA phosphodiester linkage) 
were transcribed from a synthetic DNA template with T7 
RNA polymerase using ATP or (Sp)-ATPaS and were a gift 
from J. McSwiggen (McSwiggen & Cech, 1989). The oli- 
gonucleotides pppG2CCCUCUA5 and pppG,CCCUCU were 
also synthesized with T7 RNA polymerase in reaction mixtures 
with and without ATP, respectively, as described previously 
(Zaug et al., 1988). CCCUCU was made from 
pppG,CCCUCU by treatment with RNase T1. The RNA 
oligonucleotide CCCCUCU and the mixed ribo/deoxyribo- 
oligonucleotides d4P, d5P, and d4,5P (defined in Scheme I 1  
below; Pyle & Cech, 1991) were made by solid-phase synthesis 
on an Applied Biosystems 380B DNA synthesizer with de- 
protection in ethanol/30% NH40H (3:l) overnight at 55 OC, 
followed by removal of the silyl protecting group by treatment 
with tetrabutylammonium fluoride in THF overnight at room 
temperature [see, e.g., Wu et al. (1989) and Scaringe et al. 
(1 990)]. CCCU,,,,CUA, (mixed RP and Sp isomers) was 
also made by solid-phase synthesis but with sulfur used in the 
oxidation of the UC phosphite to the phosphorothioate and 
was a gift from J. A. Piccirilli and A. Ritter. 

RNA was 5’-end-labeled by treatment with calf alkaline 
phosphatase (only necessary for the oligonucleotides syn- 
thesized by transcription, not by solid-phase synthesis) followed 
by T4 polynucleotide kinase and [y-32P]ATP, as described 
previously (Zaug et al., 1988), except that the labeled oligo- 
nucleotides were used in kinetic experiments directly following 
elution from a gel slice into 10 mM Tris/l mM EDTA, pH 
7.5, without ethanol precipitation. The alternative procedure 
has no effect on kinetic parameters. 

RNA was 3’-end-labeled with [ 5’-32P]cytidine 3’,5’-bis- 
(phosphate), catalyzed by T4 RNA ligase, or with [ C ~ - ~ ~ P ] -  
cordycepin, catalyzed by poly(A) polymerase, essentially as 
described previously (Tanner & Cech, 1985; Latham et al., 
1990), and purified by PAGE, as described above. 

Kinetics. Unless otherwise stated, reactions were carried 
out at 50 OC in 50 mM NaMES, pH 7.0 [determined at 25 
“C; pH 6.7 at 50 OC, calculated from Good et al., (1966)], 
and 10 mM MgCl,, as described in Herschlag and Cech 
(1990a). Briefly, reactions were initiated by addition of the 
5’-end-labeled oligonucleotide after a 1 5-min preincubation 

Abbreviations: G, guanosine; S, RNA substrate G2CCCUCUA5; P, 
RNA product G2CCCUCU; E, ribozyme; S*, 5’-32P-labeled substrate; 
P*, 5’-32P-labeled product; P*”, 5’-32P-labeled G2CCCU; (P-S), phos- 
phorothioate linkage, Le., with one nonbridging sulfur atom and one 
nonbridging oxygen atom; MES, 2-(N-morpholino)ethanesulfonic acid; 
Tris, tris(hydroxymethy1)aminomethane; HEPPS, N-(2-hydroxyethyl)- 
piperazine-N’-3-propanesulfonic acid; PAGE, polyacrylamide gel elec- 
trophoresis; EDTA, (ethylenedinitri1o)tetraacetic acid. 
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FIGURE 2: The sequence J1/2 in the wild-type and mutant ribozymes. (Left) The secondary structure of the wild-type L-21 ScaI ribozyme 
derived from the Tetrahymena intron. The RNA substrate (S) is shown in lower-case letters base-paired with the 5’ exon binding site of the 
L-21 ScaI ribozyme to give the P1 duplex. “Core” is the catalytic core of the ribozyme, which includes the G-site in P7 that binds guanosine 
(Michel et al., 1989). “X-link” shows an efficient UV-induced cross-link (Downs & Cech, 1990). (Right) The secondary structure around 

wt, +2A, -2A and -3A are used to refer to the wild-type and mutant 
(1991). Copyright 1991 Cell Press. 

J l / 2 ,  showing the wild-type and mutant J1 /2  sequences. The names 
ribozymes in the text. Reprinted with permission from Young et al. 

of the ribozyme, MgCl,, MES buffer, and guanosine at 50 “C. 
Typically about 6 aliquots of 1-2 pL were removed from 20-pL 
reaction mixtures at specified times and quenched with -2 
volumes of 20 mM EDTA in 90% formamide with 0.005% 
xylene cyanol, 0.0 1 % bromophenol blue, and 1 mM Tris, pH 
7.5. Product and substrate were separated by electrophoresis 
on 20% polyacrylamide/7 M urea gels, and their ratio at each 
time point was quantitated with use of an Ambis radioanalytic 
scanner. All reactions were single turnover, performed with 
an excess of ribozyme and only radiolabeled oligonucleotide 
reactant (- 1 nM). Reactions were followed for -3t1/, ,  except 
for very slow reactions (e.g., reaction of the wild-type ribozyme 
with P*). Disappearance of the radiolabeled reactant was first 
order over the entire time course, with end points of -95%, 
which corresponds to -5% unreactive starting material. The 
slower reactions were followed for up to 180 min, and there 
was no evidence for curvature from inactivation of the ribo- 
zyme over this time. 

Reaction of CCCU(p-s,CU. CCCU(p-s,CU (mixed RP and 
Sp isomers) was generated in situ from CCCU(p-s,CUA5. 
Single-turnover reactions were carried out with 10 nM wt, 
+2A, or -2A ribozyme or 80 nM -3A ribozyme (Figure 2, 
right), 2.0 mM G, and -1 nM 5’-end-labeled CCCU(p-s,- 

CUA5. Almost all of this starting material was quickly con- 
verted to CCCU(p-s,CU so that the slower cleavage of this 
oligonucleotide could be followed. The rate constants obtained 
are less precise for these reactions than for the others studied 
because the reactant was generated in situ and because there 
were two populations of reacting species, the RP and Sp 
t hioisomers. 

RESULTS AND DISCUSSION 
Fidelity Is Decreased by the Mutations in J1/2.  The RNA 

endonuclease reaction of the Tetrahymena ribozyme is de- 
picted in Figure l (bottom). The digonucleotide substrate 
(S) is cleaved at the UpA bond, which corresponds to the 5‘ 
splice junction in the self-splicing reaction. However, in initial 
experiments with the J1/2 mutant ribozymes, shorter 5‘ 
products were also apparent (Young et al., 1991). Thus, these 
mutations decrease the fidelity of cleavage. 

In order to study the alternate cleavages quantitatively, 
reactions were started with P, the normal product of the en- 
donuclease reaction, rather than s, and the conversion of P 
to shorter products was followed (Scheme I). This is simpler 
than starting with S, as the additional products could come 
directly from cleavage of S or could arise from cleavage of 
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Table I: Cleavage of P (G,CCCUCU) by the Wild-Type and Mutant Ribozymes: Rates and Products' 

Biochemistry, Vol. 31, No. 5, 1992 1389 

~ ~~ 

+2A 5 d  15 4 x 108 0.3 5.6 0.1 20 370 7 

-2A 1 5" 150 3 x 107 <o.o4 4.7 0.4 <0.3 30 3 
-3A 0 4' 1000 4 x 106 0.9 3.0 0.1 0.9 3 0.1 

wt 3 0.0089 1 8 x 106 0.0004 0.0076 <6 X 0.4 8 C0.06 

"Reactions with 50 mM MES, pH 7,  and IO mM MgCI, at 50 "C. "The ribozymes and the J1/2 sequences are defined in Figure 2. 'This rate constant 
represents that for the single-turnover reaction E.P*G - products, Le., with saturating ribozyme and G. The disappearance of P' to all products is followed, 
so that kCP is the sum of the rate constants for formation of the various products: k,P = k,' + k," + k,"'. Reactions were carried out with 800 r M  G, 
cxtrapolated to saturating G using Kd(EG) = 1 mM for the wild-type ribozyme (Herschlag & Cech, 1990a) and Kd(E.G) = -4 mM for the mutant ribozymes 
[estimated in  Young et al. (1991)]. Although the uncertainty in the value O f  Kd(E*G) for the mutant ribozymes leads to considerable uncertainty in the values 
of kCP for the mutant ribozymes, this uncertainty does not affect conclusions in the text. dValues for wild type are from Herschlag and Cech (1990b) and values 
for the mutants are from Young et al. (1991). CRate constants k:, k,", and k,"' are for the formation of P', P", and P"' (Scheme I), respectively, from E.P*.G 
in single-turnover reactions, determined from kCP (footnote c) and quantitation of the ratio of the products formed from P, as in Figure 3A. Note that the values 
of k," are reasonably precise, since this is the major product. However, the values and k,' and k,"' are considerably less precise since they are based upon 
quantitation of minor products (except for k,' for the -3A ribozyme, as there is a considerable amount of P' formed by this ribozyme). 'Obtained with 200 nM 
ribozyme. Reactions with 4-200 nM ribozyme showed that 200 nM ribozyme is saturating. A similar value of kCP, within 2-fold, was calculated from kaM with 
IO nM ribozyme and 2 mM G, using Kd(E.P) and Kd(EG). XObtained with 50 nM ribozyme. The same value of kCP, within 20%, was calculated from koM 
with IO nM ribozyme and 2 mM G. Reactions with 15-80 nM ribozyme gave the same values of kObd, showing that these concentrations of ribozyme are 
saturating. "Obtained with 600 nM ribozyme, extrapolated to saturation using Kd(E.P) = 150 nM. The same value of k,P, within 3070, was calculated from 
kllh.,, obtained with IO nM ribozyme and 2 mM G. 'Obtained with 600 nM ribozyme, extrapolated to saturation using K,(E.P) = 1000 nM. 

Scheme I 
S G2CCCUCUAs 

P G2CCCUCU 

P' GpCCCUC 

P" GzCCCU 

P"' G2CCC 

iv G2CC 

P, following its formation from S. (Both routes occur, as is 
described below.) With saturating or near-saturating con- 
centrations of the mutant ribozymes, P was quickly cleaved 
to shorter products, with its disappearance following good 
first-order behavior for more than 3 half-lives, but with sat- 
urating wild-type ribozyme the cleavage was much slower, so 
that only the initial rate of cleavage could be followed (data 
not shown). Quantitation of these data showed that fidelity 
is decreased -600-fold for the mutant ribozymes relative to 
the wild type, as determined from the ratio of rate constants 
for the cleavage of bound P, kCp(mumt)/kCp(w) (Table I). [P, the 
substrate in these reactions, is the normal product of the 
endonuclease reaction, so that faster cleavage of P represents 
lower fidelity; the chemical step for correct cleavage of S to 
give P is the same, within -2-fold, for the wild-type and 
mutant ribozymes (Young et al., 1991).] The products from 
cleavage of P are mapped in Figure 3A and quantitated in 
Table I. The predominant product is P" (defined in Scheme 
I) with the wild-type and mutant ribozymes (P" is formed with 
rate constant k,"; Table I). However, the -3A mutant gives 
a large amount of F", whereas this is a minor product with the 
wild-type and +2A ribozymes and is not observed with the 
-2A ribozyme (k;, Table I). The -2A ribozyme instead gives 
a significant amount of P"', which is a very minor product of 
the other mutant ribozymes and is not observed with the 
wild-type ribozyme (k,"', Table I). 

Is the decreased fidelity simply a side effect of disrupting 
the overall ribozyme structure, giving a less efficient and less 
precise catalyst? The small decrease of ---fold in the rate 
of cleavage of S at the correct position caused by the mutations 
(Young et al., 1991) contrasted with the large increase in the 
rate of cleavage at the incorrect positions (kcp, Table I) sug- 
gests a more subtle or localized change rather than an overall 
disruption. The next two sections analyze the physical basis 
underlying the decrease in fidelity. 

Scheme 11 
-5 -3 -1 

G 2 C  C C U C U 
OH' X 'Y 'OH 'OH' OH 

X Y  
P O H O H  

d4P O H H  

d5P H O H  

d4,5P H H 

What Is Responsible for Infidelity? Binding of the oligo- 
nucleotide S or P to the wild-type ribozyme is stabilized by 
tertiary interactions that involve the 2'-hydroxyls of the oli- 
gonucleotide (Sugimoto et al., 1989b; Herschlag & Cech, 
1990a; Pyle & Cech, 1991). For example, a ribooligo- 
nucleotide binds - 1 04-fold stronger than a deoxyribooligo- 
nucleotide of the same sequence (50 OC, 10 mM MgC12; 
Herschlag & Cech, 1990a,b). Studies of chimeric oligo- 
nucleotides, which contain both rib0 and deoxyribo residues, 
have shown that the 2'-hydroxyl at position -3 from the normal 
cleavage site is the most important tertiary binding interaction 
(numbering as in Scheme 11; Pyle & Cech, 1991; D.H., C. 
Grosshans, & T. R. Cech, unpublished results). In this section, 
this tertiary interaction is used as a reference point to dem- 
onstrate and characterize the modes of association of the 
ribozyme with the oligonucleotide P that are responsible for 
the aberrant cleavage of P to shorter products. 

Consider two models: (A) The P1 helix between the oli- 
gonucleotide (P) and the 5' exon binding site of the ribozyme 
(Figure 1) is held fixed by the tertiary interactions so that the 
aberrant cleavages arise from guanosine, in its binding site in 
the catalytic core (Michel et al., 1989), moving along the P1 
helix to cleave at the different positions. The mutations would 
increase the alternative cleavage by favoring motion of the 
guanosine site with respect to P1, which remains fixed with 
respect to its tertiary interactions. (B) The other possibility 
is that P1 is not fixed with respect to its tertiary interactions. 
In this model the oligonucleotide moves, so that a different 
2'-hydroxyl replaces that at the -3 position in this tertiary 
contact. The guanosine site could then remain fixed with 
respect to the tertiary contact. 

In order to distinguish between these models, the alternative 
cleavages of the chimeric oligonucleotides depicted in Scheme 
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FIGURE 3: (A) Products of cleavage of P* (p*G,CCCUCU) by the 
wild-type and mutant ribozymes. Lanes are as follows: P, P* starting 
material; L, ladder from partial digestion of P* by S1 nuclease, which 
leaves 3’-hydroxyls; wt, +2A, -2A, and -3A, single-turnover reactions 
of - 1 nM P* and 2.0 mM G with 10 nM wild-type ribozyme (180 
min), 10 nM +2A ribozyme (2.5 min), 10 nM -2A ribozyme (10 min), 
and 80 nM -3A ribozyme (15 min), respectively. The ribozyme 
concentrations and incubation times were designed to give cleavage 
of slightly more than half of the P*, so that the products could be 
mapped. Thus, the rates of reaction of the different ribozymes cannot 
be conveniently compared in this figure; Table I contains such rate 
comparisons. The concentration of each ribozyme is kept constant 
in panels A, B and C, but the time of incubation is changed. (B) 
Products of cleavage of d4P* [p*G,CC(dC)UCU] by the wild-type 
and mutant ribozymes. Lanes are analogous to those in panel A, as 
follows: d4P, d4P* starting material; L, ladder from partial digestion 
of d4P* by S1 nuclease; wt, +2A, -2A, and -3A, single-turnover 
reactions of -1 nM d4P* and 2.0 mM G with 10 nM wild-type 
ribozyme (180 min), 10 nM +2A ribozyme (20 min), 10 nM -2A 
ribozyme (100 min), and 80 nM -3A ribozyme (100 min), respectively. 
A band across from the open arrow fifth from the bottom, corre- 
sponding to P”’, was visible in longer exposures. (C) Products of 
cleavage of d5P* [p*G,C(dC)CUCU] by the wild-type and mutant 
ribozymes. Lanes are analogous to those in panel A, as follows: d5P, 
d5P* starting material; L, ladder from partial digestion of d5P* by 
P1 nuclease, which leaves 3’-hydroxyls; wt, +2A, -2A, and -3A, 
single-turnover reactions of - 1 nM P* and 2.0 mM G with 10 nM 
wild-type ribozyme (180 min), 10 nM +2A ribozyme (40 min), 10 
nM -2A ribozyme (180 min), and 80 nM -3A ribozyme (100 min), 
respectively. 

I1 were compared to the alternative cleavage of the all-rib0 
oligonucleotide, P. P” is the predominant product from 
cleavage of P by the wild-type and mutant ribozymes (Figure 
3A) but not from cleavage of d5P (Figure 3C).2 Removal 
of the 2’-hydroxyl at the -5 position (i.e., d5P; Scheme 11) is 
expected to greatly decrease formation of P” if the tertiary 
interactions change (in accord with model B), because this 
2’-hydroxyl is at position -3 relative to the P” cleavage site. 
This change in cleavage position is quantitated in Table 11. 
For cleavage of P by the wild-type, +2A, and -3A ribozymes, 
the ratio of [P’]/[P’’] is 4 ;  however, for cleavage of d5P, there 
is a dramatic change in this ratio to I 1  (Table IIA). Similarly, 
the ratio of [P”’]/[P”] for cleavage of P by the +2A, -2A, 
and -3A ribozymes is increased -10-fold when d5P is the 
substrate (Table IIB). The observed change in the ratio of 
products cannot be accounted for by model A, in which the 
tertiary interaction remains constant regardless of the position 
of cleavage. Additional support for model B comes from the 

P” with a deoxy residue at position -5 (Le., d5P”; see Schemes I and 
11) is the actual product from reaction of d5P. For simplicity, the d5 and 
d4 notation is omitted in referring to the products of d5P and d4P 
cleavage. 

Table 11: Removal of the 2’-Hydroxyl Moiety at Position -4 or -5 of 
G2CCCUCU (P) Changes the Distribution of Products of Cleavage 
Catalyzed by the Wild-Type and Mutant Ribozymes“ 

starting oligonucleotide 
ribozyme P d5P d4P 

(A) Product Ratio [P’]/“’’] 
wt 1 /20 1.3 <1/10 
+2A 1 /20 1.5 <1/10 
-3A 1/3 3.4 <1/40 

(B) Product Ratio [P”’]/[P”] 
+2A -1/50 <1/100 
-2A 1/10 1 
-3A - 1 /40 1/10 <1/100 

“Reactions were carried out with 50 mM MES, pH 7, 10 mM 
MgC12, and 2.0 mM G at 50 OC, with -1 nM of 5’-end-labeled oli- 
gonucleotide (P, d5P, and d4P are defined in Scheme 11) and 10 nM of 
each ribozyme, except the -3A ribozyme, which was present at 10 or 
80 nM in different reactions, P’, P” and P”’ are defined in Scheme I. 
The ratios are derived from initial rates to avoid secondary reactions 
of, for example, P’ - P”. The uncertainty is substantial for the ratios 
that are far from 1 because the amount of a minor product had to be 
quantitated. This does not, however, obscure the qualitative trends 
described in the text. Data for the [P’]/“’’] ratio for the -2A ribo- 
zyme and the [P”’]/[P”] ratio for the wild-type ribozyme are not in- 
cluded, because there was no measurable formation of P’ by the -2A 
ribozyme or P”’ by the wild-type ribozyme. 

Scheme I11 

reactions of d4P. P’ is formed as a substantial product from 
the -3A ribozyme but is not formed to a detectable extent from 
d4P (Figure 3A,B; see also Table IIA). This is expected from 
model B since the 2’-hydroxyl at position -4 is three away from 
the P’ cleavage site. The rate of formation of P” from d4P 
is also decreased relative to its rate of formation from P (data 
not shown); this is again consistent with model B, as the 2’- 
hydroxyl of the nucleotide at position -2 relative to the 
cleavage site also has a significant effect on binding and 
cleavage in the normal site-specific endonuclease reaction (Pyle 
& Cech, 1991; D.H. & T. R. Cech, unpublished results). No 
cleavage of d4P to give P”’ was observed (Figure 3B; Table 
IIB). This is analogous to the large decrease in rate observed 
for the wild-type ribozyme when the 2’-hydroxyl at the 
cleavage site of the normal substrate is replaced by a 2’-hy- 
drogen to give CCCUCdUAs (D.H., J. A. Piccirilli, & T. R. 
Cech, unpublished results). Finally, product ratios from re- 
actions of d4,5P, which is missing the 2’-hydroxyl moieties at 
both position -4 and -5, change from those for reactions of 
d4P and d5P (data not shown), again consistent with move- 
ment of the tertiary interactions according to model B. 

Even when J1/2 is completely removed to give the -3A 
ribozyme, recleavage of P is still affected by the 2’-hydroxyls 
at positions -3 and -2 from the cleavage site. This strongly 
suggests that the tertiary contacts are made with the residues 
outside of J1/2. However, the binding data presented by 
Young et al. (1991) show that J1/2 mutations affect the net 
binding energy that is obtained from the tertiary interactions. 
Thus, J1/2 plays a role in the tertiary interactions, but this 
role is indirect rather than direct (see Structure-Function 
Implications). 

Is Infidelity Caused by Alternative Docking of the PI Helix 
or Sliding of the Oligonucleotide along the 5‘Exon Binding 
Site? The above comparison of the reactions of P, d5P, and 
d4P showed that their cleavage is accompanied by a change 



Processivity and Two-step Binding by a Ribozyme 

Table 111: Test of Docking versus Sliding Models by Comparison of 
Cleavage Rates for C,UCU and C4UCU“ 

k..,b 
ribozyme m C U  C4UCU ~ (G&UCU 

0.7 1.6 
0.9 0.7 
1.1 1.2 
1.7 1.1 

wt (1) 
+2A (1) 
-2A (1) 
-3A (1) 

“Reactions with 10 nM ribozyme, - 1  nM 5’-end-labeled oligo- 
nucleotide, and 2.0 mM G in the presence of 50 mM MES, pH 7, and 
10 mM MgCll at 50 OC. bRate constants are relative to that observed 
for cleavage of C,UCU; Le., krel = kowO~i~O/kpyc~uc~ .  The ratio of 
products corresponding to cleavage at the positions giving P” and P’ 
(Table I1 and Scheme 11) was the same, within 2-fold for the different 
oligonucleotides. However, there was an increase in the amount of the 
minor products corresponding to cleavage at the positions giving P”’ 
and PIv with C4UCU (Le., C4 and C,, respectively). In all cases C4 
and C3 combined accounted for less than 30% of the total products. 

in the position of the bound oligonucleotide such that the 
tertiary interactions are displaced 5’ along the oligonucleotide. 
This could be accomplished in two ways: the P1 helix could 
“dock” with the tertiary contacts in a different register, or the 
oligonucleotide could “slide” along the 5’ exon binding site, 
which is the other strand of P1, as depicted in Scheme 111. 

The docking and sliding models were tested by comparing 
the cleavage of CCCUCU and CCCCUCU. In the sliding 
model, rate of cleavage of CCCCUCU should be much greater 
than the rate of cleavage of CCCUCU, because the added C 
residue would give an additional G C  base pair, thereby fa- 
voring the alternative binding modes in Scheme 111. In con- 
trast, the added C residue is not expected to have a significant 
effect if the intact P1 helix docks in different registers, as the 
base pairing does not change in this model (Scheme 111, left 
structure). The results in Table I11 show that the rate of 
cleavage of CCCUCU and CCCCUCU are similar, within 
2-fold for each ribozyme. The rates of cleavage of CCCUCU 
and G,CCCUCU are also similar (Table 111), providing no 
indication of a 5’ length effect that might otherwise interfere 
with this test.3 Thus, the P1 helix moves as a unit, docking 
into the tertiary contacts in different registers and thereby 
allowing the oligonucleotide to be cleaved at additional sites. 

With the P1 helix docking into the tertiary interactions in 
different registers, the simplest model for cleavage to give the 
shorter products is that the active site remains fixed with 
respect to the positions of tertiary contacts on the ribozyme. 
The following data suggest that this is indeed the case. (1) 
For the normal cleavage to give P, substitution of sulfur for 
a nonbridging phosphoryl oxygen atom to form the RP thio 
isomer slows the chemical step 2-fold for the wild-type and 
mutant ribozymes (Herschlag et al., 1991; Young et al., 1991); 
substitution to give the Sp thio isomer slows the chemical step 
> 1000-fold for the wild-type ribozyme, providing strong 
support for an interaction of the ribozyme (or a ribozyme- 
bound metal ion) with the p r o 3  oxygen atom (J. A. Piccirilli 
and T. R. Cech, unpublished results). CCCU,p-s,CU has a 
mixture of the RP and Sp thio isomers at the position of 
cleavage that gives P”. Reactions of this oligonucleotide with 
the wild-type and mutant ribozymes are consistent with a small 

There is an increase in the fraction of shorter products from C4UCU 
compared to the products from C3UCU (Table 111, footnote b) .  This 
presumably arises from an additional reaction pathway analogous to the 
Cs cleavage reaction catalyzed by the ribozyme (Zaug & Cech, 1986). 
However, these shorter species remain minor products (<30%) so that 
the rate constants for cleavage of C4UCU in Table I11 are not signifi- 
cantly altered by the additional reaction pathway and the conclusion is 
unaffected. 

Scheme IV 
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thio effect of -3-fold for half of the molecules, presumably 
the RP thio isomer, and a much larger thio effect for the other 
half of the molecules, presumably the Sp thio isomer, so that 
about half of the products are P’ and P”’ instead of P” (re- 
actions as described under Materials and Methods; data not 
shown). These results suggest that the environment around 
the p r o 3  oxygen is the same during the unfaithful cleavage 
of P as it is in the normal cleavage of S .  (2) The chemical 
step of the normal cleavage reaction of S by the wild-type 
ribozyme is approximately first order in [OH-] from pH 5.2 
to 7.0 (D.H. & T. R. Cech, unpublished results). The same 
pH dependence was observed for the cleavage of P. Analogous 
results were obtained for cleavage of S and P by the +2A 
ribozyme. In addition, the ratio of products from cleavage 
of P and from cleavage of d5P by the wild-type ribozyme was 
the same at pH 6.1 and 7.0 (data not shown). These results 
are consistent with the same overall mechanistic pathway and 
the same rate-limiting step in the aberrant cleavage of P as 
in the normal cleavage of S .  

The decreased fidelity of the mutant ribozymes could arise 
from an increase in the probability of docking in the incorrect 
registers or from faster cleavage once docked in the incorrect 
registers. Because the mutations have only a small effect on 
the rate of the chemical step for cleavage of S at the correct 
site, decreasing k, by -2-fold (Young et al., 1991), and be- 
cause the same active site appears to be used for the correct 
and incorrect cleavages, it is unlikely that the infidelity results 
from faster cleavage by the mutant ribozymes subsequent to 
docking into the alternate registers. These data therefore 
suggest that the mutations in J1/2 cause infidelity by in- 
creasing the probability of docking in alternate registers. 

The Cleavage Site Is Chosen after Binding. Substitution 
of sulfur for a nonbridging phosphoryl oxygen atom to give 
the RP thio isomer at the normal cleavage site slows the 
chemical step for the wild-type and mutant ribozymes by 
2-fold. In contrast, this substitution has no effect on (kat/ 
K,JS, because this second-order rate constant for reaction of 
E-G with S is limited by binding of S and not the chemical 
step (Herschlag & Cech, 1990b; Herschlag et al., 1991; Young 
et al., 1991). Similarly, there is no rate effect from thio 
substitution on (k,,,/K,,JS for the -3A mutant ribozyme 
(Figure 4, inset). However, thio substitution changes the ratio 
of products from the -3A ribozyme (Figure 4), giving less 
formation of P and more formation of P’ and P”. 

In order to account for the thio effect on the ratio of 
products but not on the overall rate, different steps must de- 
termine the rate of the reaction and the product that is formed. 
This requirement is met by the model in Scheme JVA. 
Following initial binding, the E.G.S complex can react to give 
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FIGURE 4: Thio effect on rate (inset) and products from cleavage of 
G,CCCUCUAGU (open symbols) and (RP)-G2CCCUCU,,,AGU 
(closed symbols) by the -3A ribozyme. Reactions were carried out 
with 40 nM -3A ribozyme, - 1 nM 5’-end-labeled normal or thio- 
containing oligonucleotide substrate, and 800 rM G in the presence 
of 50 mM MES, pH 7, and 10 mM MgC1, at 50 OC. The inset shows 
the disappearance of GzCCCUCUAGU (open symbols) and (Rp)- 
G2CCCUCU,,s,AGU (closed symbols). The main figure shows the 
products that are formed in these reactions. The open circles cor- 
respond to P formed from the normal substrate (G,CCCUCUAGU), 
and the open triangles correspond to the sum of P’ and P“ formed 
from this substrate. The closed circles and triangles correspond to 
P and to the sum of P’ and P”, respectively, formed from the thio 
substrate [(Rp)-G2CCCUCUlps,AGU]. (P, P’ and P” are defined 
in Scheme I.) The ratio of P to P’’ formed was unaffected by the 
thio substitution (<20% change in the ratio; data not shown). In the 
inset, the fraction of S* remaining at each time was normalized by 
subtracting the fraction of S* that did not react at long times 
(fracS*,,, = 0.05 for the normal substrate and 0.10 for the thio 
substrate) and then dividing by the fraction of S* that was reactive: 
Le., frac(SJnm = (fracS*, - fracS*,,)/(I - fracS*,,). Each time 
point is the average of two separate determinations. In the main figure, 
the fraction of each product at each time was normalized in the same 
way, by dividing by the fraction of S* that was reactive, so that at 
r = m the sum of the product fractions is 1.0 [Le., frac(prod*,),,,, 
= frac(prod*,)/(l - fracS*,,,), with the values of fracS*,-, above]. 

P, P‘, or P‘’. Even though there is a thio effect on the chemical 
step for formation of P (Young et al., 1991; this step is depicted 
with an asterisk in Scheme IV), there is no thio effect on the 
observed rate because binding of S is rate-limiting under the 
conditions of Figure 4 (Young et al., 1991). Despite the 
absence of an overall rate effect, the ratio of products from 
Scheme IVA can be changed by slowing the chemical step to 
form P but not the chemical step to form P’ and P”. No thio 
effect is expected in the formation of P’ and P” because 
phosphate remains, rather than phosphorothioate, at the re- 
active linkages and phosphorothioate substitution one position 
3’ to the normal cleavage site of S does not affect its cleavage 
by the wild-type ribozyme (J. A. Piccirilli and T. R. Cech, 
unpublished results). Thus, this thio substitution is expected 
to decrease the amount of P formed and correspondingly in- 
crease the amount of P’ and P’’ formed. This is indeed ob- 
served: the initial slopes in Figure 4B show that the ratio of 
[P/(P‘ + P”)] decreases from 4.2 to 2.1 upon thio substitution. 
The ratio of these ratios gives the thio effect of kF/k,fhio = 

Scheme V 

2.0 on the chemical step, according to eq 2, which was derived 
from Scheme IVA and eqs l a  and lb. This calculated thio 
effect is consistent with the thio effect of 1.7 obtained directly 
under conditions that render the chemical step rate-limiting 
(Young et al., 1991). 

Rox = [P/(P’ + P”)] = k,“/(k,’ + k,”) (la) 

p h i 0  = [P/(P’ + P”)] = k,thiO/(k,‘ + k,”) (lb) 

(2) 

In contrast to the ability of Scheme IVA to account for the 
change in product ratios upon thio substitution that occurs 
without a thio effect on the overall rate, the alternative model 
of Scheme IVB cannot account for these data. In Scheme IVB 
there are three forms of the ribozyme without bound S :  E-G 
reacts with S to give P, E’.G reacts to give P‘, and E’.G reacts 
to gives P”. However, this model does not provide different 
rate- and product-limiting steps. After rate-limiting binding, 
the ribozyme cannot “choose” where to cleave the substrate 
so that the thio substitution cannot change the product ratio. 
The inadequacy of Scheme IVB is also demonstrated by the 
observed increase in the rate of formation of P’ and P” upon 
thio substitution (Figure 4, initial slopes); in model B this rate 
is expected to be unaffected by thio Substitution. 

Thus, as depicted in Scheme IVA, the ribozyme can choose 
a cleavage site after binding the substrate. This finding fore- 
shadowed the ability of a mutant ribozyme to act processively, 
cleaving at one site and then another without releasing the 
intermediate between cleavages, as is described in the following 
section. 

The +2A Ribozyme Cleaues RNA Processively. The ability 
to choose a cleavage site after binding of S (Scheme IVA) 
raises the possibility that, following an initial cleavage, there 
could be a second cleavage without dissociation of the first 
product. This is depicted in the top line of Scheme V. 
Processivity requires (1) multiple binding modes to place 
different phosphodiester bonds in the active site, (2) a pathway 
for changing binding modes without dissociating, and (3) a 
rate constant for the subsequent chemical step to form the 
shorter product that is faster than the rate constant for dis- 
sociation of P, the initial product (Scheme V, k,P > k,&. 
Multiple binding modes (1) via alternate docking of the P1 
helix were demonstrated above. In addition, a pathway for 
changing binding modes without dissociating (2) was dem- 
onstrated in the previous section by the ability of the -3A 
ribozyme to choose the site of cleavage subsequent to binding 
the substrate. Finally, the values of k,P = -6 min-’ (Table 
I) and k,$ = -1 min-’ (Young et al., 1991) for the +2A 
ribozyme (50 “C, 50 mM MES, pH 7, and 10 mM MgC1,) 
suggest that the final criterion for processivity is met by this 
ribozyme. 

Processivity was demonstrated for the +2A ribozyme by a 
pulse-chase experiment (Figure 5 ) .  This experiment was 
carried out at 30 “C rather than 50 OC to slow the reaction 
so that the first cleavage of S* to give P* could be distinguished 
from the second cleavage of P* to give (predominantly) P*”. 

thio effect = kp/kcfhio = RoX/Rthio 
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FIGURE 5: Processivity of the +2A ribozyme. The +2A ribozyme 
(300 nM) and N 1 nM S* (p*G2CCCUCUA5) were incubated at 30 
OC in 50 mM MES, pH 7.0, and 10 mM MgClz for t l  = 1 min, 
followed by a 10-fold dilution at t 2  = 0 with a chase solution to give 
the following final concentrations: 2.0 mM G, 2 pM unlabeled P, 
10 mM MgC12, and 50 mM MES, pH 7.0 (top panel) or 50 mM 
HEPPS, pH 7.9 (bottom panel). The time course following the chase 
is shown, with 0 representing S*, representing P*, and A repre- 
senting P*”. The open symbols in the top panel represent the results 
of a control experiment that was analogous to the experiment described 
except that S* was omitted and P* was added at t z  = 0 along with 
the G and unlabeled P. The ribozyme was preincubated at 50 OC 
for 20 min in 75 mM MES, pH 7.0, and 15 mM MgC12. This 
renaturation treatment is required to allow the ribozyme to adopt its 
active conformation (D.H. and P. Legault, unpublished results). 
Experiments in which the ribozyme concentration was decreased 3-fold 
still gave reaction of -60% of the initial S*, as in this figure. These 
and other data (D.H. and P. Legault, unpublished observations) suggest 
that the unreactive S* can form a tight complex with ribozyme that 
is sequestered in an inactive conformation. 

Scheme VI 

S’ p* 7 Assay by PAGE 

ENg2+ 

As outlined in Scheme VI, the E.S* complex is first formed 
during t l ;  at t2 = 0 there is a simultaneous addition of G, which 
allows the reaction to start, and unlabeled P, which prevents 
the rebinding of P* so that only P* remaining bound can 
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proceed to form P*”. As seen in Figure 5, S* disappears very 
quickly, forming predominantly P*. Subsequently this P* 
disappears, reacting to give P*”. The absence of P*” formation 
from P* when P* is added at t2 with the chase (Figure 5A, 
open symbols) shows that only P* that remains bound to the 
ribozyme can proceed to give P*”. Thus, there is processivity 
of 70% at pH 7.0 (Figure 5A) and 85% at pH 7.9 (Figure 5B). 

The rate constants k,P = 0.2 and 0.6 min-l at pH 7.0 and 
7.9, respectively (30 OC, 10 mM MgClJ, and kOnP = 0.1 min-’ 
at both pH values (k,P and kOfp are defined in Scheme V) were 
determined from the rate constant and extent of P*” formation 
in Figure 5, following the calculations described previously 
(Herschlag & Cech, 1990b). These data are consistent with 
a direct measurement that gave the same value of k,P = 0.2 
min-’ [ 10 nM +2A ribozyme (saturating), - 1 nM P*, and 
2.0 mM G with 50 mM MES, pH 7.0, and 10 mM MgCl, 
at 30 OC; data not shown]. Independent experiments provided 
evidence for an increase in the rate constant for the chemical 
step with increasing pH without an effect on the affinity for 
P (data not shown), again consistent with the results from 
Figure 5. Processivity was also observed at 50 OC, with 0.17, 
0.47, and 0.70 of the P* forming P*” at pH 6.1, 7.0, and 7.9, 
respectively (in 2 mM G and 10 mM MgC12); however, the 
faster reactions at the higher temperature rendered it more 
difficult to observe the successive accumulation and disap- 
pearance of P* that is clearly distinct in Figure 5. 

Evidence for Two-step Binding of Oligonucleotides to the 
Ribozyme and Relative Energetic Barriers. Our under- 
standing of the formation of the P1 duplex between an RNA 
oligonucleotide, S or P, and the 5’ exon binding site of the 
ribozyme has been refined by the experiments described in this 
section. They provide evidence for an (EsS), or (EmP), “open” 
complex, in which the P1 duplex has formed, and an (E-S), 
or (EoP), “closed” complex, in which the P1 helix has docked 
into tertiary interactions with the ribozyme. 

Consider the processive reaction catalyzed by the +2A ri- 
bozyme. After cleavage of S ,  P is bound in the active site with 
a tertiary contact to the 2’-hydroxyl of the -3 residue. How- 
ever, for the subsequent cleavage to give P”, the tertiary in- 
teraction with the 2’-hydroxyl of residue -3 must be broken 
and the -3 residue must be replaced by the -5 residue in this 
tertiary contact (see above). If binding occurred with only 
one significant energetic barrier, then, by microscopic rever- 
sibility, breaking the tertiary contact would result directly in 
dissociation and there would be no processivity. In other words, 
any time the tertiary interactions were broken, the duplex 
would also fall apart. Thus, an energetic barrier in addition 
to that for breaking the tertiary interactions is required to 
prevent the oligonucleotide from falling off and thereby allow 
processivity. This is depicted in the two-step binding mech- 
anism of Scheme VI1 and Figure 6. (E-P),, which contains 
the P1 helix in its normal register after cleavage of S ,  could 
break its tertiary contacts without dissociating to give the open 
complex, (ESP),. The P1 helix in this open complex could then 
reenter a closed complex, by docking into the tertiary inter- 
actions, to give, for example, (ESP)”, which is the binding 
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evidence for a two-step binding model as the processivity result 
with the +2A ribozyme. An additional barrier is required to 
prevent dissociation after the tertiary interactions are broken, 
as depicted in Scheme VI1 and Figure 6. 

(2) The rate constant k,, = -lo8 M-’ min-’ for binding 
of oligonucleotides to the wild-type ribozyme is of the order 
observed for duplex formation between two oligonucleotides 
in solution (Herschlag & Cech, 1990b; Turner et al., 1990). 
This is consistent with the two-step binding pathway as de- 
picted in Figure 6, in which the first step of duplex formation 
is rate-limiting (i.e., essentially every time the duplex is formed, 
the RNA oligonucleotide then docks into the tertiary inter- 
actions rather than falling off). 

(3) Despite the - 15- and 150-fold weaker binding of RNA 
oligonucleotides caused by the +2A and -2A mutations, re- 
spectively, the rate constants for binding of oligonucleotides 
are the same, within experimental uncertainty (Young et al., 
1991; small variations of ---fold may arise from the presence 
of some inactive ribozyme or differences in accessibility of the 
5’ exon binding site). Thus, the strength of the tertiary in- 
teractions does not affect the rate constant for binding, con- 
sistent with rate-limiting duplex formation, as depicted in 
Figure 6. 
(4) Binding of RNA oligonucleotides is weakened by - 

50-fold when Mg2+ is replaced by Ca2+, suggesting that the 
tertiary interactions are weakened or absent (Pyle et al., 1990; 
T. S. McConnell, D.H., and T. R. Cech, unpublished results). 
However, the rate constant for binding is decreased by less 
than 2-fold (T. S .  McConnell, D.H., and T. R. Cech, un- 
published results). This is again consistent with binding that 
is limited by the rate of duplex formation, as depicted in Figure 
6. 

( 5 )  The wild-type and mutant ribozymes form duplexes with 
deoxyribooligonucleotides that are much weaker than the 
duplexes with ribooligonucleotides (Herschlag & Cech, 1990a, 
Pyle et al., 1990; Pyle & Cech, 1991; Young et al., 1991). It 
is reasonable that DNA binds to the ribozyme in the open 
(ESP), conformation, which lacks the 2’-hydroxyl tertiary in- 
teractions. 

Formation of Shorter Products from both S and P. The 
cleavage of P* to shorter products was demonstrated above 
(Figure 3A and Table I). However, when reactions are ini- 
tiated with S, the formation of products shorter than P could 
arise solely from the recleavage of P or could arise additionally 
from the direct cleavage of S at the alternate positions. In 
order to test this, reactions were carried out with 3’-end-labeled 
oligonucleotide substrate, G2CCCUCUAGUp*Cp. The 
normal cleavage gives GAGUp*Cp and unlabeled 
G,CCCUCU. Thus, recleavage of the unlabeled 5’ product 
would not give additional bands in PAGE, whereas direct 
cleavage of the substrate at alternate positions would result 
in additional bands. Slower migrating species were indeed 
observed in the reactions of the mutant ribozymes, consistent 
with direct cleavage at positions 5’ of the normal cleavage site 
(data not shown). The absence of these additional species from 
cleavage by the wild-type ribozyme (data not shown) was 
consistent with the greater fidelity of the wild-type ribozyme. 
In addition, the preferred positions of the additional cleavages 
for each mutant ribozyme agreed with those determined by 
mapping of the 5’ products using 5’-end-labeled substrate. The 
same results were obtained from analysis of cleavage of the 
oligonucleotide substrate 3’-end-labeled with cordycepin (these 
reactions were carried out with GTP replacing G so that the 
order of migration would follow the length of the oligo- 
nucleotide; data not shown). 
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FIGURE 6:  Qualitative free energy-reaction profile for the two-step 
binding model, depicted in the direction of dissociation, for the 
conditions [PI > K,(E.P). E is the ribozyme and P is the oligo- 
nucleotide that forms a perfect duplex with the 5’ exon binding site 
(Figure 1 and Scheme I). (ESP), and (EoP)” are closed conformations 
in which the tertiary contacts are made, whereas (ESP), is the open 
conformation, in which P is held solely by base pairiig, with no tertiary 
interactions. (ESP), represents binding in the normal docking mode, 
which is the alignment directly following cleavage of E-S to form ESP 
(Le., with the predominant tertiary interaction to the 2’-hydroxyl at 
position -3); (EaP)’’ represents binding in the docking mode that gives 
cleavage to product P” (i.e., with the tertiary interactions displaced 
such that the contact to the 2’-hydroxyl of residue -3 has been replaced 
by a contact to the 2’-hydroxyl of residue -5; Scheme 11). * represents 
the highest free energy barrier and therefore the barrier for the 
rate-limiting step. The free energy values for individual species and 
transition states will vary for the wild-type and mutant ribozymes 
and have not all been measured; estimates for some of the rate 
constants are described under Further Discussion. 

register for the reaction that gives P”. Furthermore, in order 
to have efficient processivity, redocking of P into the (E-P)” 
complex must be favored over dissociation to give free E and 
P. This is depicted in Figure 6 by the higher energetic barrier 
for (E-P), - E + P than for: (ESP), - (EeP)”. The binding 
reaction, which is depicted by the reverse of the dissociation 
reaction of Figure 6 (i.e, from right to left), therefore has the 
first of the two binding steps rate-limiting. 

The first binding step is presumably formation of the P1 
helix without the tertiary interactions [Le., (ESP), or (EsS),; 
see below]. This first step of duplex formation is itself a 
multistep process that presumably involves nucleation of a few 
base pairs followed by zipping up of the helix [e.g., Porschke 
& Eigen, 1971; Craig et al., 1971; see also (2) below]. The 
second step may also be a multistep process, with several 
species both on and off the pathway of docking into the tertiary 
interactions that are separated by quite smaller energetic 
barriers. What is shown above is that there are at least two 
energetic barriers of mechanistic significance: the first barrier 
presumably determines how fast the oligonucleotide forms and 
breaks a duplex with the ribozyme, and the second barrier 
determines how fast the tertiary contacts between this P1 
duplex and the ribozyme are formed and broken. 

There is considerable additional evidence supporting this 
two-step binding model. (1) As described above, the occur- 
rence of a thio effect on the product ratio, but not on the rate 
of reaction, shows that the cleavage site is chosen after binding 
to the -3A ribozyme. A minimal model with only one binding 
step was presented in Scheme IVA. However, since cleavage 
at  different sites is accompanied by docking into the tertiary 
interactions in different registers, the -3A ribozyme-oligo- 
nucleotide complex must interconvert between tertiary inter- 
actions without dissociating. This provides the same type of 
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Scheme VI11 
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It was at first surprising that cleavage of S directly to the 
alternative products was observed, because the calculated rate 
of cleavage of S at the normal site of k, = -400 min-’ (Young 
et al., 1991) is much faster than the cleavage of P, with kCP 
= -5 min-’ (Table I). Considerably more than 1% of the 
products from cleavage of S corresponded to the cleavage at 
the alternate positions. For example, the -3A ribozyme gave 
-25% of the alternative products directly from S (see Figure 
4). This suggests that the alternate cleavage of S is -20-fold 
faster than that of P. That the (initial) alternate cleavage in 
Figure 4 arises predominantly from direct cleavage of S is 
demonstrated by the observation that the ratio of P’/”’ is >1 
in this experiment (data not shown), whereas cleavage of P 
gives a ratio P’/”’ < 1 (Table 11; this change in ratio can be 
determined accurately because it is near 1). Thus, despite the 
similar values of Kd for S and P for the wild-type and mutant 
ribozymes (Herschlag & Cech, 1990b; Pyle et al., 1990), the 
different rate and positional preference of alternate cleavage 
shows that there are differences in their interactions in the 
active site. 

FURTHER DISCUSSION 

Processivity by Catalytic RNA. The discovery of catalytic 
RNA rendered a plausible solution to the “chicken and egg” 
problem of which came first: information storage (nucleic 
acid) or catalytic function (proteins), since RNA could have 
served both functions (e.g., Cech, 1986; Pace & Marsh, 1986). 
In an RNA world, an RNA enzyme would have needed to 
perform replication, via an RNA-dependent RNA polymerase 
activity. Szostak and co-workers have made remarkable 
progress in reengineering group I ribozymes to polymerize 
RNA with use of external templates (Doudna & Szostak, 
1989; Doudna et al., 1991). An additional property desired 
for a polymerase is the ability to act processively, successively 
adding nucleotides without release of a growing RNA or DNA 
chain. Cellular RNA and DNA polymerases can add thou- 
sands of nucleotides without dissociation (e.g., O’Donnell & 
Kornberg, 1985, and references therein). 

It was shown herein that an RNA enzyme can also act 
processively. Though the processivity is quite modest compared 
to that of some protein enzymes, this result nevertheless es- 
tablishes that an RNA enzyme has the capacity to act pro- 
cessively. The results of Figure 5 demonstrated processivity 
for cleavage of an oligonucleotide, the reverse of the more 
pertinent polymerization reaction. Scheme VI11 shows the 
reverse of the processive cleavage reactions, Le., a polymeri- 
zation reactiona4 The -400-fold faster rate of the chemical 
step (k,) compared to that of dissociation (k,,Rp) indicates that 
the +2A ribozyme is also expected to exhibit processivity in 
polymerization and that this processivity is expected to be 

The 5’ exon binding site of the ribozyme provides a template that 
is too short to base pair with the CU of the second GCU that is added 
in Scheme VIII, so that no significant specificity is expected for this 
addition. However, specificity does occur with longer template RNA that 
can base pair with the incoming bases (Doudna & Szostak, 1989). 
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much greater than in cleavage.s 
An Induced Fit Conformational Change upon Binding of 

S.  The 5’ exon binding site, which forms a duplex with RNA 
oligonucleotides, and the functional groups of the ribozyme 
responsible for tertiary contacts are not positioned for binding 
of oligonucleotides in the free ribozyme. Rather, the P1 duplex 
between the 5’ exon binding site and the oligonucleotide must 
undergo a conformational change to dock into the tertiary 
interactions (Figure 6 & Scheme VII). Thus, the second step 
in binding of the oligonucleotide, docking into the tertiary 
interactions, can be considered an induced fit conformational 
change (Koshland, 1958). 

A simple induced-fit mechanism, in which the chemical step 
or another central step is rate-limiting, does not enhance 
specificity (Herschlag, 1988). However, there are several 
alternative mechanisms that allow a conformational change 
to provide specificity. One such alternative mechanism occurs 
when the enzyme surrounds the substrate on all sides, thereby 
providing greater interactions for catalysis and specificity but 
necessitating a conformational change to allow substrate 
binding. This type of conformational change appears to be 
common [e.g., references in Herschlag (1988)l. A second 
alternative mechanism can occur when substrate binding is 
rate-limiting, as for the Tetrahymena ribozyme. Young et al. 
(1991) have shown that the J1/2 mutations increase substrate 
specificity up to -70-fold over that for the wild-type ribozyme. 
The mutations in J1/2 disrupt the positioning of the P1 duplex 
with respect to the tertiary interactions, thereby making the 
induced-fit conformational change less favorable. The free 
energy-reaction profiles of Figure 7 show that this induced-fit 
conformational change is responsible for the enhanced spe- 
cificity. 

Figure 7 shows a free energy-reaction profile for cleavage 
of a matched (SM) and mismatched substrate ( S M M )  by the 
ribozyme; SM forms a perfect or matched duplex with the 5’ 
exon binding site, and S M M  forms a duplex containing a single 
mismatch. There is little specificity for SM, only - 10-fold, 
with the wild-type ribozyme, because binding is predominantly 
rate-limiting for both SM and S M M  (Figure 7, wt). However, 
the -2A mutation increases specificity dramatically, to 
-700-fold (500 pM GTP; Young et al., 1991). The increased 
specificity arises because the conformational change has be- 
come less favorable: AG’rF for the -2A ribozyme is less 
negative than AGIF for the wild-type ribozyme (Figure 7). This 
causes the chemical step to become rate-limiting for SMM,  while 
binding remains rate-limiting for SM. This induced-fit 
mechanism is capable of providing specificity because rate- 

s The value of k,,P = -1 min-’ is from Young et al. (1991; 50 “C). 
The estimate of k,  = -400 min-’ is a lower limit derived as follows. The 
overall equilibrium in the transesterification reaction (S + G F= P + 
GAS) is near 1 (D.H. & T. S. McConnell, unpublished results). In 
addition, S and P bind similarly to the wild-type and -2A ribozymes 
(Herschlag & Cech, 1990b; Pyle et al., 1990), and presumably to the 
+2A ribozyme, so that the equilibrium for E 6  + G + E-P + GAS is also 
near 1. Experiments with the wild-type ribozyme suggested that GA 
(and presumably GAS) binds no stronger than G, so that the equilibrium 

gives K = (k,/k,)  5 - 1. Thus k ,  2 k, = 400 min-’ [the value of k, 
is from Young et al. (1991)], and processivity of at least (400 m i d ) /  
(400 min-’ + 1 min-l) = 0.998 is expected. This calculation assumes that 
translocation of the substrate in the active site does not become rate- 
limiting; this assumption is supported by the data described under In The 
Two-step Binding Mechanism, How Fast Does the PI Duplex Dock and 
Undock? 
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wt 

Herschlag 

and k-,, respectively, in Figure 6). The calculations suggest 
that this conformational rearrangement can be quite fast, with 
a minimum estimate of the rate constant for docking of k2 L 
80000 min-' for the -3A ribozyme. 

These calculations necessitate assumption of an equilibrium 
constant for formation of the initial open complex, (ESP),. A 
reasonable estimate can be obtained if this initial complex is 
stabilized only by base pairing and not by tertiary interactions. 
The stability of this duplex, between the 5' exon binding site 
of the ribozyme and the complementary oligonucleotide (P), 
is calculated by nearest neighbor rules to be Kd = 10 pM [50 
OC; see Herschlag and Cech (1990~) and Freier et al. (1986) 
for calculation]; this is similar to the value of Kd = 20 pM for 
the duplex between the ribozyme and the complementary 
deoxyribooligonucleotide, which lacks the 2'-hydroxyl moieties 
that partake in the tertiary interactions (Herschlag & Cech, 
1990a).6 

The estimate of Kd(E.P), = 10 pM, the measured value of 
k,, = - 10' M-' mi- '  f or the wild-type and mutant ribozymes 
(Herschlag & Cech, 1990b; Young et al., 1991), and use of 
the conclusion that k l  is rate-limiting for binding (Figure 6 
and above) give k l  = k,, = - los M-' min-l and k-' = [Kd- 
(E.P),](k,) = (10 pM)(108 M-' m i d )  = 1000 min-'. Since 
docking is not rate-limiting in binding, k,  is larger than k-l 
[i.e., after formation of (ESP),, docking to give (E-P), is favored 
over dissociation to give E + PI, and an estimate of k2 > 1000 
min-' is obtained. For the +2A ribozyme, the processivity of 
70% (pH 7.9,50 OC, 10 mM MgCl,) shows that (ESP), must 
partition at least 0.7 of the time to give (E-P)" rather than 
to free E and P so that 0.7 = k F / ( k F  + k-') allows a lower 
limit for k," (k," is the rate constant for docking in the position 
that gives cleavage of P to form P"; Figure 6). This equation 
and the estimate of k-' = 1000 min-' described above give kF 
1 2000 min-l. 

A second approach using data for the -3A ribozyme pro- 
vides minimum estimates for the rates of docking and un- 
docking. The thio effect on the ratio of products from the -3A 
ribozyme showed that the ribozyme chooses its cleavage site 
after the substrate is bound, as described above. The chemical 
step for reaction of the -3A ribozyme occurs with a calculated 
rate constant of - 100 min-' under the conditions of Figure 
4 (Young et al., 1991; note that the 800 pM G is not saturating 
for binding since Kd(E.G) = -4  mM). Since the ribozyme 
chooses its site before the chemical step, the E-G-S complex 
must have time to dock and undock before the chemical 
cleavage, Le., faster than 100 m i d .  A rough minimum of 
k-, = -400 min-' for undocking would allow such equili- 
bration prior to the reaction. In addition, it is estimated that 
the E-S closed complex is -200-fold more stable than the open 
complex for the -3A ribozyme (K2 = k- , /k2 = -11200; 
Figure 6).' These values of k-, and K2 give a minimum 

FIGURE 7: Free energy-reaction profiles for reactions of SM 
(G2CCCUCUA5; solid line) and SMM (G2CCCGCUA5; dotted line) 
catalyzed by the wild-type (wt) and -2A ribozymes. SM forms a 
matched or perfect duplex with the 5' exon binding site, and SMM 
forms a duplex with a G-A mismatch. The free energy profiles are 
drawn for k,,/Km conditions, with [SM] or [ S M M E =  0.1 nM [which 

or [SMM]. The ratio of kc,,/Km values determines specificity under 
all conditions, whether S is subsaturating or saturating (Fersht, 1985). 
The -2A mutation renders the induced-fit conformational change of 
the open to closed complex less favorable (AG;, for the -2A ribozyme 
vs AGIF for the wild-type ribozyme) but has no other significant effects 
on the free energy profiles. (The rate constant for the chemical step 
is decreased -2-fold.) The rate and equilibrium constants used in 
the profiles are described in Young et al. (1991) and are from that 
paper and Herschlag and Cech (1990b,c), except for the energies of 
the (EG-S), complexes. The values of Kd(E.S), = 10 and 6800 pM 
for SM and SMM, respectively, were calculated from nearest neighbor 
rules for simple duplexes (Freier et al., 1986) as described in Herschlag 
and Cech (1990~). The same values of Kd(E.S), were used for the 
wild-type and -2A ribozymes, as this complex represents simple duplex 
formation (see text) and these ribozymes bind DNA oligonucleotides 
with essentially the same affinity (Young et al., 1991). A rate constant 
of lo5 min-' for conversion of Kd(E.S), to Kd(E-S), was assumed (see 
In the Two-step Binding Mechanism, How Fast Does the P1 Duplex 
Dock and Undock?). It should be noted that the free energy profiles 
are calculated for saturating G but that the observed specificity values 
given in the text were obtained with 500 pM GTP rather than with 
saturating GTP or G [Kd(E.G) = - 1 mM for the wild type and -4 
mM for the -2A ribozyme; see Young et al. (1991)l. There is evidence 
for (nearly) independent binding of S and G (Herschlag & Cech, 
1990b) so that determination of the analogous free energy-reaction 
profile with subsaturating G is straightforward. 

limiting binding of SM allows the conformational change to 
slow the reaction of SMM but not that of SM. 
In the Two-step Binding Mechanism, How Fast Does the 

PI Duplex Dock and Undock? Evidence suggesting two 
significant energetic barriers in the binding of oligonucleotides 
was presented above (Figure 6 and Scheme VII). Further data 
suggested that the first binding step is formation of the P1 
duplex between an RNA oligonucleotide and the 5' exon 
binding site of the ribozyme (Figure 1) and the second binding 
step is docking of P1 into its tertiary interactions with the 
ribozyme. In this section, minimum estimates for the rate of 
docking and undocking in the second step are calculated ( k ,  

is less than Kd(E.SM) and &(E'SMM)], [GI >> Kd , and [El << [SM] 

The following data suggest a minimum estimate of Kd(E.P), = 0.1 
pM: (1) Kd = 0.15 pM for binding of P to the -2A ribozyme; this 
binding might be expected to be at least as strong as that for simple 
duplex formation. It should be noted that the value of k,, = - lo8 M-' 
m i d  for the -2A ribozyme provides no indication of an inactive con- 
former, which could decrease the binding affinity as occurs with the -3A 
mutation (Young et a]., 1991). (2) Kd = 0.1 pM for binding of s to the 
Ca2+ form of the wild-type ribozyme similarly provides a lower limit for 
Kd(E.S), (T. S. McConnell, D.H., and T. R. Cech, unpublished results; 
note that S and P RNA and DNA oligonucleotides bind with similar 
affinity in the presence of Mg2+; Herschlag & Cech, 1990a,b). In the 
calculations in the text the rough estimate of Kd(E.P), = 10 pM is used. 
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estimate for the rate constant for docking of k2 > 80 000 m i d  
[k2 = k_,/K2 > 400 min-’/(l/200) = 80000 min-’1. There 
are no data that would suggest whether the effect of the J1/2 
mutations on binding of RNA oligonucleotides is expressed 
in k2 or k-2. 

Structure-Function Implications. J 1 /2 is not conserved in 
length or sequence among group I introns (Michel & Westhof, 
1990; Young et al., 1991). Considering this alone, one might 
have initially thought that if this sequence plays any role, it 
might act as a tether, allowing the P1 helix to reach the active 
site in the catalytic core (Figure 2). However, the -3A and 
-2A ribozymes cleave bound P as fast as the +2A ribozyme 
and faster than the wild-type ribozyme, despite the shorter 
J1/2 sequence of the -3A and -2A ribozymes. Furthermore, 
the transition-state stabilization for formation of P”’ [Table 
I, k,”‘/Kd(E.P)] first decreases as J1/2 is shortened from 5 
to 3, consistent with a tether effect, but instead of continuing 
to decrease as J1/2 is further shortened the stabilization in- 
creases as the length of J1/2 goes from 3 to 1. Thus, in the 
wild-type ribozyme J1/2 appears to have a structural role more 
integral than that of a simple tether. 

If J1/2 is not acting as a simple tether, what then is the 
structural basis for the effects of the J1/2 mutations? These 
mutations have a large effect of up to -1000-fold on the 
binding of the RNA oligonucleotide but only a modest effect 
of -4-fold on the binding of guanosine (Young et al., 1991). 
It is often tempting to propose that a residue or sequence which 
predominantly affects the binding of one of two substrates 
directly interacts with that substrate. However, the observation 
that the specific tertiary interactions with two of the oligo- 
nucleotide 2’-hydroxyl groups are maintained, though weak- 
ened in net energy, upon removal of all three residues of J1/2 
strongly suggests that the role of J1/2 in oligonucleotide 
binding is indirect rather than direct. RNA oligonucleotides, 
but not DNA oligonucleotides, bind much more weakly to the 
-2A and -3A ribozymes than to the wild-type ribozyme [Table 
I, Kd(E.P); Kd(EdP) values for DNA oligonucleotides are from 
Young et al. (1 99 l)] , and bound P is cleaved -600-fold slower 
by the wild-type than the mutant ribozyme (Table I, k,P). 
These effects of the mutations suggest that the wild-type J1/2 
positions the P1 helix for docking of P1 correctly into the 
tertiary interactions (the maximum binding energy [Kd(E.P), 
Table I] and the maximum transition-state stabilization for 
correct cleavage of S [k?/Kd(E.s), Young et al. 19911 occur 
with the wild-type ribozyme). It is difficult to imagine J1/2 
exerting this effect solely through self-structure of the AAA 
sequence. Thus, an interaction of J1/2 with another portion 
of the ribozyme is suggested. It is however, generally difficult 
to distinguish between effects from favorable energetic con- 
tributions in the wild type and unfavorable conditions intro- 
duced by mutation (e.g., see Herschlag & Jencks, 1990). 

The simplest expectation for the ribozymes with mutations 
in J1/2 would be that they would behave quite similarly, 
because they all lack the wild-type J1/2 sequence, which might 

’ Although the observed value of Kd(E+’) = 1 kM, there is evidence 
that only of this ribozyme is in a conformation that can bind P 
(Young et al., 1991). Thus, the dissociation constant for binding to the 
active conformation is -1 rM/20 = 50 nM. Using this value for 
Kd(E.P) and Kd(E-P), = 10 p M  to solve for K2 (= k-,/k2; Figure 6 ) ,  
according to the equation Kd(E.P) = [&(E-P),](K,), gives K, = 1/200; 
Le., the (E-P), complex is favored by -200-fold over (E-P),. The values 
of Kd observed for binding of S and P are similar for the wild-type 
ribozyme (Herschlag & Cech, 1990b) and for the -2A ribozyme (Pyle 
et al., 1990), and there is evidence that this is also the case for the -3A 
ribozyme (Young et al., 1991). The value of K2 = 1/200, which was 
derived from Kd for binding of P, is therefore used in the text to deter- 
mine k,  for docking of s. 
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uniquely partake in a tertiary interaction with other residues 
of the ribozyme. However, the data of Table I present a more 
complex picture. For example, the transition-state stabilization 
for the alternate reactions for the -2A ribozyme follows the 
order k”/Kd(E*P) > k”’/Kd(E.P) > k’/&(E*P), which is 
different than the order followed for the -3A ribozyme, 
k”/Kd(E.P) > k’/Kd(E.P) > k”’/&(E.P). In addition, the 
energetic differences in the alternative cleavage reactions of 
the mutant ribozymes can be quite large, with differences of 
at least -3 kcal/mol between the -2A and +2A or -3A 
ribozymes in the formation of P‘ [k,‘/Kd(E+)].* Thus, there 
are energetically significant interactions that vary with the 
J1/2 mutation and the docking register which are not ex- 
plained in direction or magnitude by simple length effects. 

It is possible that these effects result from fortuitous ad- 
ditional interactions or “promiscuity” in RNA/RNA inter- 
actions. Promiscuity refers to the multiple possibilities for the 
folding of an RNA molecule that often appear to result in a 
distribution of RNA structures that are accessible in solution. 
This can be contrasted to the folding of proteins, which in 
general adopt a single overall structure. Structural promiscuity 
of the Tetrahymena ribozyme is suggested by the multiplicity 
of circularization reactions of full-length and truncated ribo- 
zymes (Zaug et al., 1985; Joyce & Inoue, 1987) and the ability 
to use different internal guide sequences in circularization 
reactions (Been & Cech, 1987). In addition, the guanosine 
exchange reaction, pGpN + G - pG + GpN, provides evi- 
dence for a second guanosine binding site on the ribozyme 
(Kay et al., 1988) that appears to not be used in the physio- 
logical splicing reaction (Michel et al., 1990; Been & Perrotta, 
1991) and suggests that there may be several ways for a nu- 
cleoside to interact with and bind to an RNA surface. Sim- 
ilarly, it is possible that the mutant J1/2 and surrounding 
sequences might interact with areas on the ribozyme that the 
wild-type J1/2 does not contact. Indeed, there could be dif- 
ferent interactions for a single mutant depending upon the 
register in which P1 docks into the tertiary interactions. 

What Determines S’Splice Site Selection and Its Fidelity? 
Phylogenetic comparisons have revealed that group I introns 
almost invariably splice following a U residue at the 3’ end 
of the 5’ exon and that this U residue occurs opposite a G 
residue of the 5’ exon binding site in the P1 helix. Mutagenesis 
experiments have also shown that this G-U pair is important 
in the rate and fidelity of splicing (Barfod & Cech, 1989; 
Doudna et al., 1989). Doudna et al. (1989) varied the position 
of the G-U pair within each of four P1 helices of different 
length. Reactivity was generally highest when the G-U pair 
was in the range or “window” of 4-6 base pairs from the base 
of the helix, suggesting that this positioning can play a role 
in choosing the splice site. However, as P1 was lengthened, 
the preferred positions for the G.U pair were biased toward 
positions further from the base of P1. With the longest P1 
studied, cleavage at G-U at position 7, outside of the window, 
was favored over cleavage at G.U at position 4. These data 
suggest that “measuring” from the base of P1 is not the sole 
determinant of 5’ splice-site selection in this region, perhaps 
due to tertiary interactions with L1, the loop at the end of the 
P1 helix, or with the end of the helix connected by L1. 

* Table I lists the observed values for the transition-state stabilization 
relative to ribozyme, with bound G ,  and free oligonucleotide [Le., k:/ 
Kd(E-P), etc.]. However, there is evidence that only of the -3A 
ribozyme exists in an active conformation (Young et al., 1991). Thus, 
in calculating the energetic comparison for the -3A ribozyme a corrected 
value of k,‘/Kd(E.P) was used in order to obtain the transition-state 
stabilization relative to the free ribozyme in the active conformation: 
k,‘/&(E*P)MrreCICd = k,’/&(E*P) x 20. 
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There is evidence that additional factors contribute to the 
fidelity of 5’ splice-site selection: even with the G-U pair 
appropriately positioned within P1, the data herein show that 
the length of 5112 affects fidelity; mutations at positions 57 
and 95 also decrease fidelity in the self-splicing reaction (W. 
Downs and T. R. Cech, personal communication). There is 
certainly no reason to believe that all of the positions that affect 
fidelity have been discovered. Thus, the alignment of P1 
appears to involve several interactions. Multiple contacts may 
be required for correct positioning because of the many degrees 
of freedom of the RNA backbone or because the interactions 
are individually weak. It will be interesting to determine the 
additivity of mutational effects on RNA stability, binding, and 
catalysis. 

Implications for  Self-Splicing. The effects of the 5112 
mutations suggest that the structure involving J1/2 is func- 
tionally important in the efficiency and accuracy of the bio- 
logical self-splicing reaction. The tight binding to the 5’ exon, 
for which the correct 5112 is required, appears to prevent 
dissociation of the 5’ exon after the first step of self-splicing, 
thereby ensuring efficient exon ligation (Figure 1A; Herschlag 
& Cech, 1990c; see also Danenberg et al., 1989). The 
-600-fold greater fidelity of the wild-type ribozyme than the 
mutant ribozymes ( k z ,  Table I) suggests that the wild-type 
5112 should minimize choice of an incorrect 5’ splice site, 
thereby ensuring accurate self-splicing. 

Implications of Two-step Binding and Alternate Docking 
for Other RNA-Mediated Processes. The results herein show 
a rearrangement of an RNA tertiary structure within a bound 
complex and provide a crude structural picture for this rear- 
rangement. An RNA element, the P1 helix, can dock into 
RNA interactions in different registers, with the configuration 
within each binding register proper for catalysis. Analogous 
rearrangements of RNA elements may occur in other RNA- 
mediated processes, perhaps even with the same molecular 
strategies as employed in P1 docking: for example, in RNA- 
mediated splicing, allowing exit of the 5’ end of an intron from 
the active site and entry of the 3’ splice site; in pre-mRNA 
splicing, allowing a search for mRNA splice sites within a 
spliceosome and conferring a potential to choose between 
alternate splice sites (e.g., Goguel et al., 1991); in translation, 
allowing a search for a translation start site after initial rec- 
ognition by the Shine-Dalgarno sequence, allowing motion of 
a ribosome along mRNA, and allowing a search for alternate 
codon-anticodon pairs to give translational frameshifting or 
hopping. In each case some RNAnRNA interactions are 
presumably maintained while others are made, broken, and 
remade. For example, in translational frameshifting and 
hopping, the peptidyl-tRNA is held in the P site while the 
codon-anticodon pairing is broken and re-formed elsewhere 
along the mRNA (Atkins et al., 1990). 

As described above, the infidelity resulting from the mu- 
tations in 5112 may be related to structural promiscuity of 
RNA. It may be that RNA is particularly suited to perform 
processes in which rearrangements between similar structures 
occur within bound complexes. Perhaps the role of proteins 
in these processes is to impose limits on and control RNA 
promiscuity, which unchecked would lead to infidelity. The 
proteins may act by favoring a particular structure through 
binding interactions (e.g., initiation factor’s role in finding the 
initiation codon and initiator tRNA in translation; Hartz et 
al., 1989, 1990) and by proofreading (Thompson, 1988; 
Guthrie, 1991). 
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ABSTRACT: Synthetic oligodeoxyribonucleotides were reacted with mitomycin C (MC) under conditions 
which restricted M C  to monofunctional alkylating activity. The yields of monofunctional alkylation of 
oligonucleotides with variable sequence were determined by enzymatic digestion of the reaction mixture 
to unreacted nucleosides and the product of alkylation, a MC-deoxyguanosine adduct (2), followed by 
quantitative analysis by HPLC. The relative yields of 2 reflected relative monoalkylation reactivities. They 
were compared in a series of oligonucleotides having the sequence 5’-NGN’ in which the 5’-base was varied 
while the 3’-base was kept constant as T. Under Na2S204 activation conditions a striking enhancement 
of the yield was observed at  the 5’-CG sequence: 36%, compared to 2% at 5’-AG and 4.1% at 5’-TG. The 
5’-GG sequence also showed enhanced reactivity although to a lesser extent (14.7%). The enhancements 
were specific to the duplex state of the oligonucleotides. Using NADPH:cytochrome c reductase as the 
reducing agent gave similar results. M C  activated by acidic pH also displayed 5’-CG alkylation specificity. 
10-Decarbamoyl-MC activated by Na2S204 showed the same 5’-CG specificity as MC. Replacement of 
deoxyguanosine by deoxyinosine in the opposite strand at a 5’-CG site abolished the enhancement of alkylation. 
Such replacement at  a 5’-GG site had a similar effect. I t  was found that the base 3’ to the guanine had 
only a relatively modest modulating effect on the enhanced reactivity of the G at  the 5’-CG sequence. This 
3’-base effect appeared to be independent of the 5’-base of the 5’-NGN’ triplet. The order of reactivity 
is 3’4C > T > G > A). An explanation is proposed for the dominating 5’-CG (and, to a lesser extent, 5’-GG) 
specificity of the alkylation of DNA by MC, based primarily on the results of the inosine substitutions: At 
5’-CG a H-bond is formed between the 2-amino group of guanine in the opposite strand and the 10-0 atom 
of activated MC, facilitating alkylation at  such sequence. An analogous mechanism applies at  the 5’-GG 
site. The 5’-CG and 5’-GG sites of DNA monoalkylation by M C  coincide with the two cross-linkable sites 
(interstrand cross-link at  C G C G  and intrastrand cross-link at  GG-CC). The monoalkylation specificity 
may be a molecular evolutionary device to guide M C  preferentially to guanines located in cross-linkable 
sequences of DNA. 

%e antitumor antibiotic mitomycin C (MC;’ 1) is widely 
used in anticancer chemotherapy. Its mode of action has been 
a subject of great interest ever since the discovery by Iyer and 
Szybalski (1963) that MC cross-links the complementary 
strands of DNA, in vivo and in vitro. This effect is unique 

so far to the mitomycins among the known naturally occurring 
antibiotics. The cross-links result from bifunctional alkylation 
of DNA by MC (Iyer & Szybalski, 1964) and are accompa- 
nied by monofunctional alkylation products, Le., drug mole- 
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I Abbreviations: MC, mitomycin C; TEAA, triethylammonium ace- 
tate; d-[G(M)pN], the dinucleoside phosphate d-(GpN) substituted at 
the N*-position of G by a mitosene (M) residue identical to that in adduct 
2; SVD, snake venom diesterase. 
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