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Background: Group II introns are self-cplicing RNAc 
that hdve niechanistic siniil,irity to the spliceosomc 
coniples involved in messenger RNA splicing in 
eukCiryotes.Thesc autocatalytic molecules cm be recon- 
figured into highly specific, multiple-turnover 
ribozymes that cleave oligonucleotides in traf/s. We set 
out to use J snnplified systeni of this kind to study the 
mecllanlsrll of cltwage. 

Results: Unlike other catalytic RNA molecules, the 
~~roup II ribozvines cle‘ive I>NA linkrtges alinost as i-eadil) b 

2s RNA linkages. One ribozyme variant clc~vcs IINA 
linkages \vith an efficiency conip~rable to that of restric- 
tion cndonucleCise Er-ol<I. Single deorytiuclcotide substi- 
tutions in the substrate showed that the ribozynles hind 
substrate Lvithout engaging Z’-hydrosyl groups. 
Conclusions: The ribose 2’-hydrosyl group ,it the 
cleavage site lids little role iii trdiisition-state stabilizCition 
by group II ribozyines. Substrate 7’-hydroxyl groups ‘ire 
not in\:olved iii substrate binding, suggestiiig tli:it onl) 
base-pairing is required for substr.rte recognition. 
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Introduction: 
The ribose _ 3’-hydroxyl group is widely regarded as 
important for molecular recognition and chemical catal- 
ysis by KNA [l-5]. It is a multifunctional recognition 
determinant and can act as either a hydrogen bond 
donor or acceptor [2-4,6-S]. For ribozymes such as the 
hammerhead, the , 2’-hvdroxyl group at the substrate 
cleavage site is the nucleophile in RNA cleavage reaction 
[9]. For other RNA-cleaving ribozymes, however, 
including RNase P, group I introns and group II introns, 
this is not the case (Fig. la) [IO]. Nonetheless, the 
2’-hydroxyl at the cleavage site is impsortant in transition- 
state stabilization for both group I intron ribozymes and 
RNase P, [ 4,11,12], and neighboring 2’-hydroxyl groups 
also contribute to substrate recognition and binding 
[2.3,5,13,14]. The role of 2’-hydroxyl groups on sub- 
strates for group II intron ribozymes has not previously 
been investigated, although it has recently been shown 
that 2’-hydroxyls within a core region (domain 5) of 
group II introns are essential for binding and catalysis 
(D.L. Abramovitz and A.M.P., submitted). 

Directed molecular evolution has been used to evolve a 
group I intron ribozyme that cleaves DNA linkages with 
relatively high efficiency [15.16]. But, to date, there have 
been no examples of naturally-occurring ribozymes (i.e., 
a ribozyme containing a wild-type active site) that cleave 
DNA with an efficiency comparable to their cleavage of 
RNA. Here we show that ribozymes derived from 
a group II intron can give efficient cleavage without 

engaging the 3’-hydrosyl g roups on their target substrates; 
they cleave DNA linkages almost as well as RNA linkages. 

Self-splicing group II introns have been found in the 
organcllar genes of plants, lower eukaryotes and prokary- 
otes L17,lXJ. The excision of group II introns is essential 
for metabolism in many of these organisms. Group II 
introns can be arranged into six domains; domain 1 (111) 
and domain 5 (DS) are essential for catalytic activity 
[ 19,20], whereas the other domains are dispensable [ 171. 
Self-splicing can proceed via two pathways. In one 
pathway, initial 5’-splice site attack by the 2’-hydroxyl 
group from the bulged adenosine of domain 6 (LX), 
generates a ‘lariat’ inn-on that is released after the second 
step of splicing [21&23]. In the other, water acts as the 
nucleophile in the first step, resulting in ligated exons 
and release of linear intron 124-271. A recent study has 
demonstrated that hydrolytic attack is a common 
pathway for ifl t~it~c) self splicing of group II introns [ 271. 

In spite of their biological importance, there have been 
relatively few investigations of the structural features and 
mechanistic enzymolocgy of group II introns [28-321. 
Recently, we established a minimal group II ribozyme 
system (derived from the group II intron aiig) in which 
Dl, acting as an enzyme with D5 as cohctor, cleaves 
short RNA oligonucleotides analogous in sequence to 
the 5’-splice junction ([Xl: Fig. 1 b).This system allowed a 
detailed kinetic study of the reactionThe nucleophile in 
this reaction is water or hydroxide, as it is for hydrolytic 
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splicing reactions (Fig. la). Dl binds to its substrate 
strongly with a K, of 6.3 nM, due to base pairing 
between the intron-binding sites (IBSl and 2) and exon- 
binding sites (EBS 1 and 2). The cleavage reaction is rate 
limited by chemistry (k,,, = kchem = - 0.03 min-l at sat- 
uration). Using this kinetic framework, it is now possible 
to incorporate single-atom changes into the substrate to 
probe the reaction mechanism. 

Here, we have examined the role of 2’-hydroxyl group% 
on the oligonucleotide substrate for a group II ribozyme 
by incorporating deoxynucleotides into specific positions 
along the strand. We show that, for two different 
ribozyme constructs that have different rates for RNA 
cleavage, 2’-hydroxyl groups along the substrate backbone 
are minimally involved in the tertiary contacts that stabi- 
lize binding to the ribozyme or stimulate catalysis during 
the chemical step of the reaction. In one case, deoxynu- 
cleotide linkages are cleaved with the highest efficiency 
(k&KM) observed for any ribozyme to date, having a 
kcat comparable to that of certain protein restriction 
enzymes. Although incorporation of deoxynucleotides at 
the cleavage site and at sites immediately adjacent to it 
does give some reduction in cleavage efficiency, these 
effects are small compared to the -103-fold effects on 
k them observed for other ribozymes in the same mecha- 
nistic class [3,4,1 l].The kchem for RNA cleavage of one 
of the group II ribozymes reported in this study is com- 
parable to that of some group I ribozymes [33], but is 
noticeably lower than that for the best RNA-cleaving 
ribozymes known, those derived from bacterial RNase P 
and the Ztrahymena group I intron ribozyme [4,11]. 

Results 
Deoxynucleotide rate effects - block substitution 
We first synthesized chimeric substrates in which the 
cleavage site (-1C) was always a ribose and blocks 

Fig. 1. Catalytic mechanism of RNA 
cleavage by the minimal group II 
ribozyme and schematic representation 
of substrate recognition and cleavage. (a) 
The catalytic mechanism of RNA cleav- 
age is shown; water (or hydroxide) is the 
nucleophile. (b) The minimal group II 
ribozyme comprises domain 1 (Dl, 
nts=nucleotides) of the six domains pre- 
sent in the full-length intron and contains 
two exon-binding sites (EBSl and 2). The 
EBSs hybridize to intron binding sites 
(IBSl and 2) on the oligonucleotide sub- 
strate, separated by a three nucleotide 
link. In the presence of a second RNA 
molecule containing domain 5 (D5) of 
the group II intron, the substrate is 
cleaved at the site indicated by the arrow. 

of surrounding residues were substituted with 
deoxynucleotides.The blocks of deoxynucleotides were 
clustered into four functional regions: IBS2 (-16 to 
-ll), link (-10 to -8), IBSl (-7 to -2) and intron (+l to 
+7) (Fig. lb). IBS2 and IBSl pair with complementary 
sequences on the Dl ribozyme [18,34]. The chimeric 
substrates were named according to the block substi- 
tuted (e.g., in chimera d(IBS2) only the IBS2 sequence 
is composed of deoxynucleotides) and tested in single- 
turnover cleavage reactions under saturating ribozyme 
conditions. Cleavage rates were compared to those of an 
all-ribose substrate (rS) (Table 1). 

Except for d(IBSl), the block-deoxynucleotide substrates 
showed small rate decreases relative to rS, indicating that 
the 2’-hydroxyl groups within IBS2, the linker and 
intronic nucleotide sections of the substrate are not 
essential for catalytic activity. Within experimental error, 
the d(link) substrate was as active as rS, so it was excluded 

Table 1. Effects of block deoxyribose substitutions on 
ribozyme rate. 

Modified 
substrate 

la 2 3 
Effect of dN 250 nM Dlb 6 P M  DSb 
(rel rate)-’ (rel rate)-’ (rel rate)-’ 

d(lBS2) 3.2 xt 0.51 1.4 * 0.22 2.9 f 0.46 
d(lBS1) inactive inactive inactive 
d(link) 1.4 * 0.22 ND ND 
d(intron) 3.3 f 0.53 3.3 zk 0.53 3.1 f 0.50 

aconditions used: [Dl] = 100 nM and [DS] = 3 ~.LM, the 
lower limit for saturation of the unmodified rS substrate. See 
Table 2 for kobs of 6. Relative rates are kobs for the chimeric 
substrates divided by that of rS. Variance calculated to 95 %  
confidence, from multiple trials on a single derivative. ND, 
not determined. 
bRate relative to rS cleavage under equivalent conditions. 
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from further investigation. The rate of d(IBS2) cleavage 
was approximately three-fold slower than that for rS.This 
effect was due to decreases in hybrid stability [14,35,36] 
since d(IBS2) cleavage rates were restored at higher con- 
centrations of enzyme components (Table 1, column 2). 
The three-fold difference in cleavage rate between rS 
and d(intron) substrates did not appear to be due to 
decreases in binding affinity, however, as it was unaffected 
by higher concentrations of Dl and D5 (Table 1, 
columns 2 and 3). 

Under all experimental conditions tested, d(IBS1) was 
inactive.There are at least two explanations for its lack 
of activity: either important 2’-hydroxyl groups lie 
within the IBSl region, or a DNA/RNA hybrid duplex 
adjacent to the cleavage site is destabilizing for other 
reasons. DNA/RNA duplexes are thermodynamically 
destabilized (361, their microstructural features can differ 
slightly from RNA/RNA duplexes [37] and they can 
deviate significantly from A-form geometry and pitch, 
an extreme case being the recent crystal structure of a 
B-form DNA/RNA helix [38]. We set out to distin- 
guish between these models and to determine which, if 
any, of the 2’-hydroxyl groups of IBSl were important 
in ground-state or transition-state stabilization. 
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Fig. 2. Substitution with a deoxynucleotide at position -1 or -2 
reduces the rate of the cleavage reaction. The pseudo-first order 
rate constants for the cleavage of chimeric substrates at ribozyme 
saturation were determined. Rates were measured simultaneously, 
under standard reaction conditions (see Materials and methods). 
Rates of reaction (k,,,) were determined by correcting each data 
set for the amount of total inactive substrate and plotting the data 
as shown, where P  = fraction product at each timepoint. By 
solving the equation for each line, the half-time of reaction and 
subsequently the kobs were determined as described previously 
[201. For the rapidly reacting substrates shown, the rates were 
0.021 min-’ for rS, 0.018 min-’ for -3dU, 0.026 min-’ for 4dU 
and -5dU, 0.025 min-’ for -6dA and 0.020 min-’ for -7dC. The 
variance in these rates was + 16 %  determined using ei ht sepa- 

Fi rate trials. For -1dC the reaction rate was 0.0013 min- , wrth a 
variance of * 23 %  determined using eight different trials. For 
-2dU, the rate was 0.0042 min-‘, with a variance off 29 %  based 
on three trials. All errors were calculated using a 95 %  confidence 
limit and trials were performed on different days. For experiments 
performed side-by-side as shown here, relative error is expected to 
be much lower than the variances conservatively stated above. 

Deoxynucleotide rate effects - single deoxynucleotide 
substitutions within IBSl 
To investigate the importance of 2’-hydroxyl groups 
within IBSl and at the cleavage site, rS was substituted 
individually with single deoxynucleotides (named 
according to the position of substitution relative to the 
cleavage site, at position -1). The mono-substituted 
chimeras were tested using single turnover reactions at 
saturating ribozyme conditions (Fig 2). The slowest 
cleavage (0.0013 min-‘) is observed for substrate -ldC, 
which has a deoxyribose at the cleavage site.Thus, the 
2’-hydroxyl group at the cleavage site is the most impor- 
tant of all the substrate 2’-hydroxyl groups, although the 
decrease in rate is modest (only 16-fold lower than the 
rate of rS cleavage). 

Cleavage of the -2dU substrate proceeded with a kobs of 
0.0042 m m ’, five-fold slower than rS. Single deoxy sub- 
stitutions at all other positions within IBSl (-3 to -7) 
had only minor effects on rate (Fig. 2).The most impor- 
tant 2’-hydroxyl groups along the substrate are therefore 
the one at the cleavage site (at position -1) and the one 
adjacent to it (position -2) in a region that is normally 
considered the 5’-exon sequence. Under the single- 
turnover, saturating ribozyme conditions used in these 
experiments, the changes in rate probably resulted from 
effects on the chemical step of the reaction.To show this 
conclusively, we needed to establish the rate-limiting step 
for kobs in each case. Before doing this, we checked 
whether cleavage was taking place at the proper site on 
the chimeric substrates. 

Characterization of reaction products 
One reason that cleavage of a deoxynucleotide linkage 
might appear to be efficient is that the ribozyme might 
‘skip’ the modified linkage and choose an adjacent ribose 
phosphodiester moiety for attack [39]. We therefore 
characterized the cleavage products from the Dl/D5 
ribozyme reactions using nucleases and alkaline hydro- 
lysis, followed by high-resolution sequencing [40]. Pl 
nuclease cleaves both DNA and RNA linkages, resulting 
in fragments with the same 3’-hydroxyl and 5’-phosphate 
termini observed upon reaction with the ribozyme [40]. 
The products of ribozyme cleavage of both the rS and 
the -1dC substrates were found to migrate at exactly the 
same position as the 17-nucleotide RNA generated by 
partial Pl nuclease digestion of each substrate (data not 
shown), indicating that cleavage of the -1dC substrate 
occurs at the expected sequence. 

High-resolution mapping of reaction products can be 
complicated by many factors, and we therefore also 
examined the terminus of the cleavage product directly. 
Correct cleavage of the -1dC substrate will generate a 
product with a 3’-deoxy terminus; this can be distin- 
guished from a 3’-ribose terminus by NaI04 oxidation, 
converting the ribose sugar ring to a dialdehyde, which 
can be labeled using a hydrazine reagent [41].The labeled 
oligonucleotide migrates more slowly than the unlabeled 
one on denaturing gels. We performed oxidation and 
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Fig. 3. The cleavage product of -1 dC has a 3’ deoxynucleotide ter- 
minus at the expected position. A  50/50 mixture of oligo- 
nucleotide substrate and product from a partial Dl/D5 ribozyme 
reaction was subjected to oxidation (+ NalO,) and then 3’-end 
labeled with a hydrazine dye derivative (+ lucifer yellow). Lanes 
l-4, rS substrate, lanes 5-8, -1 dC substrate. After oxidation and 
covalent dye-labeling, both the precursor and product band of the 
rS substrate undergo a large mobility shift (lane 4). For -ldC, only 
the substrate band shifts to slower mobility (lane 5), indicating that 
the cleavage product of -1dC has a 3’-deoxy terminus, which 
cannot be oxidized with NalO,. Doublets in lanes 4 and 5 are 
most likely due to the products of lucifer yellow hydrazide attack 
on one or both of the aldehydes produced by oxidative attack of 
the ribose sugar [37]. Following oxidation with NalO,, there is a 
small mobility shift for species with a 3’.ribose because the sugar 
is oxidized to a larger dialdehyde moiety (compare lanes 1 and 2). 
Additional bands in the +NalO, lanes are attributed to periodate 
attack on residues other than the ribose sugar [64]. 

labeling on a 50:50 mixture of substrate and product for 
both rS and -1dC substrates (Fig 3).The substrate served 
as an internal control, since it always has a 3’-ribose ter- 
minus and should always show a mobility shift. For the rS 
substrate, both substrate and product showed a shift (lanes 
3 and 4), indicating that both have 3’-ribose termini. For 
the -1dC substrate, however, only the substrate showed a 
shift (lanes 6 and 5). Thus, the cleavage product of -1 dC 
has a 3’-deoxynucleotide terminus, indicating that the 
-1dC substrate is cleaved at the correct site. 

Mechanistic analysis of deoxynucleotide rate effects 
The kinetic effects of deoxynucleotide substitution 
could result from a number of factors, including effects 
on ribozyme conformation, binding or the chemical 
step of catalysis. Furthermore, there have been several 
reports that deoxynucleotide substitution can change 
the rate-limiting step of a reaction [4,42]. We there- 
fore investigated whether kobs for cleavage of rS and 
-1dC under saturating Dl/D5 conditions was gov- 
erned by the same rate-limiting step. Cleavage of rS 
was previously established to be limited by chemistry 
under these conditions [30]; kchem is expected to vary 
logarithmically with pH. 

Values of kobs for the rS, -1dC and -2dU substrates were 
obtained at several pH values using the same buffer (data 
not shown). In the pH range tested (pH 6.5 to pH 7.5), 

both rS and chimeric substrates have a linear pH/rate 
profile, with a slope close to 1 (0.87 for rS, 0.94 for 
-ldC, and 0.85 for -2dU). Such a profile is regarded as 
evidence that chemistry is rate-limiting [3,30,43,44] and 
that general base catalysis is occurring [45].The fact that 
all three substrates give this type of behavior suggests that 
k them is limiting in each case and that their cleavage rates 
can be directly compared. 
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Fig. 4. Determination of kinetic parameters for rS, -1dC and 
-2dU substrates. By plotting kobs as a function of Dl concentra- 
tion at saturating D5 concentration, one can fit the data to a 
binding curve and obtain kinetic parameters for a reaction 
that follows Michaelis-Menten kinetics. Data were fit as 
previously described [20,30]. (a) For the rS substrate, 
K, = 4.9 nM and k,,, = 0.025 min-‘. (b) For -ldC, K, = 14 nM 
and k,,, = 0.0019 min-‘. (c) For -2dU, K, = 10 nM and 
k,,, = 0.0051 min-‘. All k,,, values determined from these fits are 
in good agreement with the saturating kobs values reported 
in Figure 2. Errors and k,JK,,,, values determined from this 
experiment are provided in Table 2. 
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Table 2. Kinetic parameters for III/D5 ribozyme cleavage of 
the -1 dC and -2dU chimeric oligonucleotide substrates. 

Substratea 
Lb bib kGl,‘KMC 

(1 O-2 min-l) (nM) (lo6 M-' min-‘) 

rS Call-RNA) 2.5 i 0.070 4.9 * 0.66 5.1 i 0.83 
-1 dC 0.19 i 0.0060 14 i 1.7 0.14 * 0.021 
-2tlU 0.51 * 0.029 10 f 2.4 0.51 i 0.15 

Only substitutions that had significant effects on reaction rate 
are shown. 
“Kinetic parameters and standard errors are derived from fits 
of the data shown in Figure 4. Kinetic data on the other 
chimcric substrates is presented in Figures I,6 and Table 1. 

errors were calculated by propagation of the K, and 

The pH/rnte experiment indicates that 2’-hydroxyl 
groups at positions -1 and -2 directly affect the chemi- 
cal rate of rS cleavage. To evaluate effects on binding, 
the rS. -IdC and -2dU substrates were cleaved at 
vaqing I>1 concentrations. The kcJ, and K, values for 
cleavage of each substrate were calculated from the 
dependence of k<,[,\ on L11 concentration, as described 
pre\iously 1201 (Fig. 4 and Table 2). The kc~,l, and K, 
vnluec for rS are in close agreement with published 
rerultc (Fig. -la) IX)]. 

As well as the thirteen-fold decrease in the rate of the 
chemical step (k<.,,J, th e -1 dC substrate shows a thrce- 
fold decrease on the ground-state binding (KM), resulting 
in J X-fold effect on kcl,/K, (Fig. -lb, Table 2). The 
-3dU substrate has a five-fold decrease in the chemical 
step and ;I two-fold decreaw in the ground-state binding 
(Fig. 4c, Table 2). which may be attributed to duplex 
destabilization caused by deoxynucleotide substitution. 
The kL,,,/K, 6~ the -2dU substrate is therefore 1 O-fold 
lomw- than that of 1-S. For both chimeric substrates, the 
small dccrease$ in binding affinity (K,) observed 
contirm that the ribozyme components were indeed sat- 
urating iI1 the conditions used for our rate comparisons. 
Similarly, the decreases in kc.,, for the chimeric substrates 
(thirtcewfc~ld foi -IdC, five-fold for -2dU) ngrce 
(\vithin csperimrntal error) with those seen in Figure 2 
(sixteen-field fi)r -1 dC, five-fold for -2dU). 

Analogous rate effects for a fast group II ribozyme 
One can modi+ the minimal 111 ribozyme construct by 
adding back intron domains 2 and 3 in ris (U123), to gen- 
craw a ribozymr that cleaves RNA with high efficiency. 
Under standard reaction conditions in which L1123 (100 
nM) and 115 (3 p,M) are in excess, this 111X2~ ribozyn~c 
cleaves the’ 1-S substrate with an apparent kc,,,, of 0.88 
min ’ (Fig. J).This is 33-fold faster than the 111 ribozyme 
under the same conditions, and comparable to the rate of 
other ribozyme systems. 1112.1 cleaves the -1 dC substrate 
\vith a kc,,,, of 0.17 inin-’ (Fig. 5), which is only five-fold 
slower than cleamge of the ribose linkage and ninety-fold 
faster than deoxynuclcotide cleavage by I) 1. In both cases, 
cleavage occur5 at the proper site (data not shown). 

Therefore, faster group II intron ribozymes cleave both 
DNA and RNA linkages with higher efficiency. 

There is a smaller experimental window for detecting I11 
reactivity, which is radically perturbed upon introduction 
of a hybrid EBSl /IBSl duplex immediately adjacent to a 
ribose cleavage site (as in dlBS1 ,Table l).Therefore, it was 
not possible to detect 111 ribozyme cleavage of an all- 
DNA oligonucleotide (dS). By contrast, the 11123 
ribozyme cleaves dS with a second-order raw constant of 
2.6 2 1.4 x 10” M-‘minP1 under standard reaction condi- 
tions using a constant D5 concentration of 3 p.M (data 
not shown). Together with effects from single deosynu- 
cleotide substitutions, this result indicates that any barrier 
to cleavage of entirely-DNA nlolecules is likely to be due 
to global differences between KNA/RNA and 
DNA/RNA duplexes and not to a specific role for 
2’-hydroxyl groups in the ribozyme mechanism. 

The apparent five-fold preference of D123 for ribose over 
deoxynucleotide linkages compared to the sixteemfold 
preference observed with I11 does not actually mean that 
11123 is less capable of differentiating between a ribow 
and a deoxyribose linkage; instead, the ratio between the 
two cleavage rates is smaller because they have different 
rate-limiting steps. The cleavage rate of -1dC by 11133 
(0.17 miiiP1) is limited by the rate of chemistr); as demon- 
strated through pH/ratc and other mechanistic analyses 
(data not showl~). The rate of rS cleavage by 11123 

I 0 2 4 6 8 10 12 

I Time (min) 

Fig. 5. D123 cleaves -1 dC only five-fold slower than cleavage of rS. 
The saturating kobs values for oligonucleotide cleavage by the fast 
D123 ribozyme were determined. Cleavage of rS (0) and -1 dC (m) 
substrates by D123 (100 nM) and D5 (3 FM) yielded apparent rate 
constants (I+,,) of 0.88 + 0.089 rnin~l for rS and 
0.17 * 0.021 rnin~l for -1dC. Errors were calculated with 95 (I/o 
confidence from three trials, using average kobs values of 0.84 minm’ 
and 0.16 min-’ for rS and -IdC, respectively. Because D123 
cleaves oligonucleotides so efficiently, rate-limiting conformational 
processes become evident in the seconds timescale. A small initial 
lag exists at timepoints earlier than 15 s for both substrates. By con- 
ducting fluorescence binding experiments and altering the order of 
component addition, the lag was found to clerive from a folding 
event related to the association of D5 (data not shown). After this 
initial lag, the data are almost perfectly linear; thus, at longer 
reaction times, the folding event is not rate-limiting. Rates were 
calculated from the fit to the linear portion of the line (after 15 s). 
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(0.88 min-‘) is not limited by the chemical rate of cataly- 
sis, however. Unlike all of the other processes reported in 
this paper, this rate is not pH-dependent; it has a similar 
magnitude to rates of folding processes observed in 
stopped-flow fluorescence experiments performed under 
identical reaction conditions (unpublished data). 
Preliminary estimates for the chemical rate of rS cleavage 
by 11123 are -3 mm (unpublished data), indicating that 
D 123 has a similar, -15fold preference for ribose to that 
observed for the 111 ribozyme. Taken together, this sug- 

gests that significant transition-state stabilization can be 
achieved by fast group II intron ribozymes without 
engagin, m  2’-hydroxyl groups for high levels of transition- 
state stabilization. It is therefore clear that ribozymes in 
this mechanistic class do not necessarily exploit the stabi- 
lizing effects of the 2’-hydroxyl group at the cleavage site. 

Discussion 
The chemical role of substrate 2’-hydroxyl groups 
We currently have only a modest understanding of how 
RNA acts as a catalyst. There are few natural ribozymes 
in existence, and only three in the mechanistic class to 
which the group II intron belongs [10,46]. It is therefore 
important to study each of these ribozymes, since each of 
them may offer different information on the mechanism 
of transition-state stabilization by RNA. Previous studies 
have examined the role of ribose sugars at the site of 
cleavage by the group I or RNAse P ribozymes 
[3,4,11,12,15,42,47,48]. In those cases, a 2’-hydroxyl 
group adjacent to the scissilc bond is important for cata- 
lysis. Single deoxynucleotide substitution at the cleavage 
site of group I intron ribozymes resulted in large reduc- 
tions in chemical rate: 5X-fold for the ‘Gtvuhymena 
ribozyme (1 l] and a 1900Lfold reduction for the 
A~~~baena ribozyme [ 341. Analogous studies on the RNA 
component of RNase P resulted in a relative chemical 
rate difference of 340%fold [ 41. It is thus surprising that, 
in a family of group II intron ribozymes, the absence of a 
2’-hydroxyl group at the cleavage site causes only a 
l&fold reduction in chemical rate (Fig. 6). Even this dif- 
ference could simply be due to electron withdrawal by 
the 2’-hydroxyl group, stabilizing the 3’-oxyanion leaving 
group in the transition state. 

Although the results presented here were unexpected, 
there is no direct reason that a 2’-hydroxyl group at the 
cleavage site should have a large effect on catalysis. As 
the 2’-hydroxyl group does not participate in the reac- 
tion either as nucleophile or leaving group (Fig. la), the 
chemical mechanism of ribozymes of this type does not 
implicitly require it [I 01. A similar lack of dependence 
on the 2’-hydroxyl group at the 5’-splice site was 
observed in studies of pre-mRNA splicing [49], despite 
the fact that base mutations at that site do affect catalysis 
[50,51]. Group II introns are widely viewed as possible 
evolutionary predecessors of the eukaryotic spliceo- 
some. There is also precedent for group II intron cat- 
alyzed attack on DNA linkages; the free bll intron (a 
group II intron from yeast mitochondria) can cleave a 
DNA substrate, albeit inefficiently [52]. 

16x 

5, 

forILk ) I wr .A 

5’cGLJJGUGGzCAlJJUL 

site 

1 

3x for block 
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Fig. 6. Summary of deoxynucleotide effects on the chemical rate 
of Dl/D5 ribozyme cleavage. The magnitude of kc,,,,,. diminution 
is plotted for the single and block deoxynucleotide substitutions 
along the oligonucleotide substrate strand. The kchem effect for 
IBS2 is labeled as wild-type (WT) for block because the k,,, for 
cleavage of the d(lBS2) oligonucleotide was the same as the rS 
substrate, provided that additional Dl was added to overcome 
slight weakness in the chimeric EBS2-IBS2 helix. 

Rapid deoxynucleotide cleavage by a group II intron ribozyme 
Dl/D5 cleavage of an all-ribose substrate is slower than 
that of many known ribozymes [47,53]. It is possible 
that the Dl/D5 ribozyme does not contain all the func- 
tionalities necessary for efficient cleavage, including 
contacts to the 2’-hydroxyl group at the cleavage site. 
When domain 3 (-80 nucleotides in ai5g) is covalently 
attached to domain 1, however, one observes an appar- 
ent cleavage rate approaching 1 mm’ for rS (unpub- 
lished results and Fig. 5). For the fast variants, such as 
D123 described here, deoxynucleotide cleavage is also 
efficient, with a rate of 0.17 min-’ (Fig. 5). The D123 
ribozyme can also cleave an all-DNA oligonucleotide, 
apparently overcoming difficulties associated with a 
totally hybrid IBS/EBS duplex.Thus it appears that this 
ribozyme, like its slower relative Dl, does not use 
the 2’-hydroxyl at the cleavage site extensively for 
transition-state stabilization. 

The kcaf value of 0.17 min-l for -1 dC cleavage by D123 
is faster than that for deoxyribonucleotide cleavage by 
any known natural r ibozyme [4,1 I]. It is similar to 
kcat for cleavage of DNA by EcoRl and only an order 
of magnitude slower than the individual rate constant 
for the bond-breaking step, although this kcat is 
slower than that of other, more efficient protein 
endonucleases [54,55]. The k,,, for -1dC cleavage by 
D123 is only two-fold slower than the rate observed for 
the best DNA-cleaving group I intron ribozyme 
evolved through 27 generations of mutation and selec- 
tion [16]. But k,,,/K, for the D123 ribozyme is 
23.2 x 107 M-’ min-’ (estimating a K, of 5 nM for 
substrate binding to D123), IO-fold faster than that for 
the evolved group I r ibozyme 116). While group II 
r ibozymes are efficient for RNA cleavage, they are not 
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as fast as the best ribozymes that use a 2’-hydroxyl group 
to stabilize the transition state [4,13]. If a group II intron 
active site could be refashioned to exploit this stabilizing 
contact, it is possible that its chemical efficiency for 
RNA cleavage might improve. 

DNA cleavage by group II intron ribozymes may have 
implications for the apparent mobility, or migration of 
group II introns into new genomic positions [56,57]. It is 
often suggested that free group II introns can bind to and 
then reverse splice into new RNA molecules, provided 
that these share sequence similarity to the parent site 
[58,59]. Group II introns might also attack and integrate 
into DNA sites, becoming directly incorporated into a 
new genome [52]. Although it is tempting to speculate 
on a biological role for DNA cleavage by these 
ribozymes, the catalytic behavior of group II intron 
ribozymes in cleavage reactions where the substrate is 
separate from the enzyme is often different from the 
behavior observed for cis splicing and for reactions in 
which the cleavage site is covalently attached to Dl [32]. 
C&cleaving constructs will need to be studied further 
before strong statements can be made about the function 
of 2’-hydroxyl groups in such reactions. 

Ground-state effects of 2’-hydroxyls on the substrate 
For the Dl /D5 ribozyme, the effect of deoxynucleotide 
substitutions on ground state binding was measured by 
changes in the K, value.This K, is considered a reason- 
able measure of D-substrate association energy because 
it was previously shown to equal K, for binding of rS 
[20]. Because kclt = kchem 
here, it is likely ;hat K, = 

for each substrate investigated 
K, for the chimeric substrates 

as well. K, values for the -1dC and -2dU substrates are 
only three-fold and two-fold larger than for rS (Table 2). 
These effects are similar to the magnitude of the duplex- 
weakening effect observed previously upon single- 
deoxynucleotide incorporation into an RNA/RNA 
helix 113,361, suggesting that these 2’-hydroxyl groups do 
not form contacts with the ribozyme in the ground state. 
It is also noteworthy that in the group I TEtrahyme~za and 
RNase 1’ ribozymes, small ground-state effects of approx- 
imately three-fold were also observed for substitution at 
the -1 position [3,4,1 l] 

Single deoxynucleotide substitutions within the IBSl 
region at positions -3 to -7 resulted in no observable 
effect on binding or chemistry (Figs 1 and 6). Being far 
away from the splice site, it is not surprising that these 
2’-hydroxyl groups contribute little, if any, energetic sta- 
bilization in the transition state. The lack of any major 
effects on the rate at concentrations of Dl and D5 that 
represent the lower limit for saturation of the rS substrate 
also suggests that the ground state has not been substan- 
tially disturbed and that there are no contacts between 
any of these 2’-hydroxyl groups and functionalities on 
the ribozyme in the ground state.The idea that oligonu- 
cleotide binding by group II intron ribozymes does not 
involve backbone tertiary interactions is supported by 
the fact that ribozyme-substrate binding energies parallel 

the calculated amount of duplex stabilization for base- 
pairing of the two EBS-IBS interactions 120,521. This 
contrasts with the behavior of the Tetvnlzyn~rnn group I 
ribozyme, in which 2’-hydroxyl groups make specific 
contacts that provide extra binding energy to stabilize 
both the ground and transition states [3.3,5,13,14]; 
exploiting the transition-state contact may help this 
ribozyme to cleave RNA with a higher kche,,, than do 
the group II r ibozymes used in this study. 

Ribozymes that rely on extensive tertiary interactions 
with the backbone of their substrates can suffer from a 
loss of sequence specificity. Extensive backbone contacts 
may allow a mismatched substrate to be ‘tolerated’ long 
enough in the binding site to undergo cleavage [60]. 
Because 2’-hydroxyl groups appear to make minimal corl- 
tributions to stabilizing Dl-substrate association, group II 
introns may be able to obtain a higher level of specificity 
in substrate recognition. 

Significance 
Self-splicing group II introns are mechanistically 
related to the eukaryotic spliceosome, perhaps rep- 
resenting a form of its evolutionary precursor. 
These introns are essential for RNA processing in 
plants, yeast and other organisms. The structural 
complexity and size of group II introns make them 
interesting, but difficult subjects for chemical and 
enzymological analysis. We have therefore used a 
simplified system, in which minimal group II 
intron ribozymes cleave small oligonucleotide sub- 
strates, to study catalysis. Since the 2’-hydroxyl 
group of ribose is central to substrate association 
and/or cleavage by other ribozymes, we first 
examined the role of 2’-hydroxyl groups on the 
substrate in the catalytic mechanism. Surprisingly, 
there is little role for the 2’-hydroxyl group in the 
transition-state, suggesting that the group II introns 
may rely on a catalytic strategy that differs from 
other ribozymes. In addition, 2’-hydroxyl groups 
make only minor contributions to ground-state 
stabilization by these ribozymes. This lack of back- 
bone interactions may cause the group II intron 
ribozymes to be particularly specific for targeting 
the correct RNA sequence, a potentially important 
feature for applications such as gene therapy. 

Materials and methods 
Preparation of RNA 
RNA tranccriptions of nl (335 nucleotides (nts)) and 115 
(5X nts), fronl plasmids pT7Dl ,lnd pJL115’-75 respectively, 
were carried out a~ previously described [201. Ribozyme 
n123 (710 nts) was transcribed from plasnlid pT7111ZX.1, 
which was cut with Hind III.This plasnlid was constructed 
by Kunkel Inutagenesis [Cl] from plasmid pT713’-675 
[X4.30]. Mutagenesis removed the 5’ exon from the parent 
plasmid, such that the first nucleotide of the resulting trarl- 
script corresponds to the first nucleotide of the ai5g group II 
intron from yeast mitochondria. Plasmids pJDIS’-75 and 
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pJDI3’-675 were kindly provided by Dr. Philip S. Perlman. 
Oligonucleotide substrates, all ribose (rS) or with deoxy- 
nucleotides (chimeric substrates) selectively placed at specific 
positions, were synthesized on an ABI 392 DNA/RNA syn- 
thesizer, and worked up according to standard procedures 
[62]. Oligonucleotides were composed of the same base 
sequence which, for the all ribose substrate (rS) was 
5’-CGUGGUGGGACAUUUUC’GAGCGGI/. Underlined 
positions represent IBS2 and IBSl in that order, italic letters 
represents the intronic sequences and ” indicates the cleavage 
site. The sequence of the d(IBS1) block substrate was 
5’-CGUGGUGGGAdCdAdUdUdUdUC’GAGCGGU, in 
which all IBSl residues other than the nucleotide at the 
cleavage site were deoxynucleotides (bold).The d(IBS2) sub- 
strate contained the sequence 5’-CdGdUdGdGdUdG- 
GGACAUUUUC’GAGCGGU. The d(link) substrate 
contained deoxynucleotide substitutions at the three 
positions between IBSl and IBS2 (as above). The d(intron) 
substrate contained the nucleotides 5’-CGUGGUGGGA- 
CAUUUUC’dGdAdGdCdGdGdU. Substrates containing 
single deoxynucleotide substituents are named according to 
the position of substitution relative to the cleavage site. For 
example, the sequence of -1dC is 5’-CGUGGUG, 
GGACAUUUUdC’GAGCGG, and that of -2dU is 
5’-CGUGGUGGGACAUUUdUC’GAGCGGU, and so on. 

Reaction conditions for kinetic analyses 
Characterization of preliminary reaction rates for the d(IBS2), 
d(link), d(IBS1) and d(intron) substrates was carried out under 
single turnover conditions with saturating ribozyme.The reac- 
tion buffer contained 1 M  KCl, 100 m M  MgCl,, and 80 m M  
3-[N-Morpholinolpropanesulfonic acid (MOPS) pH 7.5. 
Reactions were usually carried out in 20 ~1 volumes at 42”C, 
with excess ribozyme (loo-250 nM Dl or D123, 3-6 F M  
D5, as indicated) and trace 5’-32P labeled substrates (0.25-l 
nM). Initiation of the reaction, measurement of kobY values 
and single turnover kinetic analysis were conducted as 
described previously [20] with one exception: preliminary 
results from fluorescence experiments showed that Dl can 
slowly fold and bind to the substrate without D5 (unpublished 
data).To ensure that both rS and chimeric substrates reached 
binding equilibrium with ribozyme before reaction, substrates 
containing single deoxynucleotides were preincubated for 20 
min with Dl or D123 before initiation of the cleavage reac- 
tion by addition of D5. Appropriate amounts of substrate and 
Dl were mixed into 4 ~1 of 80 m M  MOPS pH 7.5, and 
heated at 95°C for 1 minute to denature potentially misfolded 
structure. After cooling to 42”C, 8 p,l concentrated salt in 80 
m M  MOPS pH 7.5 was added to this Dl-substrate mix to 
give a final concentration of 1M KC1 and 100 m M  MgCl,. 
The solution was incubated at 42°C for 20 min.The reaction 
was initiated by the addition of 8 p,l D5 mixture, preincubated 
in parallel under the same salt concentration. This additional 
procedure was merely a precaution, however, since control 
experiments showed that for rS and mutant substrates, 
preincubation of Dl or D123 with substrate results in the 
same kinetic parameters as analyses without preincubation, 
performed as described previously [20]. 

Determination of individual kinetic parameters 
To determine K, and kcat for reaction of substrates with the 
Dl ribozyme, kobs was monitored at varying concentrations of 
D 1, while holding the concentration of D5 at saturation. The 
data fit an equation describing bimolecular association, from 
which the kinetic parameters K, and kcat were extracted.The 

data were quantitated and analyzed as described previously 
[20,3OJ. To determine whether, in each case, kcrt represented 
k them) it was necessary to conduct parallel pH/rate profiles of 
the reactionvalues of kcat for rS, -1dC and -2dU substrates 
were compared at pH 6.5, 7.0 and 7.5, in 80 m M  MOPS,  100 
m M  MgCl, and 2 M  KCI. MOPS was chosen because it main- 
tains high buffering capacity throughout this pH range. In 
addition, MOPS maintains a stable pH over a wide tempera- 
ture range. For these experiments, the KC1 concentration was 
raised to 2 M  to quantitate the slow rate of -1dC cleavage at 
pH 6.5 accurately. Doubling the KC1 concentration speeds up 
the reaction by -10 fold for all substrates, at all pH values. With 
the exception of PldC cleavage at pH 6.5, which is too slow 
to measure, the same pH/rate behavior is seen for all three 
substrates (with lower precision) at 1 M  KCl. 

Mapping of cleavage products and chemical analysis 
of 3 ‘-ends 
Partial alkaline degradation and enzymatic digestions with 
nucleases Tl, B. Cereals (Pharmacia), and Pl (Boehringer) were 
carried out as described [20]. To examine whether cleavage of 
the -1dC substrate was indeed occurring at the deoxyribose 
cleavage site, 5’-32P labeled substrates, rS and -ldC, were 
cleaved to 50% completion, under conditions described above. 
Excess salt was removed with oligo purification cartridges 
(OPC, from Applied Biosystem, Inc.). The reaction products 
were then oxidized with 0.1 M  NaIOq in 0.1 M  sodium acetate 
pH 5.0 for 90 min at room temperature in the dark [63]. Excess 
NaI04 was removed using an OPC cartridge. The oxidized 
mixture was then reacted with 0.1 M  lucifer yellow hydrazide 
(lucifer yellow CH,Aldrich) in 0.1 M  sodium acetate pH 5.0 at 
room temperature in the dark for -4 h. If the 3’ terminus of an 
oligonucleotide is a ribose, reaction with NaIO, will oxidize 
the terminal sugar to a dialdehyde that reacts readily with 
hydrazine dyes 141,631 such as lucifer yellow. Any 3’-terminal 
deoxyriboses are resistant to attack by NaIO,. After passing the 
dye reaction through an OPC cartridge to remove excess 
lucifer yellow, the mixture was combined with denaturing dye, 
and loaded onto a 20% denaturing polyacrylamide gel. 
Attachment of lucifer yellow to the 3’-terminus of an oligo- 
nucleotide substantially reduces its mobility in a denaturing 
gel; the identity of 3’-terminal sugars was then analyzed by 
autoradiography of the products after electrophoresis. 

Ackno&&ernents: We thank Dana Abramovitz and Kevin Chin 
for comments on the manuscript and Kevin Chin for COII- 
struction and sequencing of plasmid pT7D123. In addition, we 
thank the Searle Scholars Foundation, the Arnold and Mabel 
Beckman Foundation and the National Institutes of Health for 
their support. E.A.G. is supported by an NIH undergraduate 
research supplemental grant for underrepresented minorities. 

References 
1. 

2. 

3. 

4. 

5. 

Musier-Forsyth, K. &  Schimmel, P. (1992). Functional contacts of a 
transfer RNA synthetase with 2’.hydroxyl groups in the RNA minor 
groove. Nature 357, 5133515. 
Pyle, A.M., Murphy, F.L. &  Cech, T.R. (19921. Ribozyme substrate 
binding site in the catalytic core of the Tetrahymena ribozyme. 
Nature 358, 123-l 28. 
Herschlag, D., Eckstein, F. &  Cech, T.R. (1993). Contributions of 
2’.hydroxyl groups of an RNA substrate to binding and catalysis by 
the Jetrahymena riboryme. An energetic picture of an active site 
composed of RNA. Biochemistry 32, 8299-8311, 
Smith, D. &  Pace, N.R. (1993). Multiple magnesium ions in the 
ribonuclease P  reaction mechanism. Biochemistry 32, 5273-5281. 
Strobel, S.A. &  Cech, T.R. (1993). Tertiary interactions with the internal 



Group II r ibozymes that cleave DNA Griffin et al. 769 

guide sequence mediate docking of the Pl helix into the catalytic 
core of the Tetrahymena ribozyme. Biochemistry 32, 13593-l 3604. 

6. Yap, L.-P. &  Musier-Forsyth, K. (1995). Transfer RNA aminoacylation: 
identification of a critical ribose 2’.hydroxyl-base interaction. RNA 
1.418-424. 

7. Pley, H.W., Flaherty, K.M. &  McKay, D.B. (1994). Three-dimensional 
structure of a hammerhead riboryme. Nature 372, 68-74. 

8. Pley, H.M., Flaherty, K.M. &  McKay, D.B. (1994). Model for an RNA 
tertiary interactlon from the structure of an intermolecular complex 
between a CAAA tetraloop and an RNA helix. Nature 372, 
111-113. 

9. Pan, T., Long, D.M. &  Uhlenbeck, O.C. (1993). Divalent metal ions 
in RNA folding and catalysis. In The RNA World (Cesteland, R. &  
Atkins, J. eds), 271-302, Cold Spring Harbor Press, Cold Spring 
Harbor. 

IO. Pyle, A.M. (1993). Rihozymes: a distinct class of metalloenrymes. 
Science261, 709-714. 

11. Herschlag, D., Eckstein, F. &  Cech, T.R. (1993). The importance of 
being ribose at the cleavage site in the Jetrahymena rihoryme 
reaction. RIochemistry 32, 8312-8321. 

12. Perreault, J.-P. &  Altman, S. (1992). Important 2’.hydroxyl groups in 
model substrates for Ml  RNA, the catalytic RNA subunit of RNase P  
from E. to/~. /. Mol. Biol. 226, 399-409. 

11. Pyle, A.M. &  Cech, T.R. 11991). Rihozyme recognition of RNA by 
tertiary interactions with specific rihose 2’.OH groups. Nature 350, 
628-611. 

14. Bevilacqua, P.C. X  Turner, D.H. (1991). Comparison of binding of 
mixed rihose-deoxyribose analogues of CUCU to a nbozyme and to 
GGACAA by equlllhrium dialysis: evidence for rihozyme specific 
interactions with 2’.OH groups. Biochemistry 30, 10632-l 0640. 

15. Robertson, D.L. X  Joyce, C.F. (1990). Selection in vitroof an RNA enzyme 
that selectively cleaves single-stranded DNA. Nature 344, 467-468. 

16. Tsang, J. &  Joyce, C.F. (1994). Evolutionary optimization of the cat- 
dlytic properties of a DNA-cleaving rihozyme. Biochemistry 33, 
5966-5973. 

17. Pyle, A.M. 11995). Catalytic Reaction Mechanisms and Structural 
Features of Croup /I lntron Ribozymes. Nucleic Acids and 
Mo/ecul,lr Biology. (Eckstein, F. &  Lilley, D.M.J., eds), Springer 
Verlag, New York. 

18. Michel, F. &  Ferat, J.-L. (1995). Structure and activities of group II 
introns. Annu. Rev. Biochem. 64, 435-461. 

19 Koch, J.L., Boulanger, S.C., Dih-Hajj, S.D., Hebhar, S.K. &  Perlman, 
P.S. (19921. Group II introns deleted for multiple substructures retain 
self-splicing activity. Mol. Cell. Biol. 12, 1950-1958. 

20. iuichels, W.J. 6; Pyle, A.M. (1995). Conversion of a group II intron 
into a new multiple-turnover rihozyme that selectively cleaves 
oligonucleotides: elucidation of reaction mechanism and 
structure/function relationships. Biochemistry34, 2965-2977. 

21. Peehles, C.L., et a/., Cheng, H.-L. (1986). A  self-splicing RNA 
Fxcises an intron lariat. Cell 44, 213-223. 

22. Schmelzer, C. &  Schweyen, R.J. (1986). Self-splicing of group II lntrons 
,n vitro: mapping of the branch point and mutational inhibition of 
lariat formation. Ce//46. 557-565. 

23. van derVeen, R., Arnberg, A.C., van der Horst, C., Bonen, L., Tahak, 
H.F. &  Grivell, L.A. (1986). Excised Group II introns in yeast mito- 
chondria are lariats and can be formed by self-splicing in vitro. Cell 
44,225s234. 

24. Jacquier, A. &  Rosbash, M. (1986). Efficient trans.splicing of a yeast 
mitochondrial RNA Group II intron implicates a strong 5’-exon-intron 
interaction. Science 234, 1099-l 104. 

25. van der Veen, R., Kwakman, J.H.J.M. &  Grivell, L.A. (1987). 
Mutations at the lariat acceptor site allow self-splicing of a Group II 
intron without lariat formation. EMBO/.  6, 3827-3831, 

26. Jarrell, K.A., Peebles, C.L., Dietrich, R.C., Romiti, S.L. &  Perlman, P.S. 
11988). Group II lntron self-splicing: alternative reaction conditions 
yield novel products. /. Biol. Chem. 263, 3432-3439. 

27. Daniels, D., Michels, W.J. &  Pyle, A.M. (1995). Two competing 
pathways for self-splicing by group II introns; a quantitative analysis 
of in-wtro reaction rates and products. /. Mol. Biol., in press. 

28. Jarrell, K.A., Dietrich, R.C. 6; Perlman, P.S. (1988). Group II intron 
domain i facilitates a trans.splicing reaction. Mol. Cell. Biol. 8, 
1361-2366. 

29. Franren, J.S., Zhang, M. &  Peebles, C.L. (1993). Kinetic analysis of 
the 5’.splice junction hydrolysis of a Group II intron promoted by 
domain 5. Nucleic Acids Res. 21, 627-634. 

30. Pyle, A.M. &  Green, J.B. (1994). Building a kinetic framework for 
group II intron rihozyme activity: quantitation of interdomain 
binding and reaction rate. Biochemistry33, 2716-2725. 

11. Padgett, R.A., Podar, M., Boulanger, S.C. &  Perlman, P.S. (1994). 
The stereochemical course of group II intron self-splicing. Science 
266, 1685-1688. 

32. Podar, M., Perlman, P.S. &  Padgett, R.A. (1995). Stereochemlcal 
selectivity of group II intron splicing, reverse-splicing and hydrolysis 
reactions. Mol. Cell. Biol. 15, 4466-4478. 

33. Zuag, A.J., Davila-Aponte, J.A. &  Cech, T.R. (1994). Catalysis of 
RNA cleavage by a ribozyme derived from the group I intron of 
Anabaena pre-tRNALfU. Biochemistry 33 14935-l 4947. 

34. Michel, F., Umesono, K. &  Oreki, H. (1989). Comparative and func- 
tional anatomy of group II catalytic introns - a review. Gene 82, 
5-30. 

35. Martin, F.H. &  Tinoco, I. (1980). DNA-RNA hybrid duplexes con- 
taining oligo(dA:rU) sequences are exceptionally unstable and may 
facilitate termination of transcription. Nucleic Acids Res. 8, 
2295-2299. 

36. Hall, K.B. &  McLaughlin, L.W. (1991). Thermodynamic and struc- 
tural properties of pentamer DNA-DNA, RNA-RNA and 
DNA-RNA duplexes of identical sequence. Biochemistry 30, 
10606-l 0613. 

37. Egli, M., Usman, N. &  Rich, A. (1993). ConformatIonal influence of 
the rihose 2’.hydroxyl group: crystal structures of DNA-RNA 
chimeric duplexes. Biochemistry32, 3221-3237. 

38. Chen, X., Ramakrishnan, B. &  Sundaralingam, M. 11995). Crystal 
structures of B-form DNA-RNA chimeras complexed with distamycin. 
Nat. Struct. Biol. 2, 733-735. 

39. Kahle, D., Ktist, B. &  Krupp, G. (1993). Phosphorothloates in pre- 
tRNAs can change the specificities of RNAses P  or reduce the 
cleavage efficiencies. Biochimie 75, 955-962. 

40. Kuchino, Y. &  Nishimura, S. (1989). Enzymatic RNA sequencing. 
Methods Enzymol. 180, 154-163. 

41. Hansske, F., Sprinzl, M. &  Cramer, F. (1974). Reaction of the ribose 
moiety of adenosine and A M P  with periodate and carhoxylic acid 
hydrarides. Bioorg. Gem. 3, 367-376. 

42. Herschlag, D. &  Cech, T.R. (1990). DNA cleavage catalyzed by the 
rihozyme from Jetrahymena. Nature 344, 405-409. 

43. Dahm, S.C., Derrick, W.B. &  Uhlenheck, O.C. (1993). Evidence for 
the role of solvated metal hydroxide in the hammerhead cleavage 
mechanism. Biochemistry 32, 13040-I 3045. 

44. Khosla, M. &  Herschlag, D. (1994). Comparison of pH dependencies 
of the Jetrahymena rihozyme reactions with RNA 2’.substituted and 
phosphorothioate substrates reveals a rate-limiting conformational 
step. Biochemistry 33, 5291-5297. 

45. Fersht, A. 11985). Enzyme Structure and Mechanism. p. 155, W.H. 
Freeman, New York. 

46. Cech, T.R. (1993). Structure and mechanism of the large catalytic 
RNAs: group I and group II introns and rihonuclease P. In The RNA 
World. (Cesteland, R.F. &Atkins, J.F. eds), pp. 239-270, Cold Spring 
Harbor Press, Cold Spring Harbor. 

47. Herschlag, D. &  Cech, T.R. 11990). Catalysis of RNA cleavage by the 
Teetrahymena thermoph;/a rihozyme 1, Kinetic description of an 
RNA substrate complementary to the active site. Biochemistry 29, 
10159~10171. 

48. Kleineidam, R.G., Pitulle, C., Sproat, B., X  Krupp, C. (1993). 
Efficient cleavage of pre-tRNAs by E. co/i RNase P  RNA requires the 
2’.hydroxyl of the ribose at the cleavage site. Nucleic Acids Res. 21, 
1097-1101. 

49. Moore, M.J. &  Sharp, P.A. (1992). Site-specific modification of pre- 
mRNA: the 2’.hydroxyl groups at the splice sites. Science 256, 
992-997. 

50. Newman, A.J., Lin, R.-J., Cheng, S.-C., &  Abelson, J. ClY85). 
Molecular consequences of specific intron mutations on yeast 
mRNA splicing in viva and in vitro. Cell42, 335-344. 

51. Parker, R. &  Siliciano, P.G. (1993). Evidence for an essential non- 
Watson-Crick interaction between the first and last nucleotides of a 
nuclear pre-mRNA intron. Nature 361, 660-662. 

52. M6rl, M., Niemer, I. &  Schmelzer, C. (1992). New reactions cat- 
alyzed by a Group II intron rihoryme with RNA and DNA substrates. 
Cell 70, 803-810. 

53. Beebe, J.A. &  Fierke, C.A. (1994). A  kinetic mechanism for cleavage 
of pre-tRNA Asp catalyzed by the RNA component of Bacillus subtilis 
rihonuclease P. Biochemistry 33, 10294-l 0304. 

54. Lesser, D.R., Kurpiewski, M.R. &  Jen-Jacobson, L. (1990). The ener- 
getic hasis of specificity in the EcoRl endonuclease-DNA interaction. 
Science250,776-786. 

55. Walsh, C. (1979). In Enzymatic Reaction Mechanisms. pp. 703-740. 
W.H. Freeman, San Francisco. 

56. Lamhowitz, A.M. 11989). Infectious introns. Cell 56, 323-326. 
57. Lamhowitz, A.M. &  Belfort, M. 11993). lntrons as mobile genetic 

elements. Annu. Rev. Biochem. 62, 587-622. 
58. Van Dyck, E., et a/., & Foury, F. (19951. Overexpression of a novel 

member of the mitochondrial carrier family rescues defects in both 
DNA and RNA metahollsm in yeast mitochondria. Mol. Cen. Genet. 
246,426-436. 



770 Chemistry & Biology 1995, Vol 2 No 1 1 

59. Schmidt, W.M., Schweyen, R.J., Wolf, K. &  Mueller, M.W. (1994). 
Transposable group II introns in fission and budding yeast. Site- 
specific genomic instabilities and formation of group II IVS 
plDNAs. 1. Mol. Bio/. 243, 157-l 66. 

60. Herschlag, D. (1991). Implications of riboryme kinetics for targeting 
the cleavage of specific RNA molecules in viva: more isn’t always 
better. Proc. Nat/. Acad. Sci. USA 88, 692 l-6925. 

61. Kunkel, T.A., Bebenek, K. &  McClary, J. (1991). Efficient site- 
directed mutagenesis using uracil-containing DNA. Methods 
Enzyme/. 204, 125-139. 

62. Scaringe, S.A., Francklyn, C. &  Usman, N. (1990). Chemical synthe- 
sis of biologically active oligoribonucleotides using P-cyanoethyl 

protected ribonucleoside phosphoramidites. Nucleic Acids Res. 18, 
5433-5441. 

63. Stephenson, M.L. &  Zamecnik, P.C. (1967). Partial purification of 
amino acid specific soluble RNA’s by means of a chemical modifi- 
cation of the terminal ribose of sRNA. Methods fnzymol. 12, 
671-678. 

64. Rirzino, A.A. &  Freundlich, M. (1975). Estimation of in-viva 
aminoacylation by periodate oxidation: tRNA alterations and iodate 
inhibition. Anal. Biochem. 66, 446-449. 

Received: 9 Sep 1995; revisions requested: 6 Ott 1995; 
revisions received: 20 Ott 1995. Accepted: 30 Ott 1995 


