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The Intervening Sequence RNA of 
Tetrahvmena Is an Enzvme 

A shortened form of the self-splicing ribosomal RNA 
(rRNA) intervening sequence of Tetvahymna themnophila 
acts as an enzyme in vitro. The enzyme catalyzes the 
cleavage and rejoining of oligonucleotide substrates in a 
sequence-dependent manner with K, = 42 pilf and 
kc,, = 2 rnin-l. The reaction mechanism resembles that of 
rRNA precursor self-splicing. With pentacytidylic acid as 
the substrate, successive cleavage and rejoining reactions 
lead to the synthesis of polycytidylic acid. Thus, the RNA 
molecule can act as an RNA polymerase, differing from 
the protein enzyme in that it uses an internal rather than 
an external template. At pH 9, the same RNA enzyme has 
activity as a sequence-specific ribonuclease. 

I N RNA SELF-SPLICING, THE FOLDED STRUCTURE OE AN RNA 
molecule mediates specific cleavage-ligation reactions (1-5). 
Self-splicing exemplifies intramolecular catalysis (6) in that the 

reactions are accelerated many orders of magnitude beyond the basal 
chemical rate (7, 8). The reactions are highly specific, as seen in the 
choice of a free guanosine nucleotide as a substrate in the self- 
splicing of the Tetrabymenu ribsomal RNA precursor (pre-rRNA) 

Thomas R. Cech is a professor and Arthur J. Zaug is a research associate in the 
Department of Chemistry and Biochemistry, University of Colorado, Boulder, 80309- 
0215. Send correspondence to T.R.C. 

470 

and other RNA's containing group I intervening sequences (1-3, 7). 
Furthermore, the cleavage-ligation activity mediates a series of 
splicing, cyclization, and reverse cyclization reactions, suggesting 
that the active site is preserved in each reaction (9, 10). However, 
the RNA is cleaved and rejoined during self-splicing; because the 
RNA is not regenerated in its original form at the end of the 
reaction, it is not an enzyme. The RNA moiety of ribonuclease P, 
the enzyme responsible for cleaving transfer RNA (tRNA) precur- 
sors to generate the mature 5' end of the tRNA, has been the only 
example of an RNA molecule that meets all criteria of an enzyme 
(11-13). 

Following self-splicing of the Tetrahymena rRNA precursor, the 
excised N S  RNA (14) undergoes a series of RNA-mediated 
cyclization and site-specific hydrolysis reactions. The final product, 
the L - 19 N S  RNA, is a linear molecule that does not have the 
first 19  nucleotides of the original excised IVS RNA (9). We 
inter~reted the lack of further reaction of the L - 19 species as an 
indi&tion that all potential reaction sites on the molecuk that could 
reach its active site (that is, intramolecular substrates) had been 
consumed; and we argued that the activity was probably unper- 
turbed (9). We have now tested this by adding oligonucleotide 
substrates to the L - 19 IVS RNA. We find that each N S  RNA 
molecule can catalyze the cleavage and rejoining of many oligonucle- 
otides. Thus, the L - 19 IVS RNA is a true enzyme. Although the 
enzyme can act on RNA molecules of large size and complex 
sequence, we have found that studies with simple oligoribonucleo- 
tides like pC5 (pentacytidylic acid) have been most valuable in 
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revealing the minimum substrate requirements and reaction mecha- 
nism of this enzyme. These studies are presented below. 

The L - 19 IVS RNA catalyzes the cleavage and rejoining of 
nucleotides. Unlabeled L - 19 IVS RNA was incubated with 

C in a solution containing 20 mM MgCh, 50 mM :%-labeled p 5 

tris-HC1, pH 7.5. The pCS was progressively converted to oligocyti- 
dylic acid with both longer and shorter chain length than the 
starting material (Fig. 1A). The longer products extended to at least 
pC30, as judged by a longer exposure of an autoradiogram such as 
that shown in Fig. 1A. The shorter products were exclusively pC4 
and pC3. Incubation of pC5 in the absence of the L - 19 IVS RNA 
gave no reaction (Fig. 1C). 

Phosphatase treatment of a 60-minute reaction mixture resulted 
in the complete conversion of the 3 2 ~  radioactivity to inorganic 
phosphate, as judged by polyethyleneimine thin-layer chromatogra- 
phy (TLC) in 1M sodium formate, pH 3.5 (15). Thus, the 5'- 
terminal phosphate of the substrate does not become internalized 
during the reaction, and the substrate is being extended on its 3' end 
to form the larger oligonucleotides. When C$C was used as the 
substrate and the products were treated with ribonuclease T2 or 
ribonuclease A, the 3 2 ~  radioactivity was totally converted to ~ f i  
(15). Thus, the linkages being formed in the reaction are exclusively 
3',5'-phosphodiester bonds. The products of the C$C reaction 
were totally resistant to phosphatase treatment. 

The reaction was specific for ribonucleotides, no reaction taking 
place with d-pC5 (Fig. 1B) or d-pA5 (15). Among the oligoribonu- 
cleotides, pU6 was a much poorer substrate than pC5 or pC6 (Fig. 
ID), and p& gave no reaction (15). 

No reaction occurred when magnesium chloride was omitted. 
The enzyme activity was approximately constant in the range 5 to 40 
mM MgClz (15). The 20 mM concentration was routinely used to 
circumvent the potential effect of chelation of M$+ by high 
concentrations of oligonucleotide substrates. 

The L - 19 IVS RNA is regenerated after each reaction, such 
that each enzyme molecule can react with many substrate molecules. 
For example, quantitation of the data shown in Fig. 1G revealed 
that 16 pmol of enzyme converted 1080 pmol of pC5 to products in 
60 minutes. Such numbers underestimate the turnover number of 
the enzyme; because the initial products are predominantly Cg and 
Cd, it is-likely that the production of chains oflength p a t e ;  than six 
or less than four involves two or more catalytic cycles. Quantitation 
of the amount of radioactivity in each product also provides some 
indication of the reaction mechanism. kt earlv reaction times. the 
amount of radioactivity (a measure of numbers of chains) in 
products larger than pC5 is approximately equal to that found in pG 
plus pC3, consistent with a mechanism in which the total number of 
phosphodiester bonds is conserved in each reaction. As the reaction 
proceeds, however, the radioactivity distribution shifts toward the 
smaller products. This is most likely due to a competing hydrolysis 
reaction also catalyzed by the L - 19 IVS RNA, as described below. 

The rate of conversion of 30 pI4 pC5 to products increases 
linearly with L - 19 IVS RNA enzyme concentration in the range 
0.06 to 1.00 (15). At a fixed enzyme concentration (Fig. 1, E to 
G), there is a hyperbolic relation between the reaction rate and the 
concentration of pCs. The data are fit by the Michaelis-Menten rate 
law in Fig. 2. The resulting kinetic parameters are K,  = 42 pI4 and 
kcat = 1.7 min- ' . .-. 

The stability of the enzyme was determined by preliminary 
incubation at 42°C for 1 hour in the presence of M$+ (standard 
reaction conditions) or for 18 hours under the same conditions but 
without M$+. In 'both cases, the incubated enzyme had activity 
indistinguishable from that of untreated enzyme tested in parallel, 
and no degradation of the enzyme was observed on polyacrylarnide 
gel electrophoresis (15). Thus, the L - 19 IVS RNA is not a good 

substrate. The enzyme is also stable during storage at -20°C for 
periods of months. The specific activity of the enzyme is consistent 
between preparations. 

Covalent intermediate. When CS$ was used as a substrate, 
radioactivity became covalently attached to the L - 19 IVS RNA 
(Fig. 3A) (16). This observation, combined with our previous 
knowledge of the mechanism of IVS RNA cyclization (9, 10, 17, 

1 OU- J U - 60 

Fig. 1. The L - 19 IVS RNA catalyzes the cleavage and rejoining of 
oligoribonudeotide substrates; (A) 10 (LM pCs and (B) 10 (LM d-pCs, both 
with 1.6 (LM L - 19 IVS RNA; (C) 45 (LM pCs in the absence of L - 19 
IVS RNA; (D) 45 (LM pUa with 1.6 (LM L - 19 IVS RNA; (E) 10 (LM 
pC5, (F) 50 (LM pCs and (G) 100 (LM pCs, all with 1.6 (LM L - 19 IVS 
RNA. Oligonucleotides were 5'-end labeled by treatment with [y-32P]ATP 
and polynudeotide kinase; they were diluted with unlabeled oligonucleotide 
of the same sequence to keep the amount of radioactivity per reaction 
constant. The L - 19 IVS RNA was synthesized by transcription and 
splicing in vim. Supercoiled pSMTlA3 DNA (30) was cut with Eco RI 
and then transcribed with SP6 RNA polymerase (31) for 2 hours at 37°C in a 
solution of nucleoside triphosphates (0.5 mM each), 6 mM MgC12, 4 mM 
sperrnidine, 10 mM dithiothreitol, 40 mM tris-HC1, pH 7.5, with 100 units 
of SP6 RNA polymerase per microgram of plasmid DNA. Then NaCl was 
added to a final concentration of 240 mM and incubation was continued at 
37°C for 30 minutes to promote excision and cydization of the IVS RNA. 
Nudeic acids were precipitated with three volumes of ethanol and redis- 
solved in 50 mM CHES, pH 9.0; MgC12 was added to a final concentration 
of 20 mM, and the solution was incubated at 42°C for 1 hour to promote 
site-specific hydrolysis of the circular IVS RNA to give L - 19 IVS RNA 
(9). The reaction was stopped by the addition of EDTA to 25 mM. The 
L - 19 IVS RNA was purified by preparative gel dectrophoresis and 
Sephadex G-50 chromatography. Labeled oligonucleotides were incubated 
with unlabeled L - 19 IVS RNA at 42°C in 20 mM MgCl2, 50 mM tris, pH 
7.5, for 0, 1,2, 5, 10, 30, and 60 minutes. Reactions were stopped by the 
addition of EDTA to a final concentration of 25 mM. Products were 
analyzed by electrophoresis in a 20 percent polyauylamide, 7M urea gel, 
autoradiograms of which are shown. 
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Fig. 2. Kinetics of con- 2.5 - I I L 

version of pCs to larg- 
er and smaller oligonu- 
cleotides with 1.6 (LM 2.0 

- 

L -  19 IVS RNA. 
Products were separat- 
ed by polyacrylamide 
gel electrophoresis. 
With the autoradio- - 
gram as a guide, the 'O 

gel was cut into strips - 
and the radioactivity in 
each RNA species was 
determined by liquid 
scintillation counting. 
The amount of reac- Crc51 pM 

tion at each time was 
taken as the radioactiv- 
ity in pC3 + pC4 + PC6 + pC, + . . . divided by the total radioactivity in the 
lane. The initial velocity of product formation, V ,  was determined from a 
semilogarithmic plot of the fraction of reaction as a function of time. V, was 
then plotted as a function of substrate concentration; the line is a least- 
squares fit to the Michaelis-Menten equation. The resulting kinetic parame- 
ters are Km = 42 (LM, Vma, = 2.8 (LM min-', and t ,  = 1.7 min-'. The 
kinetic parameters for the first and second steps in the reaction have not yet 
been determined separately. 

Fig. 3. Formation and resolution of the covalent enzyme-substrate interme- 
diate. (A) To drive the formation of the covalent L - 19 IVS RNA-substrate 
intermediate, 8.5 nM c$C was treated with 0.16 (LM L - 19 IVS RNA 
under standard reaction conditions for 0 to 60 minutes. (B) Ss (0.01 (rM) 
was reacted with 0.16 (LM L - 19 IVS RNA. Cleavage occurred normally, 
but there was very little rejoining. (C) Labeled covalent intermediate was 
prepared as in (A) (60 minutes) and p d e d  by electrophoresis in a 4 
percent polyacrylamide, 8M urea gel. It  was then incubated with 10 (LM 
unlabeled C5 under standard reaction conditions for 0 to 60 minutes. The 
product designated comigrated with labeled marker (not shown). (D) 
Isolated covalent intermediate as in (C) was incubated under site-speclfic 
hydrolysis conditions (20 mM MgCI*, 50 mM CHES,pH 9.0) at 42°C for 0 
to 60 minutes. Positions of labeled mono- and dinucleotide markers arc 
indicated. In the 10- and 30-minute lanes of (A) and the lo-, 30-, and 60- 
minute lanes of (C), band compression (reduced difference in electrophoretic 
mobility) is seen between and CI and to a lesser extent between and 
Cg. This is due to the absence of a 5' phosphate. Thus, the charge-to-mass 
ratio is increasing with chain kngth, whereas with 5'-phosphorylated 
oligonucleotides the charge-to-mass ratio is independent of chain kngth. 
When such products were phosphorylated by treatment with polynucleotide 
kinase and ATP, the dismbution was converted to the normal spacing as in 
Fig. 1 (15). 

18), led to a model for the reaction mechanism involving a covalent 
enzyme-substrate intermediate (Fig. 4). 

This reaction pathway is supported by analysis of reactions in 
which a trace amount of Ks was incubated with a large molar excess 
of L - 19 IVS RNA. The cleavage reaction occurred with high 
efficiency, as judged by the production of 8 ~ 4  and 8 ~ 3 ,  but there 
was very little synthesis of products larger than the starting material 
(Fig. 3B; compare to Fig. 1A). These data are easily interpreted in 
terms of the proposed reaction pathway. The first step, formation of 
the covalent intermediate with release of the 5'-terminal h a n e n t  of 

V 

the oligonucleotide, is occurring normally. The first step consumes 
all the substrate, leaving insufficient C5 to drive the second transes- 
terification reaction. 

The model shown in Fig. 4 was tested by isolating the covalent 
enzyme-substrate complex prepared by reaction with C$C and 
incubating it with unlabeled C5. A portion of the radioactivity was 
converte&to oligonucleotides w i t h e  electrophoretic mobility of 
G, C7, G, and higher oligomers (Fig. 3C). In a confirmatory 
experiment, the covalent complex was prepared with unlabeled Cs 
and reacted with 6c5. ~adioakvity w& again converted to a series 
of higher molecular weight oligonucleotides (15). In both types of 
experiments the dam are readily explained if the covalent complex is 
a mixture of L - 19 IVS RNA's terminating in . . .GpC, 
. . .GpCpC, . . .GpCpCpC, and so on. Because they can react with 
C5 to complete the catalytic cycle, these covalent enzyme-substrate 
complexes are presumptive intermediates in the reaction (Fig. 4). A 
more detailed analysis i f t he  rate of their formation and resohion is 
needed to evaluate whether or not they are kinetically competent to 
be intermediates. We can make no firm conclusion about that 
portion of the enzyme-substrate complex that did not react with C5. 
This unreactive RNA could be a covalent intermediate that was 
denatured during isolation such that it lost reactivity, or it could 
represent a s m d  amount of a different enzyme-subskate complex 
that was nonproductive and therefore accumulated during the 
reaction. 

The G ~ ' ~ - A ' ~  linkage in the C IVS RNA, the G ~ ' ~ - u ~ ~  linkage in 
the C' IVS RNA, and the G414-u4" linkage in the pre-rRNA are 
unusual phosphodiester bonds in that they are extremely labile to 
alkaline hydrolysis, leaving 5' phosphate and 3'-hydroxyl termini (9, 
19). We therefore tested the lability of the G4I4-C linkage in the 
covalent enzyme-substrate intermediate by incubation atpH 9.0 in a 
 containin^ in^ buffer. This treatment resulted in the release of 
products that comigrated with pC and pCpC markers and larger 
products that were presumably higher oligomers of pC (Fig. 3D). 
Thin-layer chromatography was used to confirm the identity of the 
major products (15). In those molecules that released PC, the release 
was essentially complete in 5 minutes. Approximately half of the 
covalent complex was resistant to the pH 9.0 treatment. Once again, 
we can make no firm conclusion about the molecules that did not 
react. The lability of the G4I4-C bond forms the basis for the L - 
19 IVS RNA acting as a ribonuclease (Fig. 4). 

A competitive inhibitor. Deoxy Cs, which is not a substrate for 
L - 19 IVS RNA-catalyzed cleavage, inhibits the cleavage of pCs 
(Fig. 5A). Analysis of the rate of the conversion of pCS to pC4 and 
pG as a function of d-CS concentration is summarized in Fig. 5, B 
and C. The data indicate that d-CS is a true competitive inhibitor 
with the inhibition constant Ki = 260 pill. At 500 pill, d-As 
inhibits the reaction only 16 percent as much as d-Cs. Thus, 
inhibition by d-C5 is not some general effect of introducing a 
deoxyoligonucleotide into the system but depends on sequence. 

The formation of the covalent enzyme-substrate intermediate 
(EpC) can be represented as 
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Fig. 4. Model for the enzymatic mechanism of the L - 19 IVS RNA. 'Ilk RNA catalyzes cleavage and 
rejoining of oligo(C) by the pathway 1 + 2 + 3 + 4-+ 1. The L - 19 IVS RNA enzyme (1) is 
shown with the oligopyrimidine binding site (RRRRRR, six purines) near its 5' end and G414 with a 
fke 3'-hydroxyl p u p  at its 3. a d .  The complex folded core structure of the molecule (23,24,32) is 
simply represented by a curved line. The enzyme binds its substrate (C5) by Watson-Crick base-pairing 
to form the noncovalent enzyme-substrate complex (2). Nucleophilic attack by G414 leads to formation 
of the covalent intermediate (3). With the pentanudeotide C5 as substrate, the covalent intermediate is 
usually loaded with a single nudeotide, as shown; with substrates of longer chain length, an 
oligonucleotide can be attached to the 3' end of G414. If C5 b i d  to the intermediate (3) in the manner 
shown in (4), transester%cation,can occur to give the new product and regenerate the enzyme (1). 
Note that all four reactions in this pathway are reversible. When acting as a ribonudease, the L - 19 
IVS RNA follows the pathway 1 + 2 + 3 + 1. The covalent intermediate (3) undergoes hydrolysis, 
releasing the nudeotide or oligonucleotide attached to its 3' end (in this case pC) and regenerating the 
e w e  (1). 

If k-I >> k2, then Km = k-llkl, the dissociation constant for the 
noncovalent E . C5 complex. The observation that the Ki for d-CS is 
within an order of magnitude of the Km for Cs can then be 
interpreted in terms of d-CS and Cs having similar binding constants 
for interaction with the active site on the enzyme. This fits well with 

tive inhibition by d-CS lead to a model for the enzyme mechanism 
(Fig. 4). The L - 19 IVS RNA is proposed to bind the substrate 
noncovalently by hydrogen-bonded base-pairing interactions. A 
transesterification reaction between the 3'-terminal guanosine resi- 
due of the enzyme and a phosphate ester of the substrate then 

the idea that the substrate binds to an oligopurine (R5) sequence in 
the active site primarily by Watson-Crick base-pairing, in which case 
the Cs R5 duplex and the d-C5. R5 duplex should have similar 
stabilitv. 

vroduces a covdent enzvme~subskate intermediate. 
Transesterification is4expected to be highly reversible. If the 

product C4 rebinds to the enzyme, it can attack the covalent 
intermediate and reform the starting material, Cs. Early in the 
reaction, however, the concentration of CS is much greater than the 
concentration of C4; if C5 binds and attacks the covalent intermedi- 
ate, Cg is produced (Fig. 4). The net reaction is 2 Cs -t + C4. 
The products are substrates for further reaction, for example, 
G + CS + (2, + C4 and C4 + CS -, C3 + Cg. The absence of 
products smaller then G, is explicable in terms of the loss of binding 

Enzyme mechanism and its relation to self-splicing. The 
stoichiometty of the reaction products (equimolar production of 
oligonucleotides smaller than and larger than the starting material), 
the lack of an ATP or GTP (adenosine triphosphate; guanosine 
triphosphate) energy requirement, the involvement of a covalent 
intermediate, the specificity for o l i g d  substrates, and the competi- 

A Competitive in1 

[d -c  

hibition 

100pM 

Time 

Fig. 5. Competitive lnnlolrlon of the pC5 reacuon oy d-C5. (A) 3 WVI PL~. shown ( 
unreacted in lane 0, was incubated with 0.16 fl L - 19 IVS RNP 
standard reaction conditions. Reactions were done in the absence ofd-CT c 
presence of 50 fl, 500 (*M, or 1000 fl d-Cs as indicated. (B) Lineweav 
plots of the rate of conversion of pC5 to p C  + pC3 in the presence of (0; 

(0 )  50 fl, (A) 150 Cull, ( 9 )  300 W 500 unlabeled d-( 
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Enzymatic Self -reaction 

5'----- 

RRRRRR.,, R R R R R R  

Fig. 6. Relation of reactions catalyzed by the L - 19 IVS RNA to self- 
splicing and the related WS RNA-mediated reactions. Formation of the 
covalent enzyme-substrate intermediate (A) is analogous to IVS RNA 
autocyclization (B). Resolution of the enzyme-substrate intermediate (C) is 
analogous to exon ligation (D) or the reversal of cyclization (10). Hydrolysis 
of the enzyme-substrate intermediate (E) is analogous to site-specific 
hydrolysis of the circular IVS RNA (F) or of the pre-rRNA (19). 

interactions relative to C4 (C3 could form only two base pairs in the 
binding mode that would be productive for cleavage). 

The ;ransesterification reactions are conservative-with respect to 
the number of phosphodiester bonds in the system. Thus, RNA 
ligation can occur without an external energy source as is required 
by RNA or DNA ligase. Hydrolysis of the covalent intermediate 
competes with transesterification. The net reaction is C5 + H 2 0  
-+ C4 + PC, with the L - 19 IVS RNA acting as a ribonuclease. 

On the basis of our current understanding of the reaction, the 
catalytic strategies of the L - 19 IVS RNA enzyme appear to be the 
same as those used by protein enzymes (20). First, the RNA 
enzyme, like protein enzymes, forms a specific noncovalent complex 
with its oligonucleotide substrate. This interaction is proposed to 
hold the oligonucleotide substrate at a distance and in an orientation 
such as to facilitate attack by the 3'-hydroxyl of the terminal 
guanosine of the enzyme. Second, a covalent enzyme-substrate 
complex is a presumptive intermediate in the L - 19 IVS RNA 
reaction. Covalent intermediates are prevalent in enzyme-catalyzed 
group transfer reactions. Third, the phosphodiester bond formed in 
the covalent intermediate is unus~ally~susceptible to hydrolysis, 
suggesting that it may be strained or activated to facilitate formation 
of the pentavalent transition state upon nucleophilic attack (8, 9). 
Similarly, protein catalysts are thought to facilitate the formation of 
the transition state, for example, by providing active site groups that 
bind the transition state better than the unreacted substrate (6, 21). 
Thus far there is no evidence that another major category of enzyme 
catalysis, general acid-base catalysis, occurs in the L - 19 IVS RNA 
reactions, but we think it likely that it will be involved in facilitating 
the required proton transfers. 

Each L - 19 N S  RNA-catalvzed transesterification and hvdrolv- , , 
sis reaction is analogous to one of the steps in Tetrabymena pre- 
rRNA self-splicing or one of the related self-reactions (Fig. 6). 
Thus, the finding of enzymatic activity in a portion of the IVS RNA 
validates the view that the pre-rRNA carries its own splicing enzyme 
as an intrinsic part of its polynucleotide chain. It seems likely that 
the C5 substrate binding site of the L - 19 N S  RNA is the 

oligopyrimidine binding site that directs the choice of the 5' splice 
site and the various IVS RNA cyclization sites (10, 18, 19, 22). 
Although the location of this site within the IVS RNA has not been 
provedi the best candidate is a portion of the "internal guide 
sequence" proposed by Davies and co-workers (23). Michel and 
Dujon (24) show a similar pairing interaction in their RNA 
structure model. The putative binding site, GGAGGG, is located at 
nucleotides 22 to 27 of the intact Tetrabymena IVS RNA and at 
positions 3 to 8 very near the 5' end of the L - 19 N S  RNA. If this 
is the substrate binding site, site-specific mutation of the sequence 
should change the substrate specificity of the enzyme in a predict- 
able manner. 

RNA polymerase or RNA restriction endonuclease? With CS 
as a substrate, the L - 19 IVS RNA makes poly(C) with chain 
lengths of 30 nucleotides and longer. The number of P - 0  bonds is 
unchanged in the process. In the synthesis of poly(C) on a poly(dG) 
template by RNA polymerase, one CTP is cleaved for each residue 
polymerized. Thus, the RNA polymerase reaction is also conserva- 
tive with respect to the number of P - 0  bonds in the system. The 
L - 19 IVS RNA can therefore be considered to be a poly(C) 
polymerase that uses C4pC instead of pppC as a substrate. It 
incorporates pC units at the 3' end of the growing chain and releases 
C4; the C4 is analogous to the pyrophosphate released by RNA 
polymerase. Synthesis is directed by a template, but the template is 
internal to the RNA enzyme. It may be possible to physically 
separate the template portion from the catalytic portion of the RNA 
enzyme with retention of activity. If so, the RNA enzyme could 
conceivably act as a primordial RNA replicase, catalyzing both its 
own replication and that of other RNA molecules (25). 

In its ribonuclease mode, the L - 19 IVS RNA is expected to 
have specificity similar to that of the IVS RNA cyclization reaction 
(10,18).  hat-is, it recognizes three or more nucleotides in choosing 
a reaction site. Protein ribonucleases that are active on single- 
stranded RNA substrates have specificity only at the mononucleo- 
tide level (for example, ribonuclease TI  cleaves after guanosine). 
Thus the L - 19 has more base-sequence specificity for single- 
stranded RNA than any known protein ribonuclease, and may 
approach the specificity of some of the DNA restriction endonucle- 
ases. An attractive feature of this new RNA ribonuclease is the 
possibility of completely and predictably changing its substrate 
specificity by altering the sequence of the internal binding site. 

How good an enzyme? The L - 19 IVS RNA catalyzes the 
cleavage-ligation of pC5 with Km = 42 pM, kcat = 2 min-', and 
kcat/Km = 1 x lo3 sec-' M-' . The Km is typical of that of protein 
enzymes. The kc,, and kcat/ICm are lower than those of many protein 
enzymes. However, kcat is well within the range of values for 
proteins that recognize specific nucleic acid sequences and catalyze 
chain cleavage or initiation of polymerization. For example, Eco RI 
restriction endonuclease cleaves its recognition sequence in various 
DNA substrates, including a specific 8-bp DNA fragment, with 
kcat = 1 min-' to 18 min-' (26). The kcat is also similar to that of 
the RNA enzyme ribonuclease P, which cleaves the precursor to 
tRNA with kcat = 2 min-' (1 1, 13). 

Another way to gauge the catalytic effectiveness of the L - 19 
IVS RNA is to compare the rate of the catalyzed reaction to the 
basal chemical rate. A transesterification reaction between two free 
oligonucleotides has never been observed, and hence the uncata- 
lyzed rate is unknown. On the other hand, the rate of hydrolysis of 
simple phosphate diesters has been studied (27, 28). The second- 
order rate constant for alkaline hydrolysis of the labile phosphodies- 
ter bond in the circular IVS RNA (8) is 12 orders of magnitude 
higher than that of dimethyl phosphate (27) and ten orders of 
magnitude higher than that expected for a normal phosphodiester 
bond in RNA (29). On the basis of the data of Fig. 3D, the covalent 
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enzyme-substrate complex undergoes hydrolysis at approximately 
the same rate as the equivalent bond in the circular IVS RNA. Thus, 
we estimate that the L - 19 IVS RNA in its ribonuclease mode 
enhances the rate of hydrolysis of its substrate about 10" times. 
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