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RNA RIBOZYME RESTRICTION ENDORIBONUCLEASES AND METHODS

This application is a continuation-in-part of U.s.

Serial No. 937,327, now pending.

The invention was made in part with government funds
under Grant GM 28039 from the National Institutes of Health.

Therefore, the United States Government has certain rights

in the invention.

This invention concerns compositions of RNA functioning
as an RNA enzyme, i.e. a ribozyme in several capacities:
dephosphorylase (acid phosphatase and transphosphorylase),
ribonucleotidyl transferase (polymerase activity) and

sequence-specific endoribonuclease activities,

SUMMARY

It is found that purified ribonucleic acid (RNA) can
Sérve as an enzyme acting on other RNA molecules in vitro
(ribozyme) as a: 1) dephosphorylating enzyme catalyzing the
removal of 3' terminal phosphate of RNA in a
sequence~-specific manner, 2) RNA polymerase (nucleotidyl
transferase) catalyzing the conversion of
oligoribonucleotides to polyribonucleotides, 3) sequence
specific endoribonuclease. (This latter activity is
also referred to as RNA restriction endonuclease or

endoribonuclease activity.)
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DESCRIPTION OF THE DRAWINGS

Figure 1 compares RNA self-splicing (A) to RNA
endoribonuclease activity (B).
Figure 2 shows products of cleavage of a variety of
5 RNA substrates by the RNA endoribonuclease.
Figure 3 compares different substrate activity of
three variant forms of L-19 IVS ribozyme in
2.5M urea.
Figure 4 shows the time course of oligonucleotide
10 cleavage.
Figure 5 shows the cleavage and reforming of

oligoribonucleotide substrates by L-19 IVS

RNA.
Figure 6 shows the kinetics of conversion of pC5 to
15 larger and smaller oligonucleotides with L-19

IVS RNA.

Figure 7 shows the enzyme-substrate intermediate of

L-19 IVS RNA,

20 Figure 8 is a mecdel for enzymatic mechanism of L-19

IVS RNA acting as a ribonucleotidyl

transferase,
Figure 9 shows the competitive inhibition of pC5

reaction by dcs.
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Figure 10 shows the relation of reactions catalyzed

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure
Figure
Figure

Figure

11

12

13

14

15

16

17

18
19
20
21

by the L-19 IVS RNA to self-splicing and
related IVS RNA-mediated reactions.

shows the dephosphorylation of oligo
(cytidylic acid) 3-phosphate.

shows the effect of PH on phosphotransfer and
nucleotidyl transfer reactions.

shows that the phosphorylation of L-19 IvVs
RNA ribozyme is reversible.

shows the L-19 IVS RNA acts catalytically as
a phosphotransferase.

shows the single active site model for the
activity of L-19 IVS BNA on phosphate diester
and phosphate monoester substrates,

shows the plasmid construction which produces
the L-21 IVS RNA.

shows increased specificity of cleavage in
the presence of urea or formamide.

shows mismatch sensitivity to urea.

shows constriction of PTL-21 plasmid.

show urea effect.

shows urea effect using L - 21 RNA.

Figures 22-31 show the rate profiles of ribozymes TTC,

TTA and TGT for matched and mismatched

substrates by urea, NH4AC or Mg++.
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DETAILED DESCRIPTION OF THE DRAWINGS

Figure Legends

*
Fig. 1 A model for the L-19 IVS RNA acting like an RNA

restriction endonuclease by a mechanism that is an ¥
5 intermolecular version of the first step of pre-rRNA
self-splicing. Thin letters and lines represent IVS
sequences, boldface letters and thick lines represent exon
sequences (above) or substrate RNA sequences (below), and

the G in italics is a free guanosine nucleotide or

10 nucleoside.

Fig. 2 The L-19 IVS-beta RNA cleaves large RNA

substrates with transfer of guanosine. 2, Uniformly labeled
0.6 uM ( u = micro) pAK105 RNA (508 nt) incubated with
0.2 uM L-19 IVS-beta RNA and 0, 0.1 or 0.5 mM GTP

15 (unlabeled) for 1 h under conditions described below. (M)
Mixture of 4 substrate RNAs as molecular weight markers. b,
Various téitiated RNA substrates (1 ug each) incubated with
0.2 uM L-19 IVS-beta RNA and 120 uM [alpha-32P]GTP for 1 h
under the same reaction conditions as 2. Autoradiogram

20 reveals [32p]GTP-1abeled products only. The L-19 IVS-beta
RNA also becomes GTP-labeled during the incubation. c,

Nucleotide sequence of the cleavage product pAK105(1)

determined by the enzymatic method (Donis-Keller, H., (1980)
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Nucleic Acids Res. 8:3133-3142). Some nucleotides could not

be assigned due to presence of a band in the untreated

*
(control) RNA sample. G » labeled GTP joined to the RNA

during the reaction.

5 Methods: L-19 IVS RNA was synthesized by methods
similar to those described previously (2aug, A.J., and Cech,
T.R., (1986) Science 231:470-475), except a different RNA
polymerase-template system was used. Plasmid pT7-TT1A3
(which contains a T7 rRNa polymerase promoter, a 42 bp 5!

10 exon, the entire 413 bp IVS, and an 82 bp 3' exon) was

cleaved with Eco RI and transcribed with bacteriophage T7

RNA polymerase (Davanloo, P., et al. (1984) Proc. Nat'l.

Acad. Sci. U.S.A. 81: 2035-2039). ‘The transcripts were

incubated further under self-splicing, cyclization, and

15 site-specific hydrolysis conditions to pProduce L-19 IVS RNA
(Zaug, A.J., et al. (1984) Science 224:574-578; Zaug, A.J.
and Cech, T.R., (1986) Science 231:470-475). The
3'-terminai guanosine was then removed by periodate
oxidation and beta-elimination (Winter, G., et al. (1978)

20 Nucleic Acids Res. 3+ 3129-3139) to yield L-19 IVS-beta RNA.
Substrate RNAs were produced by T7 RNA PoOlymerase
transcription of BamHI-cleaved PAK105 (Mount, S.M., et al.
(1983) Cell 33:509-518), XmnI- or Scal-cleaved pT7-1

(purchased from U.S. Biochemical Corp.), and SnaBI-cleaved
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pPDW27, which encodes M1 RNA (obtained from D. Wahl and N.
Pace). Substrate RNAs were incubated with L-19 IVs-beta RNA
in 5 mM Mgclz, 10 mM NaCl, 50 mM Tris-HC1, pH 7.5 at 50°C;
in addition, GTP was present at the concentration indicated.
Reactions were stopped by the addition of EDTA to a final
concentration of 25 mM. Products were analyzed by
electrophoresis in 4% polyacrylamide, 8 M urea gels and

subjected to fluorography (a) or autoradiography (b).

Fig. 3 Three different ribozymes can distinguish
between sequences that differ by only one single-base change
within the recognition element. 2, Synthesis of defined

oligoribonucleotide substrates by the method of Lowary et

2l. (Lowary, P., et al. NATO ASI Series A, vol. 110, 69-76,

1986) . DNA was transcribed with T7 RNA polvmerase in the

32

presence of [alpha-"“P]ATP to produce oligoribonucleotides

labeled with %P in the positions indicated (¥). b,
Proposed interactions between the three oliéoribonucleotide
substrate; (top strands, boldface letters) and the active
sites of the matched ribozymes (bottom strands). Arrows
designate sites of cleavage and guanosine addition. c,
Cleavage of 3 oligoribonucleotide substrates by wild-type
and variant L-19 IVS RNAs, assayed by 20% polyacrylamide, 7M

urea gel electrophoresis. (-), untreated substrate. 1In

other pairs of lanes, 1.0 uM 32p-labeled substrate was
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incubated with 0.125 M ribozyme for 15 min (left lane) or 60
min (right lane) at 50°C in 10 mM MgCl,, 10 mM NaCl, 50 mM

Tris-HC1l, pH 7.5, 0.5 mM GTP (unlabeled), 2.5 M urea.

32

Because the P is confined to the nucleotides downstream

from the cleavage site, only the smaller of the products is
apparent. The identity of the GA5 product was confirmed by
treatment of the substrate and reaction mixtures with RNase
T, and monitoring the transfer of 32P to Gp. The band
migrating above GA5 in lanes 2 and 3 was not produced

consistently and has not been identified.

Methods: Substrates were prepared by transcription of
deoxyoligonucleotides synthesized on an Applied Biosystems
DNA Synthesizer. The same promoter top strand was used in
each transcription. The hottom strand, which contains
promoter and template Sequences, was varied to obtain the
different RNA substrates. The DNA was transcribed with
purified phage T7 RNA polymerase (Davanloo, P., et al,
i1984) Prac. Nat'l. Acad. sci. U.s.A. 81:2035-2039) as
described (Lowary, P., et al. NATO AST Series, vol. 110,
as above). Variant ribozymes are described by Been and Cech
(Been, M.D., et al. (1986) Cell, 47:207-216). The 24C
ribozyme was similarly prepared from transcripts of
PBG/-3G:24C. The variant ribozymes were not subjected to

beta~elimination to remove their 3'-~terminal G.
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Fig. 4 Kinetic analysis of the RNA endoribonuclease
reaction. a, The oligoribonucleotide substrate (2.5 uM) was
incubated with wild-type 1L-19 IVS-beta RNA (0.2 uM) as in
Fig. 3, except that urea was omitted. b, Kinetiecs of
5 cleavage of GGCCCUCUA5 as a function of GTP concentration. *

RNA substrate concentration was kept constant at 2.5 uM. (D)
Kinetics of cleavage as a function of RNA substrate
concentration, with GTP concentration kept constant at 0.5

mM.

10 Methods: Products were separated by polyacrylamide gel
electrophoresis. With the autoradiogram as a guide, each
gel was cut into strips, and the radioactivity in the
unreacted substrate and the GAs product was determined by
liquid scintillation counting. The initial velocity of

15 cleavage (Vo) was determined from a semilogarithmic plot of
the fraction of reaction as a function of time. 1/Vo was
then plotted as a function of inverse substrate
concentraéion; the graphs are linear least-squares fits to

the data points.

20 Fig. 5 The L-19 IVS RNA catalyzes the cleavage and

rejoining of oligoribonucleotide substrates; (A) 10 uM pC5

and (B) 10 uM d-pCs, both with 1.6 uM L-19 IVS RNA; (C) 45

*

uM pC5 in the absence of L-19 IVS RNA; (D) 45 uM pU6 with
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1.6 uM L-19 IVS RNA; (E) 10 uM PC;, (F) 50 uM PC; and (G)
100 uM pCs, all with 1.6 uM L-19 IVS RNA. Oligonucleotides
were 5'-end labeled by treatment with [gamma-32P]ATP and
polynucleotide 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 vitro.
Supercoiled pSPTT1A3 DNA (Price, J.V., et al. (1985) Science
228:719) was cut with Eco RI and then transcribed with spg
RNA polymerase (Butler, E.T., et al. (1982) J. Biol. Chem.
257:5772; Melton, D.A., et al. (1984) Nucleic Acids Res.
12:7035) for 2 hours at 37°C in a solution of nucleoside
triphosphates (0.5 mM each), 6 mM MgClz, 4 mM spermidine, 10
mM dithiothreitol, 40 mM tris-HCl, 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 m¥ and incubation
was continued at 37°C for 30 minutes to promote excision and
cyclization of the IVS RNA. Nucleic acids were Precipitated
with three‘volumes of ethanol and redissolved in 50 mM CHES,
PH 9.0;7MgCl2 was added to a final concentration cf 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 (2aug, A.J., et al., Science 224, 574
(1984) . The reaction was stopped by the addition of EDTA to

25 mM. The L-19 ‘IVS RNA was purified by preparative gel
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electrophoresis and Sephadex G-50 chromatography. Labeled
oligonucleotides were incubated with unlabeled L-19 IVS RNA
at 42°C in 20 mM MgCl,, 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. N
Products were analyzed by electrophoresis in a 20 percent
polyacrylamide, 7M urea gel, autoradiograms of which are

shown.

Fig. 6 Kinetics of conversion of pC5 to larger and
smaller oligonucleotides with 1.6 uM L-19 IVS RNA. Products
were separated by polyacrylamide gel electrophoresis. With
the autoradiogram as a guide, the gel was cut into strips
and the radioactivity in each RNA species was determined by
liquid scintillation counting. The amount of reaction at
each time was taken as the radioactivity in pc3 + pC4 + pC6
+ pC7 + ... divided by the total radioactivity in the lane.
The initial velocity of product formation, V,, was
determineé from a semil&éérithmic 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 parameters are Km = 42 uM, Vma = 2.8 uM

X
min~%, and k = 1.7 min"!. The kinetic parameters for the
cat

*

first and second steps in the reaction have not yet been

determined separately. '
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Fig. 7 Formation and resolution of the covalent
enzyme-substrate intermediate. (A) To form the covalent
L-19 IVS RNA-substrate intermediate, 8.5 nM CSE was treated
with 0.16 uM L-19 IVS RNA under standard reaction conditions
for 0 to 60 minutes. (B) ;Cs (0.01 uM) was reacted with
0.16 uM 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
purified by electrophoresis in a 4 percent polyacrylamide,
8M urea gel. It was then incubated with
10 uM unlabeled C5 under standard reaction conditions for 0
to 60 minutes. The product designated C6 comigrated with
labeled C6 marker (not shown). (D) Isolated covalent
intermediate as in (C) was incubated under Site-specific
hydrolysis conditions (20 mM MgClz, 50 mM CHES, PH 9.0) at
42°C for 0 to 60 minutes. Positions of labeled mono- and
dinucleotide markers are indicated. 1In the 10- ang
30-minute lanes of (a) and the 10-, 30-, and 60-minute lanes
of (C), ba;d compression (reduced difference in
electrophoretic mobility) is seen between C6 and C7 and to a
lesser extent between C, and Cg- This is due to the absence
of a 5' phosphate. Thus, the charge-to-mass ratio is
increasing with chain length, whereas with 5'-phosphorylated
oligonucleotides the charge-to-mass ratio is independent of

chain length. When such products were phosphor&lated by
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treatment with polynucleotide kinase and ATP, the
distribution was converted to the normal spacing as in Fig.

1 [Zaug, A., et al. (unpublished data)].

Fig. 8 Model for the enzymatic mechanism of the L-19 =

IVS RNA. The RNA catalyzes cleﬁvage 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, sixz purines) near its 5' end and G414 with a free
3'-hydroxyl group at its 3' end. The complex folded core
structure of the mclecule (Davies, R.W., et al., (1982)
Nature (London) 300:719; Waring, R.B., et al. (1983) J. Mol.
Biol. 167:595; Michel, F., et al. (1983) EMBO J. 2:33; Cech,
T.R., et al. (1983) Proc. Nat'l. Acad. Sci. U.S.A. 80:3903;
Inoue, T., et al. (1985) ibid 82:648) is simply represented
by a curved line. The enzyme binds its substrate (CS) by
Watson-Crick base-pairinec to form the noncovalent
enzyme-substrate complex (2). Nucleophilic attack by cild
leads to formation cf the covalent intermediate (3). With
the pentanucleotide CS as substrate, the covalent
intermediate is usually loaded with a single nucleotide, as
shown; with substrates of longer chain length, an

oligonucleotide can be attached to the 3' end of G414. If

C5 binds to the intermediate (3) in the manner shown in (4),,

transesterification can occur to give the new product C6 and

)
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regenerate the enzyme (1). Note that all four reactions in
this pathway are reversibie. When acting as a ribonuclease,
the L-19 IVS RNA follows the pathway 1 - 2 = 3 - 1, The
covalent intermediate (3) undergoes hydrolysis, releasing
the nucleotide or oligonucleotide attached to its 3' end (in

this case pC) and regenerating the enzyme (1).

Fig. 9. Competitive inhibition of the PC; reaction by
d-Cs. (A) 5 uM ;Cs, shown unreacted in lane 0, was
incubated with 0.16 uM L-19 IVS RNA under standard reaction
conditions. Reactions were done in the absence of d-C5 or
in the presence of 50 uM, 500 uM, or 1000 uM d-C5 as
indicated. (B) Lineweaver-Burk plots of the rate of
conversion of pC5 to pC4 + pC3 in the presence of (o) 0 uM,
(open sgquare) 50 uM, (open triangle) 150 uM, (closeé circle)
300 uM, or (closed square) 500 uM unlabeled d-Cs. The
analysis was limited to the smaller products because their
production is affected only by the first transesterification
feaction (fig. 8) . Although d-c5 is inactive in the first
transesterification reaction, it has some activity as a
substrate in the second transesterification reaction (Zaug,
A., et al. unpublished data) and therefore could affect the
preduction of chains of length greater than 5. (C) Kmlvmax’
determined from the slopes of the lines in (B), is plotted
against the inhibitor concentration. The X-intercept gives

the negative of Ki; Ki = 260 uM,



/US90/01400
WO 90/11364 - 14 - PCT/U

Fig. 10 Relation of reactions catalyzed by the L-19
IVS RNA to self-splicing and the related IVS RNA-mediated
reactions. Formation of the covalent enzyme-substrate
intermediate (A) is analogous to IVS RNA autocyclization
5 (B). Resolution of the enzyme-substrate intermediate (C) is *
analogous to exon ligation (D) or the reversal of
cyclization (Sullivan, F.X. and Cech, T.R. (1985) Cell
42:639). Hydrolysis of the enzyme-substrate intermediate
(E) is analogous to site-specific hydrolysis of the circular
10 IVS RNA (F) or the pre-rRNA (Inoue, T., et al. (1986) J.

Mol. Biol. 189:143-165).

Fig. 11 The L-19 IVS RNA catalyzes the
dephosphorylation of oligo(cytidylic acid) 3'-phosphate. ()
L-19 IVS RNA (0.16 uM) was incubated with p*C5 (10 uM), p*A6
15 (10 uM), Csp*Cp(about 2 nM), and AGp*Cp (about 3 nM) in 20

mM Mgcl2 and 50 mM Tris-HCl, pH 7.5, at 42°C for the times
indicated. Reaction products were separated by
electrophoiesis in a 20% polyacrylamide-7 M urea sequencing
gel, an autoradiogram of which is shown. (B) L~19 IVS RNA
20 (0.2 uM) was incubated with Csp* (about 2 nM) as above. The
phosphoenzyme E-p* is the L-19 IVS RNA with a 3'-terminal
phosphate monoester. Gel electrophoresis and
autoradiography as in (A). Only a portion of the 5-min

sample was loaded on the gel.
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Fig. 12 Effect of pH on the Phospho transfer angd
nucleotidyl transfer reactions. (A) Lane 1, untreated
C5P*CP7 lanes 2-11, Csp*Cp (15 nM) incubated with excess
L-19 IVS RNA (500 nM) in 20 mM MgCl2 and 50 mM buffer
(NaOAc for pH 4.0 and 5.0, Tris-HCl for PH 7.5, CHES for PH
9.0 and 10.0); lane 12, Csp*Cp treated with calf intestinal
phosphatase to provide a marker for Csp*C-OH; lane 13,
untreated p*cs; lanes 14-23, p*C5 (15 nM) incubated with
excess L-19 IVS RNA (500 nM) as in lanes 2-11. Reactions
proceeded at 42°C for the indicated times, after which they
were stopped by he addition of an equal volume of urea
sample buffer containing 50 mM EDTa. (B) Csp*Cp (about 2
nM) was incubated with L-19 IVS RNA (0.2 uM) at pH 5.0 for
the times indicated. (C) pata similar to those shown in (B)
except with 15 nM Csp*Cp were quantitated by liquid
scintillation counting of the sliced gel. Semilogarithmic
Plots, which were linear for the first three or four time
points, were used to determine t1/2' The observed
first-ordeé rate constant (kobsd) was calculated as (1n
2)/t1/2. NaOAc buffer was used for PH 4.0 and 5.0, MES for
PH 5.5 and 6.0, and Tris-HC1 for PH 7 (estimate based on a

single point that showed about 50% reaction).

Fig. 13. Phosphorylation of the enzyme is reversible.

L-19 IVS RNA (0.2 uM) was phosphorylated by incubation with’
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2.5 uM unlabeled Csp for min at 42°C at pH 5.0. A trace

* %
amount of (A) C5P (1.2 nM) or (B)p C5(20 nM) was then added
to the unlabeled E-p, and incubation was continued for the

times shown.

5 Fig. 14. The L~-19 IVS RNA acts catalytically as a
phosphotransferase. (A) Decreasing concentrations of Csp*
were incubated for 30 min with 0.32 uM L-19 IVS RNA and 100
uM unlabeled UCU-OH. The specific radioactivity of CSP* was
adjusted by addition of unlabeled Csp* to keep the amount of

10 radioactivity constant among samples. The small amount of
intermediate band seen in some reactions is presumed to be
UCUCp formed by attack of UCU on an E-pCp covalent
intermediate. (-lane) Csp* Prior to incubation. (B) Csp* (2.5
uM) incubated with 0.16 uM L-19 IVS RNA and 200 uM unlabeled

15 UCU-OH. (C) Quantitation of data shown in (B), including
labeled E-p, which ran near the .top of the gel. 1In all
cases, incubation was in 20 mM MgCl2 and 50 mM MES, pH 6.0,
at 42°C,. ‘

Fig. 15. Single active site model for the activity of
20 the L-19 IVS RNA on phosphate diester and phosphate
monoester substrates. (A) Reversible nucleotidylation of
the L-19 IVS RNA, proposed to be the key step in the poly(C)

4

polymerase reaction (Zaug & Cech, (1986) Science (Wash. D.C.



WO 90/11364

10

15

20

25

- 17 -
PCT/US90/01400

231:470-475. (B) Reversible Phosphorylation of the L-19 IVs
RNA, which allows the enzyme to act as a phosphotransferase.
In both cases, the 0ligo(C) substrate base pairs to the
oligo(Pyrimidine) binding site (six R's) to form a
noncovalent complex. The binding site isg nucleotides 22-27
of the IVS RNA and has the sequence GGaGgge (M.D. Been and
T.R. Cech, (1986) Cell 47:206-216) . Nucleophilic attack by
the 3'-hydroxyl of the active site guanosine, G414, leads to
formation of E-pC (a) or E-p (B) and the release of .. The

5
complex folded core structure of the IVS is depicted as a

simple curved line.

Fig.16 pPlasmig PBGST7 contains a fragment with the IVs
inserted into the multicloning site of a small pUC18
derivative which in turn contains a phage T7 promoter. The
double line represents the plasmid DNA with the IVS. The
relative positions of the promoters are indicated. The
pPositions of the EcoRI and Hind III site arerindicated by
the arrowhéads. The upper line represents the in vitro
transcript made from purified Plasmid DNA with phage T7 RNA
polymerase. The numbers above it refer to the length, in
nucleotides, of the exons ang IVS. The lower line
represents the in vivo transcript of the 5' end of lacz’',
The IVS (heavy line) contains stop codons in all three
reading frames, so a functional alpha fragﬁent can only be

produced if the IVS is excised and the exons are joined by

splicing in E. coli.
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Fig. 17 Increased specificity of cleavage in the
Presence of urea or formamide. (a) An oligonucleotide
substrate (GGCCCUCUAS) of length 13, 32P labeled at its 5' .
end, was incubated with the wild-type (wt L-19 IvsbetaRNA or
the 24C variant, both prepared as described by Zaug et al. ~°
Nature (1986). Diagrams show the pfoposed base-paired
complexes between the substrate (top strand) and the active
site of the ribozyme (bottom strand). Reactions contain
0.12 uM substrate, 0.05uM ribozyme, 0.5 mM GTP, 10 mM NaCl,
10 mM MgClz,SO mM Tris-Hcl, pH 7.5, and the indicated
concentration of urea. Incubation was at 50°C for 15 or 60
min as indicated. Samples were analyzed by electrophoresis
in a 20% polyacrylamide/7 M urea gel, an autoradiogram of
which is shown. (b) 2an oligonucleotide substrate (GGCCGCUAS)
of length 12 was incubated iwth the wild-type L - 19
IvsbetaRNA or the 24C variant. Conditions as described in
(a) , except with 1.0 uM substrate and 0.10 uM ribozyme. (c)
Same substrate and reaction conditions as in (b), except
formamide Qas used instead of urea. (2.5 M formamide is 10%
v/v). Cleavage by the 24C variant ribozyme surpassed

cleavage by the wt ribozyme between 1.0 and 2.0 M formamide.

Fig. 18 Cleavage of oligonucleotide substrate that

forms a mismatched ribozyme-substrate complex is very

»
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sensitive to urea. Data fropm 15~min points of Figure 17a
were quantitated by liguid scintillation counting of the

sliced gel. ® , wt ribozyme. ‘ » 24C variant ribozyme

(mismatched complex).

Fig. 19 Construction of PT7L-21, a plasmid that
facilitates synthesis of the wild-type ribozyme (L - 21 Scar
RNA). The pUC18 vector was prepared by removing the
SphI/EcoRl fragment from the multiple cloning site, A
synthetic DNA fragment.containing an EcoRI end with a 5°'
overhang, a promoter for bacteriophage T7 RNA polymerase
(Dunn & Studier, (1983) J. Mol., Biol. 166:477-535), ana

bases 22-44 of the Tetrahymena thermophila rRNA IVS

(including the SphI end with its 3° overhang) was inserted

into the vector. This Plasmid was cloned ang sequenced and
then cleaved with SphI and HindIII. The 395 bp Sphl/HindIII
fragment of PBGST7 (Been & Cech, (1986) cell (Cambridge,
Mass.) 47:207-216), containing bases 45-414 of the IVS plus
25 bases of the 3' exon, was inserteqd to give pT7L-21.
PT7L-21 is linearized with Scal restriction endonuclease,
truncating the template in the IVS five nucleotides upstream
from the 3' splice site. Transcription with purified T7 RNA
polymerase in vitro then gives the L - 21 scar RNA, which

contains nucleotides 22-409 of the 1VS.

Fig. 20 Effect of urea concentration on the rate of

cleavage of the GGCCCGCUA5 substrate by L - 21 Scar RNA,
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Ribozyme concentration was 0.01 uM; oligonucleotide
substrate concentration ranged from 0.10 to 3.78 uM. Urea

concentrations (M) are indicated.

Fig. 21 Effect of urea concentration on the rate of -

5 cleavage of oligonucleotide substrates by the L - 21 scal
RNA. Oligonucleotide substrates contained the recognition
Sequences CCCCCU ( W ), CCCGCU (¢ ), CCCUCU ( @® ), cucccu
(1), CUCGCU (¢ ), and CUCUCU (QO). In each case, the
recognition sequence was preceded by two G residues and

10 followed by five A residues. Reactions contained 0.80 uM
oligonucleotide and 0.01 uM L - 21 Scal RNA. All
velocities are initial velocities except for the
CCCCCU~-containing substrate, where cleavage proceeded so
rapidly that some of the velocities are based on data points

15 where a large fraction of the substrate was cleaved; in this

case, initial velocity is underestimated.
Figs.'22-31 show the effect of urea, NH4Ac or Mgi on
the rate profiles of ribozymes TTC, TTA and TGT for cleavage

of matched and mismatched substrates.

20 DESCRIPTION

The Tetrahymena rRNAa intervening sequence (IVS) is a
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catalytic RNA molecule or ribozyme. It mediates RNA
self-splicing, accomplishing its own excision from the large
ribosomal RNA precursor, and subsequently converts itself to
a circular form (Kruger, K., et al. (1982) cel1 31:147-157;
Zaug, A.J., et al. (1983) Nature 301:578-583). 1In these
reactions, the splice sites and cyclization sites can be
viewed as intramolecular substrates for an activity that

resides within the 1IVS RNA (Zaug, A.J., et al. (1984)

Science 224:574-578). This is not a true enzymatic reaction

however since the RNA is not regenerated in its original
form at the end of the self-splicing reaction. The IVS RNA

when in its linear form is referred to as L IVS RNA.

This view has been validated by studies of the I-19 IVs
RNA, a linear form of the IVS which is missing the first 19
nucleotides. Because it lacks the cyclization sites, the
L-19 IVS RNA cannot undergo intramolecular reactions (Zaug,
A.J., et al. (1984) Science 224:574-578). It still retains
activity, ﬁowever, and can catalyze cleavage-ligation
reactions on other RNA molecules (Zaug, A.J. and Cech, T.R.
(1986) Science 231:470-475). When pProvided with

oligo(cytidylic acid) as a substrate, the L-19 VS RNA acts
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as an enzyme with nucleotidyltransferase [poly(C)
polymerase] and phosphodiesterase (ribonuclease) activities
(zaug, A.J. and Cech, T.R. (1986) Science 231:470-475).

With 3'-phosphorylated oligo(C) substrates, the same
ribozyme acts as a phosphotransferase and an acid *
phosphatase (Zaug, A.J. and Cech, T.R. (1986) Biochemistry
25:4478-4482). A key mechanistic feature of all four of
these reactions is the formation of a covalent
enzyme-substrate intermediate in which a nucleotide or
phosphate is esterified through the 3'-0 of G414, the 3
terminal guanosine of the IVS RNA. 1In addition, we describe
herein a fifth enzymatic activity concerning the

endoribonuclease activity of the L-19 IVS RNA on other RNA

molecules.

Following self-splicing of the Tetrahymena rRNA

precursor, the excised IVS RNA (Abbreviations: Ivs,
intervening sequence or intron: L-19 IVS RNA (read "L minus
19"), a 395-nt RNA missing the first 19 nt of the L IVS RNA
(the direct product of pre-ribosomal RNA splicing); ;,32P
within an oligonucleotide, that is, C5;C is CpCpCpCpC32pC
and ;Cs is 32pCpCpCpCpC; d—cs, deoxycs) undergoes a series
of RNA-mediated cyclization and site-specific hydrolysis
reactions. The final product, the L-19 IVS RNA, is a linear

molecule that does not have the first 19 nucleotides of the

o
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original excised IVS RNA (Zaug, A.J., et al., Science
224:574 (1984). wWe interpreted the lack of further reaction
of the L-19 species as an indication that all potential
reaction sites on the molecule that could reach its active
site (that is, intramolecular substrates) had been consumed;
and we argued that the activity was probably unperturbed
(zaug, A.J., et al., Science 224:574 (1984) (L IVS RNA is
linear IVS RNA). We have now tested this by adding
oligonucleotide substrates to the L-19 IVS RNA. We fing
that each IVS RNA molecule can catalyze the cleavage and
rejoining of many oligonucleotides. Thus, the L-19 IVS RNA
is a true eénzyme. Although the enzyme can act on RNA
molecules of large size and complex sequence, we have found
that studies with simple oligoribonucleotides like pc5

(pentacytidylic acid) have been most valuable in revealing

the minimum substrate requirements and reaction mechanism of

this enzyme.

Nucleotidyltransferase or RNA Polymerase Activity

When the shortened form of the self-splicing ribosomal

RNA (rRNA) intervening sequence of Tetrahymena thermophila

acts as a nucleotidyl transferase, it catalyzes the cleavage
and rejoining of oligonucleotide substrates in a
sequence-~dependent manner with Km = 42 uM and kcat =2
min™!. The reaction mechanism resembles that of rRNA

precursor self-splicing. With pentacytidylic acid as the
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substrate, successive cleavage and rejoining reactions lead
to the synthesis of polycytidylic acid. When the active
site is changed from the natural nucleotide seguence GGAGGG .
to the sequence GAAAAG, oligouridylic acid is polymerized to |
5 polyuridylic acid [ Been and Cech, Cell 47:207 (1986)]. *
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. Thus various
heteropolymers would be constructed by variant RNA enzyme
10 forms. This predicts the formation for example of messenger
RNA molecules for particular peptides or proteins. This

messenger could be synthesized with or without introns. At

about pH 9, the same RNA enzyme has activity as a seguence-

specific ribonuclease.

15 With C5 as substrate, the L-19 IVS RNA makes poly(C)
with chain lengths of 30 nucleotides and longer, acting as
an RNA polymerase or nucleotidyl transferase. Thus ionger
oligonucle;atides (polynucleotides) can be formed from short
oligonucleotide starting material. The number of P-0 bonds

20 is unchanged in the process. 1In 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 conservative with respect to the number of
P-0 bonds in the system. The L-19 IVS RNA can therefore be

25 considered to be a poly(C) polymerase that uses c4pC instead *°
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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

5 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. 1f
so, the RNA enzyme could conceivably act as a Primordial RNA
replicase, catalyzing both its own replication and that of

llother RNA molecules (T.R. Cech, (1986) Proc. Nat'l, Acad.
Sci. USA 83:4360-4363.

The L-19 IVS RNA catalyzes the cleavage~ligation of pC

. _ _ =1
with Km = 42 uM, kcat = 2 min °, and kcat
-1

M ~, The Km is typical of that of pProtein enzymes. The

/R, =1x 10° sec™1

15kcat and kcat/Km 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

20recognition sequence in various DNA substrates, including a
specific 8-bp DNA fragment, with Keag = 1 min™! to 18 min~1
(Greene, P.J., et al. (1975) J. Mol. Biol. 99:237; Modrich,
et al. (1976) J. Biol. Chem. 251:5866; Wells, R.D., et al.
(1981) Enzymes 14:157; Brennan, M.B., et al. in Preparation;

25and Terry, B., et al. in preparation). The kcat is also

similar to that of the RNA enzyme ribonuclease P, which
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cleaves the precursor to tRNA with kcat = 2 min-1
(Guerrier-Takada, C., et al. (1983) Cell 35:849; Marsh,

T.L., et al. in Sequence Specificity in Transcription and A
Translation, R. Calendar and L. Gold Eds., UCLA Symposium on h
Molecular and Cellular Biology (Plenum, New York, in *

press)).

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 uncatalyzed rate is unknown. On the
other hand, the rate of hydrolysis of simple phosphate
diesters has been studied (Kumamoto, J., et al. (1956) J.
Am. Chem. Soc. 78:4858; P.C. Haake et al. ibid. (1961)
83:1102; Rirby, A.J., et al. (1970) J. Chem. Soc. Ser. B.,
p. 1165; Bunton, C.A., et al. (1969) J. Org. Chem. 34:767)).
The second-order rate constant for alkaline hydrolysis of
the labile‘phosphodiester bond in the circular IVS RNA
(z2aug, A.J., et al. (1985) Biochemistry 24:6211) is 12
orders of magnitude higher than that of dimethyl phosphate
(Kumamoto, J., et al. (1956) Supra) and ten orders of
magnitude higher than that expected for a nofmal

phosphodiester bond in RNA (The rate of nucleophilic attack

by hydroxide ion on phosphate esters is sensitive to the pKa
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of the conjugate acid of the leaving group. 2 phosphate in
RNA should be more reactive than dimethyl phosphate, because
PK, = 12.5 for a nucleoside ribose and PK, = 15.5 for
methanol [values at 25°C from P.0.P. T'so, Basic Principles
in Nucleic Acid Chemistry (Academic Press, New York, (1974),
vol. I, pp. 462-463 and P. Ballinger and F.a. Long, J. Am.
Chem. Soc. 82:795 (1960), respectively). On the basis of
the kinetic data available for the alkaline hydrolysis of
phosphate diesters (Kumamoto, J., et al. (1956) J.

Am. Chem. Soc. 78:4858; Haake, P.C. (1961) et al. ibid.
83:1102; Kirby, A.J., et al. (1970) J. Chem. Soc. ser. B.,
P. 1165; Bunton, C.A., et al. (1969) J. Org. Chem. 34:767),
the slope of a graph of the logarithm of the rate constant
for hydrolysis as a function of pKa can be roughly estimated

as 0.6. Thus, RNA is expected to be more reactive than

1.8

dimethyl phosphate by a factor of 10°+6 (15.5-12.5) =10"°°,

The estimate for RNA pertains to direct attack by OH™ on the
phosphate, resulting in 3'-hydroxyl and 5'-phosphate
termini. Cleavage of RNA by OH -catalyzed transphos-
phorylation, producing a 2',3'~cyclic phosphate, is

a much more rapid (irtramolecular) reaction but is not
relevant to the reactions of the L-19 IVS RNA). On the
basis of the data of Fig. 7D, the covalent enzyme=-substrate
complex undergoes hydrolysis at approximately the same rate

as the equivalent bond in the circular IVS RNA. Thus, we
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estimate that the L-19 IVS RNA in its ribonuclease mode

enhances the rate of hydrolysis of its substrate about 101

times.

The RNA moiety of ribonuclease P, the enzyme

5 responsible for cleaving transfer RNA (tRNA) precursors to
generate the mature 5' end of the tRNA, is an example of a
RNA enzyme molecule. (Guerrier-Takada, C., et al., (1983)
Cell 35:849; Guerrier-Takada, C., et al. (1984) Science
223:285; Marsh, T.L., et al. in Seguence Specificity in

10Transcription and Translation, R. Calendar and L. Gold Eds
UCLA Symposium on Molecular and Cellular Biology (Plenum,
New York, in press); Marsh, T.L., et al. (1985) Science
229:79) . However, this enzyme catalyzes only a specific
tRNA reaction without general RNA activity. The specifici

15 is such that a variety of single base changes in the t-RNA

portion of the pre-tRNA substrate prevent the enzyme from

cleaving the substrate.

Dephosphorylation Activity

We have also found that the same enzyme has activity
20 toward phosphate monoesters. The 3'-phosphate of CSP or C
is transferred to the 3'-terminal guanosine of the enzyme.

The pH dependence of the reaction (optimum at pH 5)

0
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indicates that the enzyme has activity toward the dianion
and much greater activity toward the monoanion form of the
3'-phosphate of the substrate. Phosphorylation of the
enzyme is reversible by C;-OH and other oligo(pyrimidines)
such as UCU-0H. Thus, the RNA enzyme acts as a
phosphotransferase, transferring the 3'-terminal phosphate
of CSP to UCU-OH with multiple turnover. At pH 4 ang 5, the
phosphoenzyme undergoes slow hydrolysis to yield inorganic

phosphate. Thus, the enzyme has acid phosphatase activity.

10 These are the two aspects of its dephosphorylase activity.

The RNA enzyme dephosphorylates oligonucleotide substrates

with high sequence specificity, which distinguishes it from

known protein enzymes,

The L-19 IVS RNA has transphosphorvlation activity

15 toward 3'-phosphorylated oligo(C) substrates. The

properties of the transphosphorylation reaction indicate
that it is taking pPlace in the same active site as the
poly(C) polymerase and ribonuclease reactions (Figure 15),

The properties include the specificity of the reactions for
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oligo(C) substrates, the production of oligo(C) products
with 3'-hydroxyl termini, and the formation of similar
covalent enzyme-substrate complexes. The presumptive
intermediate is a phosphoenzyme, E-p, in the case of the

5 phosphotransferase reaction and a nucleotidyl enzyme, E-pC
or E-(pC)n, in the case of the poly(C) polymerase and
ribonuclease reactions (2aug & Cech, (1986) Science (Wash.,
D.C. 231:470-475). 1In both cases the Presumptive covalent
intermediate involves a phosphate ester linkage through the

103'-0 of G414 of the L-19 IVS RNA (zaug and Cech, unpublished

results).

The transphosphorylation reaction is readily
reversible. The phosphate can be transferred from the
enzyme to an acceptor with a 3'~-hydroxyl group, such as C5
150r UCU. With Csp and UCU as cosubstrates, the L-19 IVS RNA

can catalyze the reaction C5P + UCU-OH - CS-OH + UCUp. The

proposed pathway is

Cs-OH  ucu-OH

E4Cpom E<Cyp é E-p L E-peUCU-OH == UCUp + E

Thus, the L-19 IVS RNA has transphosphorylation activity
resembling that of Escherichia coli alkaline phosphatase
20 (Reid & Wilson, (1971) Enzymes (3rd Ed.) 4:373-415); Coleman

& Gettins, (1983) Adv. Enzymol. Relat. Area Mol. Biol.,
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55:381), acid phosphatase, and a variety of other
pPhosphotransferases that form covalent enzyme-substrate
intermediates (Knowles, (1980) Ann. Rev, Biochem. 49:877).
In addition, the L-19 IVS RNA phosphoenzyme can transfer its

phosphate to water at PH 4 and 5, indicating it has acig

phosphatase activity.

As the pH is lowered from 7.5 to 5.0, the rate of the
transphosphorylation reaction increases substantially. 1In
this same pH range, the 3'-phosphate of CSP is converted to
a monoanion [pKa approximately 6.0, based on the value for
cytidine 3'-phosphate from Ts'o [(1974) Basic Principles in
Nucleic Acid Chemistry vol. 1, PP. 462 Academic, N.Y.].
Protonation of a phosphate monoester makes it possible for
it to react like a diester (Benkovic & Schray, (1973)
Enzymes (3rd Ed.) 8:235). Thus, it seems reasonable that an
enzyme known to react with diesters could use the same
mechanism to react with monoester monoanions. The acidic pH
fequiremen; for hydrolysis of the phosphoenzyme can be
similarly explained if the reaction occurs by attack of
water on the phosphate monoester monoanion. The pH
independence of transphosphorylation between PH 7.5 and pH
2.0 strongly suggests that the monoester dianion is also
reactive, albeit at a rate less than 5% that of the

monoester monoanion. The reactivity of the monoester
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dianion is sﬁrprising and perhaps indicates that the enzyme
provides electrophilic assistance to the departure of the

leaving group with a proton or metal ion.

At alkaline pH the phosphodiester bond following G414 =

5 is labile in the circular IVS RNA (Zaug et al., 1984 Science
(Wash., D.C. 224:574), in the pre-rRNA (Inoue et al., 1986,
J. Mol. Biol. 189:143), and in E-pC (2aug, A.J., and Cech,
T., 1986, Science (Wash., D.C.) 231:470-475), whereas the
phosphomonoester bond following G414 is stable in E-p.

10 Specific hydrolysis of the phosphodiester bonds involves
attack of hydroxide ion (Zaug, A.J. et al., (1985)
Biochemistry 24:6211). It is not surprising that attack of
hydroxide ion on the phosphate monoester dianion of E-p
might be prohibited due to electrostatic repulsion (Kirby &

15 Younas, (1970) J. Chem. Soc. B, 1165).

At pH 5 the phosphoenzyme undergoes very slow

hydrolysis.but readily transfers its phospho group to C.-OH.

5
The rate of the hydrolysis reaction is 2-3 orders of

magnitude slower than that of the phospho transfer reaction,
20 even though HZO is present at 55 M and the oligonucleotide

at less than 1 uM. Thus, CS-OH is a better acceptor than

Hzo by a factor exceeding 1010. [Such a large factor is not

»

unusual for phosphotransferases; for example, Ray et al.
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(1976) Biochemistry 15:4006 report that Phosphoglucomutase
transfers a phosphate to the C-6 hydroxyl of glucose
l-phosphate at a rate 3 x 1010 times greater than that of
transfer to Hzo.] The difference in rate is much too large
5 to be explained by the greater nucleophilicity of the
3'-hydroxyl of CS-OH than Hzo, which could pPerhaps account
for a factor of 10 (Lohrmann & Orgel (1978) Tetrahedron
34:853; Kirby & Varvoglis, (1967) J. am. Chem. Soc.
89:415-423). Most of the difference in rate Probably
10reflects the ability of the enzyme to utilize the binding
energy from its interaction with non-reacting portions of
C5-OH (Jencks, W.Pp., 1875, Adv. Enzymol. Relat. Areas Md.
Biol. 43:219). For example, specific binding interactions
could precisely position the 3'-hydroxyl of CS-OH for
15displacement of the phosphate from the enzyme, but would not
be available to facilitate the addition of water.
Furthermore, the catalytic apparatus may not be fully
assembled until the acceptor oligonucleotide is in place and
water is abéent (Koshland, (1963) Cold Spring Harbor Symp.

20Quant. Biol. 28:473; Knowles, (1980) Ann. Rev. Biochem.
49:877).

We are only beginning to understand how the L-19 IVs
RNA catalyzes phospho transfer. The overall transfer

reaction is undoubtedly facilitated by the formation of a
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covalent bond between the enzyme and the phosphate of the
substrate. Such covalent catalysis is common in
enzyme-catalyzed group transfer reactions (Jencks, (1969)

Catalysis in Chemistry and Enzymology McGraw-Hill, New York:

5 Walsh, (1979) Enzymatic Reaction Mechanisms W.H. Freeman, *

San Francisco). Binding sites within the IVS RNA for the
oligo(pyrimidine) substrate (Zaug & Cech, (1986) Science
(Wash., D.C. 231:470~475) and for the nucleophilic G residue

at its own 3' end (N.K. Tanner and T.R. Cech, unpublished

10results) contribute to the catalysis of the transfer

reactions. These binding interactions presumably place the
3'~hydroxyl group of G414 in an optimal orientation for
nucleophilic attack on the terminal phosphate of Csp (Figure

15B) or on an internal phosphate of CS—OH (Figure 15a). We

l5suspect that catalysis might also involve a specific role .

for Mg2+ [Steffens et al., (1973) J. Am. Chem. Soc. 95:936

and (1975) Biochemistry 14:2431; Anderson et al., (1977) gJ.
Am. Chem. Soc. 99:2652; see also Zaug et al. (1985)

Biochemistfy 24:6211 and Guerrier-Takada et al. (1986)

20Biochemistry 25:1509] and general acid-base catalysis [see

Cech and Bass (1986) Ann. Rev. Biochem. 55:599~629], but we
have no direct evidence for such mechanisms. Applicants are

not specifically bound by only those mechanisms discussed

herein.
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One unanswered question concerns the extremely low
extent of nucleotidyl transfer with the C5p substrate at
neutral pH. Since CS-OH is readily attacked at the
phosphate following the fourth C to produce E-pC, why is Csp
5 not attacked at the egquivalent phosphate to produce E-pCp?

Perhaps the terminal phosphate of Csp is coordinated to
Mg(II) or serves as a hydrogen bond acceptor, resulting in a

preferred mode of binding different from that of CS-OH.

Finding an enzyme that has both pPhosphodiesterase ang
10 phosphomonoesterase activity is unusual but not
unprecedented. Exonuclease III (Richardson & Kornberg,

(1964) J. Biol. Chem. 239:242-250), P1 nuclease, and mung
bean nuclease (Shishido & Ando, 1982 in Nucleases (Linn,
S.M. & Roberts, R.J. Eds) PpP. 155-185, Cold Spring Harbor

15 Laboratory, Cold Spring Harbor, N.Y.) all have

3'-phosphatase activity.

The L-19 IVS RNA is unique among known enzymes in its
ability to remove 3'-phosphates from RNA with high substrate
20 specificity. E. coli and mammalian alkaline phosphatases
are nonspecific. These enzymes remove 5'-, 3'-, and
2'-phosphates from RNA with little regard for the base
sequence of the molecule (Garen & Levinthal, (1960) Biochem.

Biophys. Acta. 38:470; Harkness, (1968) Arch. Biochem.
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Biophys. 126:513). Polynucleotide kinase has
3'-phosphatase, 2'-phosphatase, and cyclic 2',3'-phosphatase
activity (Cameron & Uhlenbeck, (1977) Biochemistry 16:5120; .
Weber, (1985) Ph.D. Thesis, University of Illinois).
5 Substrates as diverse as Usp, AGCp, and pCp are readily
dephosphorylated, and where careful kinetic measurements
have been made, the rates of dephosphorylation of different
RNA substrates seldom vary by more than a factor of 2
(Weber, (1985) Supra). Pl nuclease and mung bean nuclease
l0have limited preference for certain nucleoside
3'-monophosphates (Shishido & Ando, (1982) Supra). The L-19
IVS RNA, on the other hand, transfers the 3'-phosphate of
RNA to a donor molecule with high substrate specificity; Csp
and csp are substrates, whereas pCp and AspCp are not. This
151length and sequence specificity is explained by the
requirement that the substance must bind to the enzyme by
Watson-Crick base pairing to the guanosine-rich active site
(Figure 15). 1If this model is correct, it should be
possible to alter the sequence specificity of the

20 phosphotransferase by site-specific mutagenesis of the

active site.

A series of seguence-specific 3'-phosphate
dephosphorylating enzymes would provide a useful tool for .

RNA biochemistry and recombinant RNA manipulations.
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However, the RNA enzyme described here has cleavage-ligation
activity as well as the debhosphorylation activity. Unless
these activities can be Separated, the usefulness of the

eénzyme as a reagent for dephosphorylation of RNA is limited.

5 Endoribonuclease or "RNA Restriction Endonuclease" Activity

We describe here a fifth enzymatic activity of the

Tetrahymena ribozyme. It cleaves other RNA molecules at
sequences that resemble the 5' splice site of the rRNA
precursor. Cleavage is concomitant with additioq of a free
l0guanosine nucleotide to the 5' end of the downstream RNA
fragment; thus, one product can be readily end-labelegd
during the reaction. The reaction is analogous to the first
step of pre-rRNA self-splicing (Fig. 1). Cleavage does not
require nucleotide G414 of the ribozyme; thus, unlike the
I5first four activities, it does not involve formation of a
covalent enzyme-substrate intermediate. Thus there exists
as a result of the work of the invention sequence-specific
éndoribonucieases, Protein-free i.e. able to act in the
absence of pProtein, and composed of RNA, which are
20enzymatically active on other RNA molecules. These RNA
ribozymes act on éxogenous RNA. Thus the enzyme or ribozyme

is composed of RNA and the substrate is RNA (or mixed

RNA-DNA polymers).
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The ribozyme has high specificity for cleavage after
the nucleotide sequence CUCU; under stringent conditions it
can discriminate against sites that have a 3-out-of-4 match
to this recognition sequence. For example, in a solution

5 containing 2.5 M urea the ribozyme cleaves after CUCU while
ignoring the related sequences CUGU and CGCU (Fig. 3c). The
sequence specificity approaches that of the DNA restriction
endonucleases (Nathans, D. and Smith, H.O0. (1975) Annu. Rev.
Biochem. 44:273-293). We further show that site-specific

10 mutations in the active site of the IVS RNA, the so-called
internal guide sequence (Davies, R.W., et al. (1982) Nature
300:719-724; Waring, R.B., et al. (1986) Nature 321:133-139)
or 5' exon-binding site (Inoue, T., et al. (1985) Cell
43:431-437; Garriga, G., et al. (1986) Nature 322:86-89;

15 Been, M.D. and Cech, T.R., (1986) Cell 47, 207-216), alter
the sequence specificity of the ribozyme in a predictable
manner. 1In its endoribonuclease mode, the L-19 IVS RNA
recognizes four or more nucleotides in choosing a reaction
site. Protéin ribonucleases that are active on

20 single-stranded RNA substrates have specificity only at the
mononucleotide level (for example, ribonuclease T1 cleaves
after guanosine). Thus the L-19 has more base~-seguence
specificity for single-stranded RNA than any known protein
ribonuclease, and may approach the specificity of some of

25 the DNA restriction endonucleases. An attractive feature of
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this new RNA enribonuclease is that its substrate

specificity can be completely and Predictably changed by

altering the sequence of the internal binding site,

The endoribonuclease reaction is analogous to the first
step of pre-rRNA self-splicing (Fig. 1). Both the enzymatic
and the self-splicing reactions make use of the same two
binding sites, an oligopyrimidine-binding site and a
guanosine-binding site, to achieve specificity and to
contribute to catalysis. The oligopyrimidine-binding site
is also known as the 5°' guide sequence (Waring, R.B., et al.
(1986) Nature 321:133-139) or the 5' exon~binding site
(Inoue, T., et al. (1985) Cell 43:431, Garriga, G., et al.
(1986) Nature 322:86-89, Been, M.D. and Cech, T.R., Cell
(1986) 47, 207-216). 1Its role in self-splicing has been
conclusively demonstrated by the analysis of single-base
mutations and second-site sSuppressor mutations (Waring,
R.B., et al. (1986) Supra; Been, M.D. and Cech, T.R., (1986)
Supra; Peréa, J. and Jacq, C., (1985) EMBO, J. 4:3281). The
role of these same nucleotides in the endoribonuclease
reaction is demonstrated by the change in substrate
specificity of the mutant enzymes (Fig. 3), the altered
specificity being predictable by the rules of Watson-Crick
base pairing. The guanosine-binding site involved in

self-splicing has not been localized to a particular set of
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nucleotides, but its general features have been described
(Bass, B.L. and Cech, T.R., (1984) Nature 308:820; (1986)
Biochemistry 25:4473). The endoribonuclease activity
appears to make use of the same guanosine-binding site by

5 the following criteria: in both cases guanosine is as active °*
as GTP, whereas UTP, CTP, ATP and 4GTP have little if any
activity. 1In addition, the K, of 44 uM for GTP shown is in
reasonable agreement to the value of 32 + 8 uM determined
for self-splicing under somewhat different reaction

10 conditions (Bass, B.L. and Cech, T.R., Biochemistry (1986)

Supra) .

The endoribonuclease activity of the L-19 IVS RNA does

not require its 3'-terminal guanosine (G414). In this
respect it differs from the nucleotidyl transfer, phospho

15 transfer and hydrolytic activities of the same enzyme. In
those reactions G414 participates in a covalent
enzyme-substrate complex that appears to be an obligatory
reaction iﬂiermediate (zaug, A.J. and Cech, T.R. (1986)
Science 231:470-475; Zaug, A.J. and Cech, T.R. (1986)

20 Biochemistry 25:4478). Thus, the L-19 IVS RNA is not
restricted to reaction mechanisms involving formation of a
covalent enzyme-substrate intermediate. It an also catalyze

bisubstrate reactions by a single-displacement mechanism.

Ribonuclease P, an RNA enzyme that catalyzes cleavage by
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hydrolysis rather than by transesterification, also appears
to act without formation of a covalent intermediate (Marsh,
T.L., et al. (1985) Science 229:79-81; Guerrier-Takeda, C.,
et al. (1986) Biochemistry 25:1509).

The L-19 IVS RNA endoribonuclease activity reported
here appears to require single-stranded RNA substrates.
Based on work recently reported by Szostak ((1986) Nature

322:83-86), it seems possible that a smaller version of the

Tetrahymena IVS RNA missing its 5°' exon-binding site may
have an endoribonuclease activity that requires a
base-paired substrate. The substrate tested by Szostak
((1986) Nature Supra) was an RNA fragment containing the end
of the 5' exon paired with the 5' exon-binding site,
However, this RNA "substrate" also included a substantial
portion of the IVS RNA, so it remains to be established
whether the ribozyme has endoribonuclease activity with
double-stranded RNA substrates in general.

Potential usefulness of sequence-specific RNA
endoribonucleases. Sequence-specific endoribonucleases
might have many of the same applications for the study of
RNA that DNA restriction endonucleases have for the study of
DNA (Nathans, D. and Smith, H.O0., (1975) Ann. Rev. Biochem.

44:273). For example, the pattern of restriction fragments
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could be used to establish sequence relationships between
two related RNAs, and large RNAs could be specifically
cleaved to fragments of a size more useful for study. The
4-nucleotide specificity of the ribozyme is ideal for
cleavage of RNAs of unknown sequence; an RNA of random
sequence would have an average of 1 cleavage site every 256
bases. 1In addition, the automatic end-labelling of one

fragment during ribozyme cleavage is a practical advantage.

Development of the ribozymes as useful tools for
molecular biology has bequn. The efficiency of cleavage of
large RNA substrates needs to be increased so that complete
digests rather than partial digests can be obtained. The
effects of denaturants such as urea and formamide must be
further explored; they appear to increase the sequence
specificity of cleavage, and at the same time they should
melt structure in the substrate to maximize the availability
of target sequences. Finally, mutagenesis of the active
site of thé ribozyme by those skilled in the art can be
accomplished to ascertain all possible permutations of the

256 possible tetranucleotide cleavage enzymes.

RNA sequence recognition. Protein ribonucleases can
cleave RNA substrates with high specificity by recognizing a

combination of RNA structure and sequence, with the emphasis

»
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on structure (e.g., RNase III (Robertson, H.D. (1982) cell
30:669) and RNase M5 (Stahl, D.A., et al, (1980) Proc. Natl.
Acad. Sci. USA 77:5644). Known proteins that cleave
single-stranded RNA substrates, on the other hand, have
specificity only at the mononucleotide or dinucleotide level
(e.g., RNase T1 cleaves after guanosines [Egami, F., et al.
(1980) Molec Biol. Biochem. Biophys. 32:250-2771. Thus, the

L-19 IVS RNA has considerably more base-sequence specificity

for cleaving single-stranded RNA than any known protein

ribonuclease.

Variant Ribozymes (or other versions of the ribozyme that

retain activity)

Earlier work on sequence requirements for self-splicing
(Price, J.V., et al. (1985) Nucleic Acid. Res. 13:1871) show
that sequence requirements can be examined as shown therein
by insertions and deletions to obtain other self-splicing
IVS RNA's. 1In like manner, we could alter the L-19 IVS RNA

to obtain an array of RNA Seéquence-specific endoribonuclease

molecules. Thus three regions were found by Price et al. to

be necessary for IVs self-splicing. Similar experiments

would reveal necessary portions of L-19 IVS RNA for
endoribonuclease activity. Burke, J.M., et al. (1986) cell
45:167-176 show the role of conserved elements for the IVS

self-splicing seguence; that work shows a further use of
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mutagenesis experiments to alter the highly conserved
sequences to alter activity thereof. Just so, in like
manner, the activity of the L-19 IVS RNA can be altered with
accompanying alteration in activity to effect an array of

endoribonucleases. ,

Cech, T.R., et al. have recently found a yet smaller
piece of the L-19 IVS RNA which contains full enzymatic
activity and comprises nucleotides 19-331 of the RNA. It is
also found that the 21-331 piece is fully active. Plasmids
have been constructed to produce the L-19 and L-21 IVS RNA
strands directly. Here the promoter is moved to the 19
position or 21 position and the DNA coding for the

restriction’site is at the 331 position instead of the 414

site.

Been, M.D. and Cech, T.R. ((1986) Cell 47:207) show
alteration in the specificity of the polymerase activity to
effect polymerase activity with respect to olige U using
site-specific mutagenesis. Thus those skilled in the art

can readily use the above to obtain other active L-19 IvVs

RNA enzymes.
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Waring, R.B. and Davies, (1984) Gene 28:277 show a
class of IVS RNA molecules with similar structure. This
work is similar to that of Cech, T.R., et al. (1983) Proc.
Natl. Acad. Sci. USA 80:3903 showing a class of fungal
mitochondrial RNA IVS molecules. Some of these other IVs
molecules have been found to be self-splicing. (Cech, T.R.,
et al. (1981) Cell 27:487; Kruger, K., et al. (1982) ibid.
31:147; Garriga, G., et al. (1984) ibid 39:631; Van der
Horst, G., et al. (1985) ibid 40:759; Chu, F.X., et al.
(1985) J. Biol. Chem. 260:10680; Peebles, C.L., et al.

Cell in press; Van der Veen, R., et al., ibid. in press)
Thus a series, or many series or class, or family of
endoribonﬁcleases from the same or other natural sources can
be based on the work of the invention. Those skilled in the

art will be able to search out other RNA enzymes from

various natural sources.,

The following RNA sequence elements can be considered
to provide.the minimum active site for ribozyme activity,
based on (Cech, et al., PNAS (1983) and Waring & Davies
Supra). Elements A and B interact with each other, as do 9L
and 2. 1In many positions of the sequence, more than 1 base
is allowed; the observed substitutions are shown by printing
a letter directly below the base for which it can
substitute. For example, at position 1 in sequence element

A, the nucleotides A and U are observed, A being more

common.
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A (also called P) B (also called Q)

optional
1 2345678910

5'-A UGCUGGAAA 5'=AAUCA (C) GCAGG
U GAAAG U vtcuu ¢ ¢ i
G
8L (also called R) 2 (also called §)

N = any base

5'~UCAGAZACUANA AAGAUAQEGUC.
U AC UG
o

these pair namely GACUA on left and UAGUC on right

as underlined;

compensatory base changes

are allowed - see Burke, et al.

(1986) Supra
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The linear seguence of non-template DNA coding for L
IVS RNA is shown below. Coding for the L-19 IVS RNA

"ribozyme" begins at the site indicated by the arrow and

extends to the end (G414). Of course, in RNA the T's are

. L=-19 . .
L
cmmm*n'm:cﬁmacmmtmsummnmu 63

t ¥ 134
LA SN
] ¢ [}

[] ]
GCTAGTCTTTAMCCMT&G&TTGUTCGGWWWGACCE?M r

U's.,

] [] ¢ [ ]
mcscwssastwmctmwucmmmmm 187

' . '
HG&TGGCCTTGUAAGBGTATGGTMTMGWUTGGT:CTMCC {4 |

] L [ ] ]
A:GU&CCMGTRTMGTWWTCTTCTETTUTATWWU 1]}

L} L}
MCTAMTETCEGTWI STATTCTICTCATAMGATATAST 310

L} (] L L}
m:nncmmmmwrwswmwumcc .

' e ' ' '
mmnumxmmmxmﬂumtmcs Oy

In the discussion of L-19 IVS RNA, the region of the

active site sequence discussed with respect to activity and

variants is: U U G G A G G ¢
20 21 22 23 24 25 26 27

The first ribonucleotide for the L-19 IVS RNA at the
5'0H end is the equivalent of the nucleotide 20 of the
intact L IVS RNA. As regards positions 23, 24, 25 etc.,
these are positions 23, 24, 25 of the L IVS RNa (as if the

first 19 positions were present).
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Since dC5 binds to the L-19 IVS RNA (see above), it is
likely that the endoribonucleases will work on mixed
polymers of RNA and DNA. For example, L-19 IVS RNA will .
bind the DNA portion while the RNA enzyme works on the RNA
piece of the mixed polymer. Alteration of the binding site
to bind the other nucleotides will result in an array of

mixed polymer activity in a series of such

endoribonucleases.

Abbreviations: IVS, intervening sequence; L-19 IVS RNA
(read "L minus 19"), a 395-nucleotide linear RNA missing the
first 19 nucleotides of the IVS; CHES, 2~ (cyclohexylamino) -
ethanesulfonic acid; EDTA, ethylenediaminetetraacetic acid;
MES, 2-(N-Morpholino)-ethanesulfonic acid; Tris, tris(hydroxy-

32

*
methyl) aminomethane; p , P within an oligonucleotide (for

*
example, CSP is CpCpCpCpC[BzP]-pCp).

Enzyme Preparation. L-19 IVS RNA can be éynthesized and
purified as described by Zaug and Cech (1986) Science
(wash., D.C.) 231:470-475 (see Fig. 5 for detailed
description). In brief, RNA was transcribed from pSPTT1A3
with bacteriophage SP6 RNA polymerase in vitro.
(Alternatively RNA can be transcribed from pT7-TT1A3 or from
any of the plasmids in the pBG series with bacteriophage T7 =«

RNA polymerase in vitro). Transcripts were further
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incubated torpromote self-splicing and cyclization of the
IVS RNA. The RNA was subsequently incubated in MgCl2 at pH
9.0 (site-specific hydrolysis conditions) to convert
circular IVS RNA to L-19 IVS RNA. The L-19 IVS RNA was
purified by polyacrylamide gel electrophoresis and Sephadex
G-50 chromatography. Enzyme concentration wag determined,by

spectrophotometry assuming a molar extinction coefficient at

260nm of 3.26 x 105 M7l ol

Active plasmids in use are as follows:

PSPTT1A3, pT7-TT1A3, PBGST7, pBG/-2G:23C, PBG/23C,
PBG/-3G:24cC, PBG/24C, PBG/-4G:25C, PBG/25C, and
pBG/23A4 and pT7L-21. The PBG plasmid series is described
in Been, M. and Cech, T.R. (1986) Cell 407:207. For example,
the pBG/3G:24C and the pBG/24C plasmids produce the L-19 1VS
RNA 24C variant which cleaves RNA after the CGCU 4 base
Sequence. These plasmids are on deposit and available at
the Department of Chemistry and Biochemistry, University of
éolorado, éoulder, Colorado 80309-0215. Examples of these
including pBG ST7 (ATCC 40288), pT7-TT1A3 (AfCC 40290) and
PBG/-3G:24C (ATCC 40289) have been deposited with the
American Type Culture Collection (ATCC) 12301 Parklawn
Drive, Rockville Maryland 20301 on November 25, 1986. The
plasmid pT7L-21 makes the L-21 IVsS RNA wherein the first 21
bases are deleted. This plasmid (ATCC 40291) was also

pPlaced on deposit at the ATCC on December 2, 1986.
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%* *
Preparation of Substrates. Csp Cp and A6p Cp were

prepared from CS-OH and A6-0H, respectively, with T, RNA

4
%*
ligase (New England Nuclear), P Cp, and ATP. Products were

*
purified by 20% polyacrylamide-7 M urea gel electrophoresis

5 and Sephadex G-25 chromatography. Csp* Qas prepared from
csp*Cp by treatment with calf intestinal phosphatase and
beta-elimination (Winter & Brownlee, 1978 Nucleic Acid. Res.
5:3129). Unlabeled Csp was prepared in a similar manner
with unlabeled pCp as donor in the ligase reaction.

10 Concentration was determined by spectrophotometry using a
molar extinction coefficient at 270nm of 30 x 10° M~ ! em™l.

Preparation of E-p*. Unlabeled L-19 IVS RNA (16 pmol)

was incubated with 5.2 pmol of csp* in 50 mM NaOAc, pH 5.0,
and 20 mM Mgcl2 at 42°C for 10 min. The reaction was

15 stopped by the addition of EDTA to 40 mM. The E-p* was
purified from unreacted Csp* by column chromatography on
Sephadex G-100-120, which was equilibrated in 0.01 M
Tris-HCl, pH 7.5, 0.25 M NaCl, and 0.001 M EDTA. The

%*
fractions that contained E-p complex were pooled and

20 precipitated with 3 volumes of ethanol. The dried
precipitate was then dissolved in Hzo.
Standard Nucleotidyl Transferase Reaction Conditions °

The oligoribonucleotide substrate (for example 10-100

2]

uM pcs) is incubated with ribozyme (for example 0.1-2.0 uM
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L-19 IVS RNA) at 42°C in 20 mM Mgc12 and 50 mM Tris, pH 7.5

for 1 hour.

Standard Transphosphorylase Conditions

The 3'-phosphorylated RNA substrate (for example 2.5 uM
C5P) is incubated with ribozyme (for example 0.1 uM L-19 IVS
RNA) and an acceptor oligonuclectide (for example, 200 uM

UPCPU) at 42°C in 20 mM MgCl, and 50 mM MES, pH 6.0 for 3

hours.

Standard Acid Phosphotase Conditions

The 3' phosphorylated RNA substrate (for example 2.5 uM
CSP) incubated in equimclar concentration of ribozyme (for
example 2.5 uM L-19 IVS RNA) at 42°C in 20 mM MgCl2 and 50

mm NaC.H,O, (Na acetate), pH 5.0 for 24 hours.

Standard Endoribonuclease Reactions

Subst;ate RNA is pretreated with glyoxal according to
the procedure of Carmichael and McMaster (1980) Meth in
Enzymol. 65:380-391 and then ethanol precipitated and the
precipitate pelleted by centrifugation in an eppendorf
centrifuge. The pellet is dried and the RNA re-suspended in
water. The glyoxylated substrate RNA (0.2 uM) is incubated
with ribozyme (for example L-19 IVS-beta RNA, 0.2 uM) at

50°C in 10 mM MgClz, 10 mM NaCl, 50 mM Tris-HC1 pPH 7.5, 0.5
mM GTP, 2.5M Urea for 1 hour.
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Stopping Reactions and Analyzing Products

In all cases reactions are stopped by the addition of

EDTA to a final concentration of 25 mM. Products can be
analyzed by electrophoresis in a 20% polyacrylamide, 7.0 M
Urea gel (standard sequencing gel). 1If 32P-labelled RNA
substrates are used, products can be localized by

autoradiography.

The following Examples and the standard conditions

above serve to illustrate, but not to limit the invention.

Examgle I

Sequence-specific cleavage of large RNAs:

The L-19 IVS RNA enzyme was prepared by incubation of
pre-rRNA under conditions that promote self-splicing,
cyclization, and site-specific hydrolysis,r(Zaug, A.J., et
al. (1984) Science 224:574; Zaug, A.J., et al. (1986)
Science 231:470). The 3'~terminal guanosine (G414) was then
removed from the L-19 IVS RNA by periodate oxidation
followed by beta-elimination (Winter, G., et al. (1978)
Nucleic Acids Res. 5:3129-3139). As expected, the resulting
ribozyme (L-19 IVS-beta) has greatly reduced activity as a

nucleotidyl-transferase, assayed using [32P]-p(C)5 as a

*

*

9
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substrate. When GTP was added, however,. the ribozyme was
able to cleave p(C)5 as well as large RNA molecules. For
example, the 504 nt pAK105 transcript (Mount, S.M., et al.
(1983) Cell 33:509-518), a fragment of mouse beta-globin
pPre-mRNA containing the first intron, was cleaved to give
major fragments of 148, 360 and 464 nt, as well as some
minor fragments (Fig. 2a). As shown below, the 360 and 148
nt fragments can be explained as the 5' and 3' products of
cleavage at position 360. The 464 nt fragment is the 3'
product of cleavage at position 44, the 5' 44 nt fragment
being to small to be observed. The absence of a major
amount of a 316 nt RNA, the expected product of Ccleavage at

both position 44 ang 360, is indicative of partial digestion

with few molecules cleaved more than once,

Cleavage required magnesium ion (optimum at 10-20 mM
MgClz) and was essentially independent of monovalent cation
in the range 0-200 mM NaCl. The pH optimum was in the range
of 7.5-8.0; and the temperature optimum was approximately
50°C. Although the beta-eliminated L-19 IVS RNA was
competent to catalyze the cleavage reaction, removal of G414
from the ribozyme was not required for cleavage activity.
The enzyme worked at the same rate whether or not G414 had
been removed. We explain the activity of the intact L-19

IVS RNA by the postulate that, at saturating concentrations
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of GTP, the attack by GTP on the substrate competes very

effectively with attack by G414.

We note the IVS RNA and L-19 IVS RNA are protein-free.
The L-19 IVS RNA is therefore a protein-free RNA enzyme (or
ribozyme). L-19 IVS RNA and the like also function as
enzymes in the absence of proteins. This applies to
exogenous as well as endogenous protein. This is evidenced
by retention of activity when subjected to protease
activity, boiling or sodium dodecyl sulfate. Any RNA
polymerase protein from the transcription system used to
produce IVS RNA is removed by phenol extraction. The
ability to make the IVS RNA in a totally defined system in
vitro and remove the RNA polymerase by phenol extraction is

further evidence of the protein-free nature of the reaction.

Examgle 11

Labelled cleavage products:
When }alpha-32P]GTP was included in the reaction of

PAK105 RNA as in Example I above, the 148 and 464 nt
cleavage products were labeled (Fig. 2b). Direct seguencing
of these labeled RNA fragments (e.g., Fig. 2c) showed that
cleavage and GTP-addition occur at nucleotides 44 and 360 in
the sequence, such that the downstfeam cleavage products are
5'-GTP labeled. The bonds formed by GTP addition are

sensitive to RNase Tl' confirming that the GTP was

covalently added through its 3'-0 by a normal 3'-5'

£
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phosphodiester bond. Reaction of the 841 nt pT7-1 (Xmn 1)
RNA (essentially pBR322 sequences) produced 4 major labeled
fragments. These were sequenced in the Same manner. pT7-1
RNA with an additional 122 nt at its 3' enq, produced by
transcription of pT7-1 DNA that had been cleaved at the Sca
I site, showed the expected increase in molecular weight of
the labeled products. In all of the reactions, including
those in which substrate RNA was omitted, the L-19 IVS RNA
became labeled, perhaps by the guanosine-exchange reaction
proposed elsewhere (Zaug, A.J., et al. (1985) Science
229:1060-1064; Price, J.V., et al. (1987) J. Mol. Biol. in

press). The sites of self-labeling were heterogeneous.

Example III

Specificity Assessment:

The sequence near the 5' end of each end-labeled
product (See Example II above) was compared to the known
éequence of the RNA to identify the nucleotides preceding
the site of cleavage. The results are summarized in Table
1. Both the major and the minor cleavage sites are preceded
by four pyrimidines, the consensus sequence being CUCU.

This is exactly the tetranucleotide sequence expected to be
an optimal target for the ribozyme. The importance of

nucleotides at positions -5 and -6 relative to the cleavage
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site is not yet clear, although the absence of G residues
may be significant. There is no apparent sequence
preference downstream from the cleavage site, with all four

Ed

nucleotides represented at position +1.

5 In assessing specificity, it is also necessary to
consider which potential sites in the RNA were not cleaved
by the ribozyme. For the pAK105 RNA, there was only one
CUCU site at which cleavage was not observed. (Cleavage at
this site would have produced a labeled 378 nt RNA.) On the

10 other hand, a great many sites that match CUCU in 3 out of 4
positions were not cleaved. These include 17 CUMU sequences
(where M # C) and 7 CNCU segquences (where N # U). 1In pT7-1
RNA, cleavage was observed at both the CUCU sequences in the
RNA, but at cnly ore of the 15 TJUU sequences present.

15 Thus, the ribozyme has a strong preference for cleavage

after the tetranucleotide CUCU.

ExamEle IV

Cleavage within regions of base-paired RNA secondary
structure:

20 M1 RNA, the RNA subunit of E. coli RNase P (Reed, R.E.,
et al. (1982) Cell 30:627-636), was not cleaved by L-19 IVS,

RNA-beta under standard reaction conditions (Fig. 2b). Ml
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RNA contains the sequence UCCUCU, which should be an

excellent targent site. However, this sequence is involved

in a stable hairpin stem (Guerrier-Takada, C., et al. (1984)

Biochemistry 23:6327-6334; Pace, N.R., et al. (1985) Orig.

5 of Life 16:97-116), which presumably makes it unavailable as
a substrate. We have found that denaturation of Ml RNA with
glyoxal allowed efficient cleavage of this site by L-19 IVS
RNA, in support of the interpretation that RNA secondary
structure can inhibit cleavage. The glyoxal procedure used

10 for denaturation is according to Carmichael, G.G., et al.

(1980) Meth. in Enzymol. 65:380-391.

Example V

Active-site mutations alter substrate specificity:
The substrate specificity was next studied in a
15 defined system where we could be certain that secondary
structure in the substrate RNA was not affecting the
cleavage reaction. Oligoribonucleotide substrates were
synthesized by the phage T7.RNA polymerase transcription
method developed by Uhlenbeck and co-workers (Lowary, P.} et
20 al. (1986) NATO ASI Series, vol. 110, 69-76) (Fig. 3a).
One substrate contained a perfect match to the
tetranucleotide consensus sequence. Two oﬁhef substrates

had single-base changes giving a 3-out-of-4 match to the

consensus.
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These substrates were tested with the wild-type L-19
IVS RNA and with two altered ribozymes (Been, M.D. and
Cech, T.R., (1986) Cell 47,207-216). The two variants have
single-base changes in the 5' exon-binding site that alter
the sequence specificity of the first step in pre-rRNA
self-splicing (Been, M.D., et al. Supra). The 23C variant
(G converted to C at position 23 of the L-19 IVS RNA) is

expected to recognize CUGU substrates, and the 24C (A

converted to C at position 24) variant should recognize CGCU

(Fig. 3b). 1In the course of these studies, we found that

the inclusion of 2.5M urea or 15% formamide in the reactions

greatly increased the specificity, allowing each ribozyme to

differentiate substrates with a single base change in the
recognition sequence. Our operating model is that these
denaturants destabilized the base-pairing between the
substrate and the active site nucleotides of the ribozyme,
thereby discriminating against mismatched complexes. The
results of treatment of the 3 substrates with each of the 3
ribozymes in the presence of 2.5 M urea are shown in Fig.
3c. Each substrate is cleaved exclusively by the ribozyme

that is capable of making a perfectly base-paired

»

enzyme-substrate complex (Fig. 3b). Thus it is contemplated

the active site can be manipulated to recognize any base

sequence so far that is XYZU, where X, Y and Z can be any of

the four bases A,U,C,G and the nucleotides in the four base

2
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sequence can be the same or different.

When variant ribozymes were incubated with the 504 nt
PAK105 RNA, each ribozyme gave a different pattern of
cleavage products. One major cleavage site has been mapped
for three variant ribozymes, including a 25C variant (G
converted to C at position 25). The sites cleaved by the
23C, 24C and 25C ribozymes are preceded by CCCUGU, UCUGCU,
and CUGUCU, respectively; the underlining indicates the base
that would form a G°C base pair with the mutated nuclectide
in the variant ribozyme. Each of these seguences can form 6
continuous base-pairs with the active site nucleotides of
the variant ribozyme. While r-re cleavage sites must be

sequenced before specificity czn be properly assessed, these

initial results are promising.

Example VI

Cleavage is catalytic:

The time course of cleavage of the oligonucleotide
substrate GGCCCUCU*AAAAA (where the asterisk designates the
cleavage site) by the wild-type ribozyme is shown in Fig.
4a. The reaction of 2.5 uM substrate with 0.2 uM ribozyme
is 66% complete in 90 minutes. Thus, it is readily apparent

that the ribozyme is acting catalytically.
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The reaction rate was determined at a series of
substrate concentrations. The kinetics are adeqguately
described by the Michaelis-Menten rate law. The dependence
of the rate on GTP concentration is shown in the form of a

5 Lineweaver-Burk plot in Fig. 4b. The gm for GTP is 44 uM. *
The dependence of the rate on RNA substance concentration at
saturating GTP concentration is shown in Fig. 4C. The Km
for this oligoribonucleotide substrate is 0.8 uM, and Ecat

1

is 0.13 min ~. Thus under Via conditions the enzyme turns

X
10 over about 8 times per hour.

Example VII

In the absence of urea and formamide, single-base
changes in the substrate RNA 3 nucleotides preceding the
cleavage site of the RNA ribozyme, giving a mismatched

15 substrate-ribozyme complex, enhance the rate of
endoribonuclease cleavage. Mismatched substrates show up to
a 100-fold increase in kcat and, in some cases, in kcat/Km'
A mismatch introduced by changing a nucleotide in the active
site of the ribozyme has a similar effect. Addition of 2.5
20 M urea or 3.8 M formamide or decreasing the divalent metal
ion concentration from 10 to 2 mM reverses the substrate
specificity, allowing the ribozyme to discriminate against ,
the mismatched substrate.. The effect of urea is to decrease

?
kcat/Km for cleavage of
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the mismatched substrate; K is not significantly affected
at 0-2.5 M urea. Thus, progressive destabilization of
ribozyme-substrate pPairing by mismatches or by addition of a
denaturant such as urea first increases the rate of cleavage

5 to an optimum value and then decreases the rate.

The ribozyme and variants with altered sequence
specificity provide a set of sequence=-specific
endoribonucleases that may be useful reagents for a variety

of studies of the molecular biology of RNA.

10 Materials. Unlabeled nucleoside triphosphates were
purchased from P-L Biochemicals, labeled nucleoside
triphosphates from New England Nuclear, calf intestinal
phosphatase from New England Nuclear, T4 polynucleotide
kinase from United States Biochemicals, and restriction

15 endonucleases from New England Biolabs. T7 RNA polymerase

was isolated from Escherichia coli strain BL21, containing

the plasmié PAR1219 (Davanloo et al., (1984) Proc. Natl.
Acad. Sci. USA 81:2035-2039).

L - 21 Sca I RNA Preparation. Plasmid pT7L-21 was cut
20 with Scal restriction endonuclease, extracted with phenol
and chloroform, ethanol precipitated, and then resuspended

in HZO to 1 ug/ul. Transcription was done in 2 mL of 40 mM

Tris-HCl, pH 7.5, 12 mM MgClz, 10 mM DTT, 4 mM spermidine, 1
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plasmid, and 200 units of T7 RNA polymerase/ug of DNA.
Incubation was for 1 h at 37°C. Products were ethanol
precipitated and purified by electrophoresis in a 4%
polyacrylamide/8 M urea gel. The L - 21 Scal RNA was
visualized by UV shadowing, excised, and eluted overnight at
4°C in 250 mM NaCl, 10 mM Tris-HCl, pH 7.5, and 1 mM EDTA.
The gel was removed by centrifugation. The RNA was ethanol
precipitated and chromatographed on a Sephadex G-50 column
equilibrated in 250 mM NaCl, 10 mM Tris-HCl, pH 7.5, and 1
mM EDTA. Fractions that contained RNA were pooled and
ethanol precipitated. The precipitate was washed with 70%
ethanol, dried, and resuspended in HZO‘ L - 21 Scal RNA
concentration was determined by spectrophotometry. The
extinction coefficient, (E260nm = 3.2 x 106 M-1 cm-l, was
determined by taking a sample of L - 21 ScaI RNA

(A260nm = 0.534), hydrolyzing to completion with a mixture
of ribonuclease Tl' Tz, and A, remeasuring the absorbance
(A260nm = 0.753), and multiplying the ratio of these
absorbances by the extinction coefficient calculated for a
mixture ot tree nucleotides in the pProportion that they

occur in the L - 21 Scal RNA.

Synthesis of Oligoribonucleotide Substrates.

Oligoribonucleotides were produced by transcription of
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synthetic DNA templates as described by Lowary et al. NATO

ASI ser, ser A 110:69-76 (1986) and Milligan et al. (1987)

Nucleic Acids Res. 15:8783. Transcription solutions (2 mL)

contained 12 mM MgClz, 40 mM Tris-HC1, PH 7.5, 10 mM DTT,
4mM spermidine, 2 mM each nucleoside triphosphate, 1.5 uM
promoter top strand DNA, 1.5 uM promoter template bottom
strand DNA , and 100,000 units/mL T, RNA polymerase. (The
top and bottom strand deoxyoligonucleotides were synthesized
on an Applied Biosystems 3808 DNA synthesizer, deprotected,
ethanol precipitated, and used withoﬁt further
purification). Incubations were done for 2 h at 37°C.
Products were ethanol precipitated and purified by
electrophoresis on 20% pPolyacrylamide/7 M urea gels.
Purification proceeded as described above for L - 21 Scal

RNA, except that chromatography was on a Sephadex G-25

column.

Labeling of Oligoribonucleotides. Purified
oligonucleotide (100 pmol) was incubated with 8 units of
calf intestinal phosphatase in 100 uL of H20 at 37°C for 1
h. The solution was extracted with phenol and ether and
evaporated to dryness. 5' eng labeling was accomplished
using T, polynucleotide kinase and F7/-32P]ATP. Labeled RNA
was purified by electrophoresis on a 20% polyacrylamide/7 M
urea sequencing gel, visualized by autoradiography, excised,

and eluted as described above,
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Initial Velocity Determination. Reactions (30 uL)

contained 0.01 wM L - 21-ScaI RNA, 500 uM GTP, 10 mM MgClz,
50 mM Tris-HCl, pH 7.5, and a mixture of unlabeled and 5'
end-labeled substrate varying in concentration from 0.1 to

5 4.0 uM. Reactions were initiated by addition of the MgCl, °*
and proceeded at 50°C. Portions (3 ul) were removed at
times ranging from 1 to 120 min and added to a stop mixture
that contained 100 mM EDTA. Samples were subjected to
electrophoresis on a 20% polyacrylamide/7 M urea gel. Bands

10 were visualized by autoradiography, cut from the gel, and
counted in toluene-based fluor in a Beckman LS7000
scintillation counter. Initial velocities were determined
as described by Bass and Cech (1984) Nature (London)
308:820.

15 Increased Specificity of Cleavage in the Presence of

Urea and Formamide. An oligoribonucleotide substrate

containing the recognition seguence CUCU was incubated

either with the wild-type L - 19 IVSbeta RNA or with the 24C

variant ribozyme. As shown in Figure 17a, both ribozymes

20 cleaved the substrate at the same site. It had previously
been shown that the cleavage site immediately follows the
recognition sequencé (zaug et al., (1986) Nature (London)
324:429). 1In the absence of urea, the rate of cleavage was,

actually faster with the variant ribozyme than with the
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wild-type ribozyme, despite the fact that the variant cannot
form a matched ribozyme-substrate complex. As the
concentration of urea was increased, the rate of cleavage by
the 24C variant ribozyme steadily decreased, while the rate
of cleavage by the wild-type ribozyme stayed approximately
constant in the range 0-2 M urea. Thus, around 2 M urea
there was optimal discrimination between the substrates that

form matched and mismatched ribozyme-substrate complexes

(Figures 17 and 18).

An oligoribonucleotide substrate containing a CGCU
Sequence was similarly incubated with the two ribozymes. 1In
this case the wild-type ribozyme was expected to give a
mismatched ribozyme-substrate complex, while the 24C variant
ribozyme matched the substrate perfectly. As shown in
Figure 17b, the rate of cleavage by the wild-type ribozyme
decreased steadily with increasing urea concentration, while
the rate o§ cleavage by the 24C variant actually increased
énd then remained constant up to 3 M urea, the highest
concentration tested. Good discrimination between the
matched and mismatched complexes was obtained in the broad

range of 1.5-3.0 M urea.

A different RNA denaturant, formamide, also affected
the specificity of the cleavage of the CGCU~-containing
substrate. As shown in Figure 17c, the rate of cleavage by

the wild-type ribozyme decreased with increasing formamide
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concentratioﬁ, while the rate of cleavage by the 24C variant
increased and then decreased at concentrations 5M
tormamide. Optimum cleavage by the 24 C variant was
achieved at 2-4M. Thus, the dependence of cleavage rate on
5 denaturant concentration for both enzymes was similar with
the two denaturants, 2.5M formamide having an eftect
equivalent to that of 1.5 M urea. The releative effects of
formamide and urea are consistent with their acting to
destabilize an RNA duplex. Studies with DNA have shown that
10 2.5 M formamide (40% v/v) is approximately as destabilizing
as 2.1 M urea (Lerman et al., (1984) Annu. Rev. Biophy.
Bioeng. 13:399); it is expected that the effect would be
somewhat different for RNA-RNA duplexes [see discussion by

Casey and Davidson (1977) Nucleic Acids. Res. 4:1539].

15 Synthesis of Ribozyme by Direct Transcription. The L -
19 IVSbeta RNA used as the ribozyme in the experiments
described above was made by in vitro transcription of
pre-rRNA followed by a cascade of self-reactions mediated by
the folded structure of the IVS: splicing, cyclization of

20 the excised IVS, and site-specific hydrolysis at the
cyclization junction (Zaug et al., (1984) Science 224:574),
The L -~ 19 IVS RNA was then purified from the ligated exons
and other reaction products, and its 3'-terminal guanosine
was removed by periodate oxidation and beta~elimination to

25 give L - 19 IVSbeta RNA. To facilitate the synthesis of
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large amounts of ribozyme, a plasmid was constructed (Figure
19) such that the initial product of transcription would be
the active ribozyme itself, with no further self-processing
required. A phage T7 promoter was juxtaposed to the DNA
encoding nucleotide 22 of the IVS, so that the active-site
GGAGGG seguence comprises nucleotides 1-6 ot the transcript.
Truncation of the plasmid with Scal restriction endonuclease
and transcription with purified phage T7 RNA polymerase

(Davanloo et al., 1984 Supra) gives the L - 21 Scal RNA.

Transcription of linear DNA templates by T7 RNA
pPolymerase frequently produces RNA with one or more extra
nucleotides at its 3' end beyond those specified by the

template (Lowary et al., 1986; Milligan et al., 1987). fThe

3' end of the I. - 21 ScaT RNA was analyzed by 3' end

labeling with [32P]pCp and RNA ligase, followed by complete
digestion with RNase T2 and analysis of the nucleoside
3'-phosph§te Products by thin-layer chromatography. THe
label was distributed as follows: 47% C, 32% U, 9% G, 12% a.
(The last templated nucleotide was predicted to be a U).
Thus, while the L ~ 21 Scal RNA appears to be homogeneous

when analyzed by electrophoresis in a 4% polyacrylamide gel,

it has a heterogeneous 3' end.
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The L - 21 Scal RNA differs from the L - 19 IVs

beta RNA
by being 2 nucleotides shorter at its 5' end and
approximately 3-4 nucleotides shorter at its 3' end. The

activity of these two ribozymes is similar. For example,
with a GGCCCUCUA5 substrate under standard reaction
conditions, the L - 21 Scal RNA has kcat/Km = 0.2 min~? unt
(Table 3) compared to values of kcat/Km in the range of

0.05-0.16 min~! wM™! for the L - 19 IVS, .., RNA (Figure 4b,c

of Zaug et al. (1986).]

Kinetic Analysis of Oligoribonucleotide Cleavage in the
Absence of Urea. We have shown that, in the absence of
urea, certain substrates are cleaved more rapidly by a
ribozyme that forms a mismatched ribozyme-substrate complex
than by a ribozyme that has perfect complementarity to the
substrate (Figure 17). We now show that the same sort of
enhanced cleavage is observed when the mismatch is

introduced by varying the sequence of the substrates while

leaving the ribozyme constant.

We prepared the series of substrates *pGGCCCNCUlAS,
where *p indicates the radiolabeled phosphate and N = C,a,G,
and U, and incubated them with L - 21 Scal RNA in the
presence of 0.5 mM GTP. For N = A,G, and U, the only

labeled product was an octanucleotide, the size expected for

£
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cleavage at the vertical arrow. For N = C, initial cleavage
occurred at the same sité; later in the reaction, the
octanucleotide was further cleaved to a heptanucleotide,
indicating secondary cleavage following the five C residues,
The kcat for cleavage varied over a 100-fold range as N was
changed: COARIESSU (Table 3). The K, values showed much
less variability. The matched substrate (N = U) and the
other pyrimidine-containing substrate (N = C) have slightly
lower Km's than the two substrates that would be expected to
form purine-purine mismatches with the ribozyme. We also
studied the series of substrates *pGGCUCNCULAS, where N =
C,A,G, and U. In all Cases, cleavage occurred predominantly
at the position indicated by the arrow. The kcat for
cleavage varied over a 50-fold range as N was changed; the
order C> A G > U was the same as with the *pGGCCCNCUA

5
series (Table 3). Kp varied in the order ¢ a > §>S>U,

similar to kcat .

It is useful to compare each substrate that has a C at
position -5 (first four rows of Table 3) with the
corresponding substrate that has a U at position -5 (last
four rows of Table 3). THe kcat of each GGCCCNCUA5
substrate is always similar to that of the corresponding

GGCUCNCUAs substrate; most of the comparisons show less than

a 2-fold difference, which is not considered significant.
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The Km's of the two substrates with N = U (i.e., a matched
nucleotide in position -3) were not significantly different.
In each case where there was a mismatched nucleotide at )
position-3 (N = C, A, or G), the K, was significantly lower -
with a C at position -5 than with a U at position -5. *

According to our model (Figure 1), a C at position -5 would

form a G~C base pair with the ribozyme, while a U would form

a G-U wobble base pair.

Kinetic Analysis of Cleavage in the Presence of Urea.
The effect of urea on cleavage was studied in some detail
with *pGGCCCGCUAS, a substrate whose cleavage by wild-type
ribozyme was expected to be strongly inhibited by higher
concentrations of urea (Figure 17b). As shown in Figure 20
and Table 4, low concentrations of urea slightly enhanced
the cleavage of L - 21 Scal RNA, while 2.0 and 2.5 M urea
inhibited cleavage as expected. The effects were almost
entirely due to changes in kcat' Km staying constant at
0.5 # 0.2~uM. This is not the result expected if K, simply

represented the dissociation constant of the

ribozyme-substrate complex; in that case, increasing the

concentration of urea would be expected to increase the Km

The effect of urea of the initial velocity of six

different oligoribonucleotide substrates was determined

€3
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(Figure 21). A relatively high substrate concentration was
chosen so that the velocity measurements would approximate
Vmax‘ (The substrate concentration was below K for two of
the substrates, GGCUCCCUAS, so cleavage rates for these
5 substrates underestimate Vhax') The substrates can be
divided into three groups on the basis of the response of
their cleavage rate to urea. The substrates GGCUCCCUA5
(mismatched at position -3 ana wobble base paired at
position -5) showed steady reduction in cleavage with
10 increasing urea concentration. The substrates GGCCCgCUA5
(mismatched at position -3 and G-C base paired at position
-5) showed an increased rate of cleavage at low urea
concentrations followed by a decrease at 1 M urea. The
substrates GGchUCUA5 (matched at position -3 ang either G-U
15 or G-C base paired at position -5) showed increased rate of
cleavage with increasing urea concentration over the entire
range tested. The best matched of these two substrates,
GGCCCUCUAS, showed little change in cleavage rate between 0
and 1.5 M urea, consistent with the previous results with
20 the same substrate and the I, - 19 1VSs ribozyme (Figure

beta
18, closed circles).

Cleavage in Ribozyme Excess. To test whether the
enhanced cleavage of mismatched substrates persisted under

single-turnover conditons, GGCCCGCUA5 and GGCCCUCUA5
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(0.05 uM) were treated with a 20-fold molar excess of L - 21
Scal RNA (1.00 uM) in the absence of urea. Cleavage of the
mismatched substrate was more rapid than cleavage of the
matched substrate. Although cleavage of the mismatched
substrate occurred too quickly to obtain a reliable rate,
the rate was at least 8 times faster than that of the
matched substrate. A 23-fold rate difference was predicted
from the kcat and Km values of the Table 3, using the
eguation Vg = kcat[Eo][So]/(Km + [Eo]) for reaction in
enzyme excess. Thus, the results of this experiment gave no
indication of a previously unrecognized rate-limiting step
involving product dissociation. The results do not,
however, rule out the possibility that some of the rate
difference between matched and mismatched substrates might

be due to a differential rate of product release.

Cleavage as a Function of Divalent Cation
Concentration.
Urea and formamide, both of which
destabilize RNA duplexes, allow the ribozyme to discriminate
against mismatched substrates. To test the generality of
this correlation, we examined cleavage of matched
(GGCCCUCUAS) and mismatched (GGCCCGCUAS) substrates by the
L - 21 Scal RNA as a function of decreasing Mgz+

concentration. Experiments were done in the presence of

(*
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urea. The iniﬁial rate of cleavage of the mismatched
substrate exceeded that of the matched substrate at 10 and 5
mM MgClz, but specificity was reversed at 2 mM MgClz.
Neither substrate was cleaved at 1 mM MgClz. Another set of
reactions was performed in the presence of 1 mM Cac12, which
lowers the magnesium ioh requirement. In this case, the
initial rate of cleavage of the mismatched substrate
exceeded that of the matched substrate at 10 and 5 mm MgCl2
and specificity was reversed at 2 and 1 mM MgClz. Thus,
lowering the divalent cation concentration, another method

of destabilizing RNA duplexes, also allows the ribozyme to

discriminate against mismatched substrates.

Previously we have emphasized the importance of base
pairing between the ribozyme and its substrate for both
substrate specificity and catalysis (zaug & Cech, (1986)
Science 231:470 and Biochemistry 25:4478; Been & Cech, Cell
1986; Zaug et al., Nature 1986) . The current finding that a
mismatch ih the ribozyme-substrate complex can enhance the
cleavage rate by a much as 100-fold seems at first glance to
contradict the importance of ribozyme-substrate base
pairing. It is therefore useful to review the evidence that
initially led us to the base pPairing model of Figure 1.
First, there is the clear mechanistic similarity between

ribozyme-catalyzed cleavage and RNA self-splicing. In the
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case of self;splicing, base pairing between .the CUCUCU
sequence at the 3' end of the 5' exon and the 5' exon
binding site GGAGGG within the IVS is proven by comparative .
sequence analysis (Davies et al., Nature 300:719

1982; Michel & Dujon, EMBO J. 2:33-38 (1983)) and by the °
analysis of single-base mutations and second-site supressor
mutations (Waring et al., Nature 321:133 (1986); Been &
Cech, Cell 1986). Second, ribozymic cleavage of large RNA
molecules as well as oligoribonucleotide substrates occurs
only at sequences that are closely related to CUCUCU‘N,
cleavage occurring at the position of the arrow. For
example, a 504-nuclotide mouse beta-globin pre-mRNaA
transcript is cleaved by the L - 19 IVSbeta RNA at two major
sites, each preceded by CUCU, and an 841-nucleotide PBR322
transcript is cleaved at four major sites, two preceded by
CUCU, one by CCUU, and one by UUUU (Zaug et al.,Nature,

1986) . Finally, active-site mutations alter the substrate
specificity in a manner predictable by the rules of
Watson-Crick base pairing when reactions are carried out in
2.5 M urea (Zaug et al., Nature, 1986). We must now modify
the base-pairing model for the mechanism of oligonucleotide
cleavage in the following manner: formation of a base-paired
duplex between the ribozyme and its substrate is necessary
for reaction, but a mismatched duplex can be better than a

.

perfect duplex.
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To facilitate discussion of the data, it is useful to

consider a simple reaction scheme:

where E is the ribozyme, S is the oligonucleotide substrate,
and the products P include both the 5' half of the cleaved
substrate and the guanylylated 3' half. (The guanosine
substrate is present in vast excess; its binding is not
explicitly shown). 1If L, k> /Ky, the dissociation constant
for E-S, then changes in the substrate at position =3
relative to the cleavage site which result in a mismatched
ribozyme-substrate complex should increase Km. The expected
trend is seen in rows 5-8 of Table 3. The substrate
predicted to form the most stable ribozyme-substrate complex
(AGe = -7.8 kcal/mol) has the lowest Km' and the three
substrates with weaker binding (-3.6 kcal/mol) have
considerabiy higher Km's. Quantitatively, however, the
variation in Km is much less than expected from the
differences in AG°; the effect of a mismatch seems to be
buffered by other interactions between ribozyme and
substrate [cf. Sugimoto et al. Biochemistry, 27:6384,

(1988)]. Furthermore, tor the substrates in rows 1-4 of

Table 3, Km is not significantly affected by mismatches.
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Models for the Effect of Mismatches on the Cleavage
Rate. During the course of the experiments described here,
three models were considered to explain the increased kcat .
of mismatched substrates. Some tests of the models were

5 performed. *

(1) Nonproductive Binding. The CUCU-containing
substrates would be predicted to have more nonproductive
modes of binding to the G-rich active site than CGCU- or
CACU~containing substrates; this might explain the reduced

10 kcat of the former. This model was tested by synthesis of
the two CCCU-containing substrates, which were expected to
have at least as many nonproductive binding modes as

CUCU-containing substrates. The high k of the

cat
CCCU-containing substrates (Table 3) was opposite to the

15 expectation for non-productive binding. Furthermore,
nonproductive binding can reduce kca and K but not kcat/
(Fersht, Enzyme Structure and Mechanism 2nd Ed. Freeman,

New York,\1985). If the kcat values of the CUCU-containing
substrates are 10-100 fold low due to nonproductive binding,

20 then their K,'s in the absence of nonproductive binding
would have to be 10-100-fold larger than the measured K 's.
This seems most unllkely, because the CUCU-containing

substrates are the ones that match the active site the best. .

It remains quite possible that some of the Km values are
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reduced because of nonproductive binding. For example, the
Cg portion of the GGCCCCCUA5 substrate could have multiple

nonproductive modes of binding to the G-rich active site of

the ribozyme.

(2) Rate-Limiting Product Release, 1If product release

were rate limiting, kcat could be the rate constant for

dissociétion of the ribozyme-product complex (k ) instead of
representing the rate constant for the chemical step (k ).
Mismatched substrates would also form mismatched

ribozyme-product complexes, thereby increasing k This

cat®
model was tested by performing cleavage with excess
ribozyme; with each ribozyme participating in a single
turnover, product release is not expected to contribute to
kcat‘ The continued faster cleavage of the mismatched
substrate observed in ribozyme excess does not support this
model.

(3) Mismatches Destabilize E-S. In terms of
transition;state theory, mismatches could increase k cat by
destabilizing the ground state of E-S without destabilizing
the transition state (E-si) for the rate-limiting step
(Fersht, 1985). Such destabilization would leave k t/Km
unchanged, in accordance with the data in rows 4-8 of Table
3. If a mismatch also stabilized E-Si kcat/K would

increase as observed in rows 1-3 of Table 3. The enhanced
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cleavage of matched substrates afforded by denaturants such
as urea and formamide could be explained if they also
destabilized E-S. Inhibition of cleavage of mismatched
substrates by the denaturants might be explained if

destabilization of the transition-state E-Si became

dominant., »

How could mismatches destabilize E~S and have a
different effect on E-Si? The nucleotides preceding the
reactive phosphate could be bound to the ribozyme in E-st in
a manner difterent from that in the E-S complex. As an
extreme possibility, the substrate might become unpaired
from the internal template in E-ST. Note the E-si is the
transition state for the rate-limiting step; the data do not
distinguish between a rate-limiting chemical step and

rate~limiting contormational change in E-S preceding the

chemical step.

We propose that optimal cleaves requires a finely tuned
degree ot stability of the ribozyme-substrate complex. This
idea is attractive because it explains the cleavage data in
the absence and presence of urea. According to the model,
substrates that bind the tighest (GG§CUCUA5,¢§ G°+-10.9 and
-7.8 kcal/mol) have the lowest reaction rates in the absence

of urea; addition of urea destabilizes their binding and .
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increases their reaction rate (Figure 21 and Table 3). The
next class of substrates (GGCCCGCUAL, A G°ar6.7 keal/mol)
binds with slightly more than optimal stability; addition of
1 M urea gives the maximum reaction rate, while further
addition of urea decreases the reaction rate because E-si is
destabilized. The final class of substrates (GGCUCGgCUA5
A\ G°%r3.6 kcal/mol) binds too poorly to give an optimal
reaction rate, so further destabilization caused by addition
©of urea further lowers the reaction rate. It will be

informative to see if mismatches at position -4 affect

Ccleavage rates as pPredicted by the model.

Implications for Selt-Splicing. 1In the self-splicing
reaction, guanosine addition occurs in the sequence

CUCUCULA3 at the positicn of the arrow. Single-base chahges

at positions -1, -2,-3, ang -4 relative to the cleavage site
all decrease the rate of splicing (Been et al., Cold Spring
Harbor Symp. Quant. Biol. 52:147-157 (1987). 1In pParticular,
Pre-rRNA c&ntaining CUCUCU is much more reactive in
self-splicing than Pre-rRNA containing cucgcu (Been & Cech,
Cell (1986). 1In the catalytic cleavage of oligonucleotides
by L - 21 Scar RNA, the specificity is reversed, a substrate
containing CUCGCU being much more reactive than one

containing CUCUCU (except at >1 M urea). The enzymatic

system tolerates a limited amount of mismatch in the
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substrate-active-site complex better than the self-splicing
system. Perhaps some of the exon or intron sequences
removed when the self-splicing pre-rRNA is converted into
the L - 21 scal RNA enhance the specificity of splice site

selection. *

Use of Ribozymes for Sequence-Specific cleavage of RNA.
The present work has implications for the use of ribozymes
as tools for the sequence-specific cleavage of RNA. We see
the importance of nucleotides at positions -5 and -6 from
the cleavage site. It is now clear that the substitution of

a C for U at position -5 has a minimal effect on kca but

t
can have a very large effect on the K. of the cleavage
reaction (Table 3). Second, and much more fundamentally,
certain mismatched sequences are efficiently cleaved even in
the presence of urea. Most dramatic is GGCCCCCU&AS;

although its cleavage is strongly inhibited by urea, it is

such a good substrate that it is still cleaved more rapidly

C
U

similar mismatched sequence (CCCUt) has been found to be a

than the cognate sequences GGC CUCUJ/A5 in 2-2.5 M urea. A
major site of cleavage of a 602-nucleotide SV40 transcript
by the L ~ 21 Scal RNA. It seems likely that discrimination
against mismatched substrates can be further improved by
increasing the urea concentration to 3 M or by decreasing

the magnesium ion concentration to 2 mM. Unless reaction
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conditions are carefully specified, however, ribozyme
cleavage of RNA molecules will generally occur'at a family
of sites that includes the Sequence that matches the
ribozyme active site as well related sequences that contain

one or two mismatched nucleotides.

This incorporates by reference the work in Zaug,

Arthur J., et al. Biochemistry (1988) 27:8924,

Example VIIT

The active site of PBGST7 has been mutagenized (see
Example XV below) to Produce new ribozymes with altered

specificity. S8ix of these have been synthesized and

characterized.

These mutants can be produced from the plasmid

producing the L - 19 or 1, - 21 wild type ribozymes wherein

the active sites are mutagenized as shown in Table 5,

The internal guide sequence of the IVS can be
mutagenized to construct these variants (Been and Cech
(1986) Cell 47:207-216. The RNa can be transcribed and

prepared using similar procedures as for the wild-type

ribozyme.
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Each of the six new ribozymes recognizes and cleaves at
the new substrate sequence predictable by the rules
established in our previous work (Zaug, Been & Cech, Nature -
1986) . The conditions for reactivity of some of these new

5 ribozymes vary from conditions used for the wild-type
ribozyme. While the wild-type ribozyme has a Mg++
concentration optimum around 2 mM, several of our variant

. . . ++ .
ribozymes are more reactive at higher Mg = concentrations

(up to 100 mM),

10 The summary of wild-type and new ribozymes is found in
Table 5. We used 2.5 M urea to increase the fidelity of
cleavage site selection with the wild-type ribozyme. This
condition works well for some but not all of our variants.
The reactivities of ribozymes TTA and TTC decrease

15 substantially with increasing urea. The use of high
concentrations of salts such as ammonium acetate (NH4Ac) is
found to aid fidelity in these cases. Other salts including

NH4C1, Licl, CaCl2 and spermidine can substituted for NH,Ac.

4
These points are illustrated in figures 22-31.
15 Ribozyme TTC has poor specificity at a variety of MgCl2
concentrations if salt and urea are absent (Fig. 22). This
ribozyme has better specificity at 1.5M urea, but it loses ¢

activity with the matched substrate under this condition
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(Fig. 23). salt (in this case NH,Ac) has only a slight
effect on cleavage of the matched substrate (Fig. 24), but
substantially reduces cleavage of the mismatched substrate

(Fig. 25), thereby increasing specificity. The same points

5 are illustrated for ribozyme TTA in figures 26-29, NH4Ac

also serves to increase the specificity of ribozyme TGT

(Figures 30-31).

ExamEle IX

The L-19 IVS RNA catalyzes the cleavage and rejoining

10 of oligonucleotides:
Unlabeled L-19 IVS RNA was incubated with 5'-32P-

labeled pC5 in a solution containing 20 mM MgCl,, 50 mM

tris-HCl, pH 7.5. The pcsvwas pProgressively converted to

oligocytidylic acid with both longer and shorter chain

15 length than the starting material (Fig. 5A). The longer

products extended to at least pC30, as judged by a longer

exposure of an autoradiogram such as that shown in Fig. 5a.

The shorter products were exclusively pC4 and pc3.

Incubation of pCs in the absence of the L-19 IVS RNA gave no
20 reaction (Fig. 5C).
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Phosphatase treatment of a 60-minute reaction mixture
resulted in the complete conversion of the 32? radiocactivity
to inorganic phosphate, as judged by polyethyleneimine .
thin-layer chromatography (TLC) in 1M sodium formate, pH 3.5
(Zaug, A., et al. unpublished data). 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 CSEC
was used as the substrate and the products were treated with
ribonuclease T, or ribonuclease A, the 32P radioactivity was
totally converted to C; (2aug, A., et al. unpublished data).
Thus, the linkages being formed in the reaction were

exclusively 3',5'-phosphodiester bonds. The products of the

%*
Cspc reaction were totally resistant to phosphatase

treatment.

The reactién was specific for ribonucleotides, no
reaction taking place with d-pC5 (Fig. 1B) or d-pA5 (Z2aug,
A., et al.-unpublished data). Among the
oligoribonucleotides, pl¢ was a much poorer substrate than
pC5 or pC6 (Fig. 5D), and pA6 gave no reaction (Zaug,

A., and Cech, T.R., (1986), Biochemistry 25:4478).

No reaction occurred when magnesium chloride was «

omitted. The enzyme activity was approximately constant in
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the range 5 to 40 mM MgCl2 (Zaug, a., et al. unpublished
data). The 20 mM concentration was routinely used to
circumvent the potential effect of chelation of Mg2+ 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. 5G 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 c6 and Cqr it is likely
that the production . of chains of length greater 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. at
early reaction times, the amount of radioactivity (a measure
of numbers of chains) in products larger than pc5 is
approximately equal to that found in pC4 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,
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The rate of conversion of 30 uM pc5 to products
increases linearly with L-19 IVS RNA enzyme concentration in
the range 0.06 to 1.00 uM (Zzaug, A., et al. unpublished
data). At a fixed enzyme concentration (Fig. 5, E to G),
there is a hyperbolic relation between the reaction rate and
the concentration of pC5. The data are fit by the
Michaelis-Menten rate law in Fig. 6. The resulting kinetic
parameters are K = 42 uM and Koap = 1.7 min~1,

The stability of the enzyme was determined by
preliminary incubation at 42°C for 1 hour in the presence ot
MgZ+ (standard reaction conditions) or for 18 hours under
the same conditions but without Mg2+. In both cases, the
incubated enzyme had activity indistinguishable from that of
untreated enzyme tested in parallel, and no degradation ot
the enzyme was observed on polyacrylamide gel
electrophoresis (Zaug, A., et al. unpublished data). 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.

Examgle X

*
Covalent intermediate. When Cep was used as a

substrate, radioactivity became covalently attached to the

*

[t
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L-19 IVS RNA (Fig. 7A) (The radioactive pPhosphate was bonded
covalently to the L-19 IVS RNA as judged by the following
criteria: it remained associated when the complex was
isolated and subjected to a second round of denaturing gel
electrophoresis; it was released in the form of a
mononucleotide upon RNase T2 treatment; and.it was released
in the form of a series of unidentified oligonucleotides
upon RNase T1 treatment (A. Zaug and 7. Cech, unpublished
data). These results are consistent with a series of
covalent enzyme-substrate complexes in which various
portions of CSBC are linked to the 1L-19 IVS RNaA via a normal
3'-5'-phosphodiester bond. This observation, combined with
our previous knowledge of the mechanism 6f IVS RNA
cyclization (zaug, A.J., et al., (1984) science 224:574;
Sullivan and Cech, T.R., (1985) Cell 42:639; 2zaug, A.J., et
al. (1983) Nature (London) 301:578), Been, M. and Cech, T.R.
(1985) Nucleic Acids Res. 13:8389), led to a model for the

reaction mechanism involving a covalent enzyme-substrate

intermediate (Fig. 8).

This reaction pathway is supported by analysis of
reactions in which a trace amount of ;Cs 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 SC4 and PCy, but there was very little synthesis of
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products larger than the starting material (Fig. 7B; compare
to Fig. 5A). These data are easily interpreted in terms of
the proposed reaction pathway. The first step, formation ofs
the covalent intermediate with release of the 5'-terminal
fragment of the oligonucleotide, is occurring normally. The,
first step consumes all the substrate, leaving insufficient

c5 to drive the second transesterification reaction.

The model shown in Fig. 8 was tested by isolating the
covalent enzyme-substrate complex prepared by reaction with
CS;C and incubating it with unlabeled CS' A portion of the
radioactivity was converted to oligonucleotides with the
electrophoretic mobility of C6' C7, C8’ and higher oligomers
(Fig. 7C). 1In a confirmatory experiment, the covalent
complex was prepared with unlabeled C5 and reacted with Ecs.
Radiocactivity was again converted to a series of higher
molecular weight oligonucleotides (Zzaug, A., et al.
unpublished data). In both types of experiments the data
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. 8). a
more detailed analysis of the rate of their formation and ®

resolution is needed to evaluate whether or not they are
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kinetically competent to be intermediates. We can make no
firm conclusion about tha£ portion of the enzyme~substrate
complex that did not react with Cc. This unreactive RNA
could be a covalent intermediate that was denatured during
isolation such that it lost reactivity, or it could
represent a small amount of a different enzyme-substrate

complex that was nonproductive and therefore accumulated

during the reaction.

The G414-A16 linkage in the ¢ 1Vs RNA, the G414-U20
linkage in the C' IVs RNA, and the G414-U415 linkage in the
pPre-rRNA are unusual phosphodiester bonds in that they are
extremely labile to alkaline hydrolysis, leaving 5°
phosphate and 3'~-hydroxyl termini (zaug, A.J. et al, (1984)
Science 224:574 and Inoue, T., et al. (1986) J. Mol. Biol.
189,143-165). We therefore tested the lability of the
G414-C linkage in the covalent enzyme~substrate intermediate
by incubation at pH 9.0 in a Mg2+—containing buffer. This
freatment resulted in the release of products that
comigrated with pC and PCpC markers and larger products that
were presumably higher oligomers ot pC (Fig. 7D).

Thin-layer chromatography was used to confirm the identity
of the major products '(Zaug, A., et al. unpublished data).

In those molecules that released PC, the release was

essentially complete in 5 minutes. Approximately half of



WO 90/11364

10

15

20

- 90 - PCT/US90/01400
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 G*l4—c
bond forms the basis for the L-19 IVS RNA acting as a
ribonuclease (Fig. 8) by a mechanism that is distinct from

that of the endoribonuclease described in Examples I through

VI.

A competitive inhibitor. Deoxy Cs, which is not a
substrate for L-19 IVS RNA-catalyzed cleavage, inhibits the
cleavage of pCs (Fig. 97). Analysis of the rate of the
conversion of pc5 to pC4 and pC3 as a function of d-cs
concentration is summarized in Fig. 9B and C. The data
indicate that d-C5 is a true competitive inhibitor with the
inhibition constant Ki = 260 uM. At 500 uM, d-AS inhikits

the reaction only 16 percert as much as d-C Thus,

5.
inhibition by d-C5 is not some general effect of introducing
a deoxyoligonucleotide into the system but depends on

seguence.

The formation of the covalent enzyme-substrate

intermediate (EpC) can be represented as

k, k,
. .
E+C. f—~ E cs———)Epc +C,
k-

£ ]
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If k-13£7 ko, then RKm = k=1/k;, the dissociation
constant for the noncovalent E ° C5 complex. The
observation the the Ki for d-C5 is within an order of
magnitude of the Km for C5 can then be interpreted in terms
of d-C5 and C5 having similar binding constants for
interaction with the active site on the enzyme. This fits
well with the idea that the substrate binds to an
oligopurine (Rs) sequence in the active site primarily by
Watson-Crick base-pairing, in which case the C5 ‘ R5 duplex
and the d-C5 ' R5 duplex should have similar stability.

Enzyme mechanism and its relation to self-splicing.
The stoichiometry of the reaction products (equimolar
production of oligonucleotides smaller than and larger than
the starting material), the lack cf an ATP or GT?P (adenosine
triphosphate; guanosine triphosphate) energy requirement,
the involvement of a covalent intermediate, the specificity
for oligoC substrates, and the competitive inhibition by
d-C5 lead to a model for the enzyme mechanism (Fig. 8). The
L-19 IVS RNA is proposed to bind the substrate noncovalently
by hydrogen-bonded base-pairing interactions. 2
transesterification reaction between the 3'-terminal

guanosine residue of the enzyme and a>phosphate ester of the

substrate then produces a covalent enzyme-substrate

intermediate.
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Transesferification is expected to be highly
reversible. If the product C4 rebinds to the enzyme, it can
attack the covalent intermediate and reform the starting
material, C5. Early in the reaction, however, the
concentration of C5 is much greater than the concentration °*
of C4; if C5 binds and attacks the covalent intermediate,

C6 is produced (Fig. 8). The net reaction is 2 c5 converted
to c6 + C4. The products are substrates for further
reaction, for example, C6 + C5 is converted to C7 + C4 and
Cy t Cg is converted to C3 + C¢- The absence of products
smaller than C3 is explicable in terms of the loss of
binding interactions of C; relative to Cy (C3 could form

only two base pairs in the binding mode that would be

productive for cleavage).

The transesterification 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 + H20 converted tolc4 + pC, with the

L-19 IVS RNA acting as a ribonuclease.

On the basis of our current understanding of the

reaction, the catalytir strategies of the L-19 IVS RNA
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enzyme appear to be the same as those used by protein
enzymes (Jencks, W.P., (1969) Catalysis in Chemistry and
Enzymology (McGraw-Hill, New York). 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 unusually susceptible to
hydrolysis, suggesting that it may be strained or activated
to facilitate formation of the pentavalent transition state
upon nucleophilic attack (Zaug, A.J., et al. (1985)
Biochemistry 24:6211; Zaug, A.J., et al. (1984) Science
224:574). 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
(Fersht, A., (1985) Enzyme Structure and Mechanism (Freeman,
New York, ed. 2); Wells, T.N.C., et al. (1985) Nature
(London) 316:656). Thus far there is no evidence that

another major category of enzyme catalysis, general
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acid-base catalysis, occurs in the I~19 IVS RNA reactions,
but we think it likely that it will be involved in

facilitating the required proton transfers.

Each L-19 IVS RNA-catalyzed transesterification and
hydrolysis reaction is analogous to one of the steps in
Tetrahymena pre-rRNA self-splicing or one of the related
self-reactions (Fig. 10). 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 IVS RNA is the
oligopyrimidine binding site that directs the choice of the
5' splice site and the various IVS RNA cyclization sites
(Sullivan, F.X., et al. (1985) Cell Supra; Been, M., et
(1985) Nucleic Acid Research Supra; Inoue, T., et al. J.
Mol. Biol., Supra; Inoue, T., et al. (1985) Cell 43:431.
Although the location of this site within the IVS RNA has
not been proved, the best candidate is a portion of the
"internal guide seguence" proposed by Davies and co-workers
(Davies, R.W., et al. (1982) Nature (London) 300:719;
Waring, R.B., et al. (1983) J. Mol. Biol. 167:595). Michel
and Dujon (Michel, F., et al. (1983) EMBO J. 2:33) show a
similar pairing interaction in their RNA structure model.

The putative binding site, GGAGGG, is located at nuclectides
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22 to 27 of the intact Tetrahymena IVS RNA and at positions
3 to 8 very near the 5' end of the L-19 IVS RNA. 1If this is
the substrate binding site, site-specific mutation ot the
sequence should change the substrate specificity of the

enzyme in a predictable manner.

Example XI

The L-19 IVS RNA Dephosphorylates CGP' When
oligo(cytidylic acid) with a 3'-terminal hydroxyl group is
incubated with the L-19 IVS RNA enzyme in 20 mM MgClz, it is
converted to oligo(C) with both larger and smaller chain
lengths (Figqure 1a) as described pPreviously (Examples VIT
and VIII and Zaug & Cech, (1986) Science (Wash., D.C.)
231:470-475. The reaction is specific for cligo(C); for

example, PA,-OH is unreactive under the same conditions

(Fig. 11a).

When oligo(cytidylic acid) with a 3'=-terminal phosphate
is incubated with excess 1L-19 IVs RNA in 20 mM MgClz, the
substrate is converted to a product with reduced
electrophoretic mobility (Fig. 11aA). ‘This abrupt reduction
;n electrophoretic mobility, equivalent to an increase of
approximately three nucleotides on a2 sequencing ladder, is

exactly that obtained by treating the substrate with
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alkaline phosphatase (not shown in Fig. 11; an example is
shown in Figure 12). Thus, it appeared that the product was
Cg~OH. When the substrate is internally labeled (Csp*Cp),
the labeled phosphate is retained in the product (Fig. 11a).
On the other hand, when the substrate is terminally labeled
(Csp*), the oligonucleotide product is unlabeled and the
L-19 IVS RNA becomes labeled (Figure 11B). These findings
confirmed that the reaction involves removal ot the

3'-terminal phosphate of the substrate.

Dephosphorylation is specific for the 3'-phosphate of
oligo(cytidylic acid). The 5'-phosphate of pC5 is not
reactive (Figure 11A), and neither phosphate is removed from
pCp (data not shown). (We estimate that 0.1% reaction would
have been detected). Neither AGCp (Figure 112) ner PAGP
(not shown) is a substrate. (We estimate that 0.1% reaction
would have been detected). On the basis of this sample, it
appears that there is both a minimum length requirement and
a segquence requirements for a substrate and that the
requirement are similar to those of the nucleotidyl transfer

activity of the L~19 IVS RNA (Zaug & Cech, (1986) Science

Supra) .
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Example XII

Formation and Stability of E-p. We next investigated
the fate of the phosphate that is removed from C5p in the
presence of L-19 IVS RNA. At neutral PH no inorganic
phosphate is formed during the reaction, as judged by
thin-layer chromatography of the reaction products (data not
shown). When the reaction is conducted in the presence of
Csp*, it becomes clear that the phosphate is transferred to
the L-19 RNA (Fig. 11B). Treatment of the phosphorylated
L-19 IVS RNA (hereafter called E-p) with alkaline
phosphatase leads to quantitative release of the
radioactivity in the form of inorganic phosphate. Thus, the
dephosphorylation of the substrate is accomplished by
transphosphorylation. The structure ot E-p has been
determined; the phosphate is esterified through the 3'-0 of

the 3'-terminal guanosine residue (G414) of the RNA (Zaug

and Cech, unpublished results).

The rate of conversion of Gsp to CS-OH + E-p is
pH-dependent with an optimum around PH 5.0. A sample ot the
data is shown in Fig. 12. The phospho transfer reaction is
essentially pH-independent iﬂ the range pH 7.5~9 and
Proceeds at a rate similar to that of the nucleotidyl

transfer reaction (Fig. 12a). at PH 5 the phospho transfer
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reaction is accelerated more than 20-fold, while the
nucleotidyl transfer reaction is unaffected. At pH 4, the
enzyme still has substantial phospho transfer activity while
its nucleotidyl transfer activity is greatly diminished.
Since the enzyme is probably starting to denature below PH 5
(Zzaug, et al., (1985) Biochemistry 24:6211) the phespho
transfer activity profile in this range presumably reflects
the inactivation of the enzyme rather than the pH optimum
for the transfer step. Data such as those shown in Fig. 12B
were gquantified, and the resﬁlting rate constants are

summarized in Fig. 12C.

The covalent intermediate formed during the reaction of
pCs-OH with the L-19 IVS RNA (E-pC) is alkali-labile; at pH
9.0 it undergoes hydrolysis, releasing the nucleotide pC and
regenerating the free enzyme (Zaug & Cech, (1986) Science
Supra). We therefore investigated the stability of the
phosphate monoester in the phosphenzyme E-p. There is no
detectable hydrolysis of the phosphate monoester at PH 9.0,
conditions in which E-pC treated in parallel gave release of

pPC, or at any other pH in the range 7.0-9.0.

At acidic pH, on the other hand, the terminal phosphate
monoester of E-p underwent slow hydrolysis. When E-p was

incubated at pH 5.0, the phosphate was released as Pi at a

‘h



WO 90/11364

10

15

20

- 99 -
PCT/US90/01400

rate of approximately 10%/h. The rate was slower at pH 4.0
and at pH 6.0 than at pH.S.O. Release of Pi was also
observed during the reaction of Csp* with L-19 IVS RNA at pH
5.0 at reaction times of 2 and 4h. Thus, the L-19 IVS RNA
has acid phosphatase activity. This hydrolytic reaction is

so slow, however, that we have not attempted to demonstrate

multiple turnover.

Example XIII

Phosphorylation of the Enzyme Is Reversible. When
unlabeled E-p is incubated with a trace amount of Csp*, very
little reaction takes place (Fig. 13a). 1In contrast, when
the same E~p is incubated with a trace amount of labeled
pCS-OH, labeled pcsp is progressively formed (Fig. 13B).

The products normally formed by incubation of pCS-OH with
excess L-19 IVS RNA, pC4-OH and pC3—OH (Zaug & Cech, 1986),
are not observed. Thus, E-p is inactive as a

nucleotidyltransferase but is readily subject to a reverse

phosphorylation reaction.

The reversibility of phosphorylation of the L-19 IVs
RNA was confirmed by reacting the enzyme with C5P* to form
E-p*, purifying the E-p*, and incubating it with unlabeled

CS-OH. A labeled product corresponding to Csp* was produced
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(data not shown). This approach allowed to rapid screening
of a series of nucleotides and oligonucleotides for their
ability to reverse the phosphorylation reaction. As shown

in Table 2, of the oligonucleotides tested only UCU and C,U

4

had activity comparable to the of C5. It remains possible
that some of the other oligonucleotides have a high K and

would have detectable activity at a higher concentration.

Example XIV

The L-19 IVS RNA Is a Phosphotransferase. The phospho-
transfer reactions described thus far were all done in
ehzyme excess. To prove that the L-19 IVS RNA could act
catalytically, it was necessary to show that each enzyme
molecule could mediate the dephosphorylation of multiple
substrate molecules. This was accomplished by the
incubation of L-19 IVS RNA with a molar excess of C5P* and
an even greater molar excess of unlabeled UCU, to act as a
phosphate acceptor. As shown in Fig. 14a, L-19 IVS RNA was
capable of transferring the 3'-terminal phosphate from Csp
to UCU. Treatment of the product with RNase T2 and
thin-layer chromatography confirmed that the phosphate had
been transferred from a C to a U residue. The time course
in Fig. 14B was done under conditions of lower enzyme

concentration (0.16 uM) and higher acceptor concentration

2
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(200 uM) than those used in the experiment of Fig. 14A.
Quantitation of the data (Fig. 14C) showed that under these
conditions 11 substrate molecules were dephosphorylated per
enzyme molecule after 120 min. Phosphorylation of the
enzyme precedes substantial product formation, consistent
with E-p being an oligatory intermediate in the reaction.

At steady state 63% of the enzyme is present as E-p.

Example XV

Plasmid Construction

PBGST7 .

Been, Michael D. ang Cech, Thomas, R. (1986) Cell £47:207-216
reports the construction of the PBG plasmid series. 1In
general, the plasmid used for these studies (pBGST7) was
derived from the cloning vector PUCl8. The methodology for
the following manipulations is described in Maniatis, T., et
al. (1982) Molecular Cloning: A Laboratory Manual (Cold
Spring Harbor, New York: Cold Spring Harbor). pUC18 was
partially digested with HaeII and unit length linear
molecules were isolated by agarose gel electrophoresis and
electroelution. The recovered DNA was treated with T4 DNa
pPolymerase to make blunt ends and then dephosphorylated with
calf intestinal phosphatase. PT7-2 (U.S. Biochemical Corp.)
was cut with Pvull and HindITI and treated with T4 DNa

polymerase, and the fragment containing
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the phage T7 promoter was isolated by polyacrylamide gel

electrophoresis and electroelution. The promoter-containing
fragment was ligated into the linearized pUC18 and the
plasmid transformed into E. coli strain JM83. Individual
colonies were picked and miniprep DNA was screened by
restriction endonuclease digestion to locate the promoter
fragment to the correct Haell site (position 680 on the map
in the New England Biolabs Catalog). The orientation of the
T7 promoter was determined by transcribing EcoRI-cut
miniprep DNA with T7 RNA polymerase and determining the size
of the product. This plasmid (pUT718) was then cut in the
multicloning site with KpnI and Sphl and treated with T4 DNA
polymerase followed by calf intestinal phosphatase. An
IVS~-containing BamHI DNA fragment was isolated from PJE457
(Price, J.V. and Cech, T.R., (1985) Science 228:719-722) and
treated with S1 nuclease, phenol extracted, chloroform
extracted, and ethanol precipitated. The Sl-treated
fragment, containing short deletions at both ends, was
ligated into the Kpnl/SphI-cut pUT718. E. coli strain JM83
was transformed with the recombinant plasmid and plated on
LB agar containing ampicillin and X-gal
(5~-bromo-4-chloro-3-indolyl-beta-D-galactoside). DNA
isolated from biue colonies was assayed by agarose gels
electrophoresis for IVS-size inserts. Exon sequences were
determined by dideoxy-sequencing the miniprep DNA. Ideally,

only plasmids containing IVS and exons that will preserve
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the reading frame of the lacZ gene fragment should give blue
colonies and this will depend on the splicing of the message
in E. coli (Waring, R.B., et al., (1985) cell 40:371-380;

Price, J.V. and Cech, T.R., (1985) Science 228:719-722). 1In
fact, several plasmids that conferred a light blue color to
the colonies had exons for which correct splicing of the IVS
should not generate the proper reading frame; these were not
investigated further. One that produced a dark blue colony,

PBGST7 (Figure 16), also had the expected reading frame and

was used for these studies.

Mutagenesis

Oligonucleotide-directed mutagenesis on plasmid DNA was
done essentially as described by Inouye, S. and Inouye M.
(1986) In DNA and RNA Synthesis, S. Narang, ed. (New York:
Academic Press), in press. PBGST7 DNA was cleaved in the
gene coding for ampicillin resistance with XmnI. 1In a
separate reaction, pBGST7 DNA was cut with EcoRI and
HindIII, sites that flank the IVS and exon sequences. The
vector portion ot the plasmid was separated from the
IVS-containing fragment by agarose gel electrophoresis and
recovered by electroelution. XmnI-cut DNA was mixed with
the vector fragment in the pPresence of the oligonucleotide

containing the mismatched base, heated to 95°C for 5 min,
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placed at 37°C for 30 min, then at 4°C for 30 min and then
put on ice. The products were treated with ANTPs and Klenow
fragment of DNA pol I at room temperature for 2 hr. E. coli
strain JM83 was transformed with the DNA and
ampicillin-resistant colonies were picked

on the basis of color (white or light blue indicating loss

of splicing activity) and the miniprep DNA was sequenced.

The double mutants were made using the plasmid DNA of
single mutants and screening for restored beta-galactosidase
activity. pBG/-26:23C was made from pBG/-2G and a second
oligonucleotide directed at position 23. PBG/~-3G:24C was
made starting with pBG/24C and using the oligonucleotide
directed at position -3. pBG/-4G:25C was made by generating
a circular heteroduplex from pBG/-4G:25C that had been
linearized at different positions. Tranéformation of these
heteroduplexes generated blue and light blue colonies, both
at a low frequency. The blue colonies were wild-type

sequence the light blues double mutant.

PSPTT1A3:

The Thal fragment of Tetrahymena ribosomal RNA gene

contains the IVS and small portions of the flanking exons.
Hind III linkers were ligated onto the ends of the Thal

fragment and it was inserted into the Hind IIT site in the

L
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polylinker of pSP62 (New England Nuclear), which contains

the SP6 promoter. The recombinant Plasmid was cloned in E.

coli by standard methods.

pPT7TT1A3:
Construction of pT7TT1A3 was identical to PSPTT1A3
except that the Thal fragment was cloned into the Hind III

site of pT7-2 (U.S. Biochemical Corp.) which contains the T7

promoter,

PT7 L-21 plasmid:

PBGST7 (described in Been & Cech, (1986) Cell 47:207
was cleaved with restriction endonucleases SphI and Hind I1I
and the small fragment containing the IVS minus its first 44
nucleotides was purified. PUC18 was cleaved with SpH I and
Hind III, mixed with the Sph-HIND III fragment from pBGST7?
and treated with DNa ligase. E. coli cells were trans-
formed, colonies were picked, plasmid DNA was isolated from
individual colonies and sequenced. A plasmid containing the
SphI-Hind III fragment of the IVS properly inserted into
PUC18 was selected tor the next step. This plasmid was
cleaved with SphI and EcoRI restriction endonucleases and a
synthetic oligonucleotide was inserted into the plasmid
using DNA ligase. The synfhetic oligonucleotide contained

one-half of the EcoRI restriction site, the T7 promoter, and
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nucleotides 22-44 of the Tetrahymena IVS, ending at the SphI
site. E coli cells were transformed, colonies were picked,
plasmid DNA was isolated from individual colonies and

sequenced.

5 The final plasmid pT7L-21 was found by sequence
analysis to contain the T7 promoter properly juxtaposed to

nucleotide 22 of the IVS. (See Figure 16 and 19)

Therefore the method can be used to create defined
pieces of RNA. For example, these defined pieces can be
10 5'-OH or 3'-OH end pieces, or center pieces containing the

active site for study and production of varient RNA forms.
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Tadle 1 Sites of Cleavage of large RNA substrates by the
wild-type L - 19 IVS; RNA,

Substrate Site Size (nt)e Sequence?
h

-6 =)
PAK-105 (s-globin pre-mrNA) 1 148 vecuew Yeocoe
2 464 MCUCU  AAGAG
PT7-1 (pRR322) 1 145 Ucceor  woous
2 556 CACUCT ‘CAGUA
3 603 UAUDUD  cucep
‘ 805 UCCUCU  AGAGD
consensus
ebserved ugcoco dx
expectedt cgeuey +y

*$12e of the GTP-labeled fragment,
tSequences are listed in §' % 3" direction, Arrows dndicate
sites of cleavage and guancsine addition,

$The expected Consensus sequence s based on the known sequence

at the end of the $' exon (COCUCY) modifiea by the Possidbility
that either a Cor a v at Position -5 might be able to pair with
the G in the active site. at Position -1, there is some basis
for thinking that a ¢ might not be ag good as a U (Davies,
R.M., et al. (1982) Nature 300:710-724; Michel, F., et al,
(1983) =m0 J. 2:33-38; Inoue, T

Biol. 189:143-165,

v @t al, (1986) J. Mo].
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TABLE 2

Relative Activity of Different Acceptors in the
Transphosphorylation Reaction®

acceptor activity sceeptor activity J
UTP - Uuu -
CTP - uCu 4
uC - ccu +/=-
€CC - AU; -
AA - GU, -
GU - CV ++
Uu - C;s +4
Cl’ - Lh *1.
ALU - dCs -

¢ E-p® was incubated with 10 uM oligonucleatide (or mono- or di-
nucleotide ) in 20 mM MgCl, and 50 mM Tris-HCI, pH 2.5, st 42 °C
for 30 mun. Transfer of the phosphate to the oligonucleotide was as-
sayed by sequencing gel electrophoresis and autoradiography. <+,
approximately the same activity as Cy; + /=, barely detectable activity,

estimated as ~ 1% that of C.: =, no activity detectable under these
conditions.
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Table 3  Kinetic Parameters for Cleavage of Oligonucieotide Substrates by L = 21 Scal RNA¢

mismatch (f:
substrate =5 -3 ket (min") Ko (kM) ket/Kq (min™ uM-) me
o =) .

GGCCCCCUAAAAA CA 37 0.14 2 -
GGCGCACUAAAAA AA 1.7 03 6 -
GGCCCGCUAAAAA GA 1.0 0.3 3 -
GGCCOCUCUAAAAA 0.04 & 0.01 0.16 £ 0.06 0.3 =T
GGCUCCCUAAAAA UG CA 12 63 | ~
GGCUCACUAAAAA UG AA 1.0 39 0.3 -
GGCUCGCUAAAAA UG G-A 0.7 1.7 04 -1
GGCUCUCUAAAAA UG 0.15 0.13 1 -1

conditions at 50 °C in the absence of ures (see Mate:
with substrate concentrations spanning the range |

i - In all other cases, kg, and Kq were estimated fr
measurements done at 0.10 and 1.0 M substrate. While the hierarchy of ko, and X, values was reproducible between experiments, the sctus
varied by as much as 2-fold. ®Estimated free eaergy change for formation of the substrate-ribozyme complex at 50 °C, based on thermo
parameters derived from studies of oligoribonucleotides (Freic: et al., 1986) and corrected to 50 *C using values of AH™® and AS® obtained
Turner (personal communication). These parameters assume that ali mismatches are equally destabilizing: thermodynamic measurement
effect of mismatebes in DNA indicate that a C-A mismatch is less stable than an A-A or G-A mismatch (Aboul-¢lz et al., 1985).

Table4. Ures Afiects Cleavage of GGCCCGCUA, Primarily by

Changing k. *
{urea) Ko Veas ke kui/Ky
(M) (M) (M min™) (min™)  (uM"} min)
0 0.89 0.020 20 22
1.0 0.83 0.025 25 30
1.5 0.50 0.016 1.6 32
20 0.74 0.009 0.9 1.2
25 0.70 0.004 04 0.6

¢ Data from Figure S. Temperature was S0 °C.
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Name of Specificity** Substrate-Ribozyme Reaction
Ribozyme* Interaction*** Conditions****
Wild-type
Ribozyme GTP
5’ ~GAG cucC U'l' 5’-GGGACCTUC U'Lks As described s

| I previously
—~—GGGAGG -5
3’ 2
Variant
Ribozvmes
GCC (C) GG C Ul GGGACGGC ULAs @ 20 mM MgC12
Frri- 2.5 M Ured
GGCCGG 50 mM Tris pH 7.5
0.5 mM GTP
GGT (C)ACCU’L GGGLC&CCU‘LAS
Pvr - same as @
GGUGGG
TGT () acaut GGGACACAUA; ®600 mM NH,AC
Pt 20 mM MgCl,
GGUGUG 50 mM Tris pH 7.5
0.5 mM GTP
TTA CRES S 66GAaCUAATA; © 100 mv NH,AC
K 20 mM MgCl,
GGADUG S0 mM Tris pH 7.5
0.5 mM GTP
TTC (C)GAA!'J’L GGGACGAAU‘LAS
I I same as ©@
GGCUUG
AAT (C) AUuvU Ul GGGACAUTU UlAs 20 mM MgCl,
[ 50 mM Tris pH 7.5
GGUAAG 0.5 mM GTP

or same as @

*Ribozymes are named according to the active site sequence (2nd, 3rd anc
4th positions) as determined by sequence analysis of the plasmid DNA
encoding the ribozyme. The first position is always G, so is not
included in the name.

**The arrow represents site of GTP addition. The (C) represents a
nucleotide whose contribution to cleavage has not been assessed.

***In each diagram, the top strand is the oligoribonucleotide test *
substrate. The bottom strand represents the portion of the ribozyme
sequence which forms part of the active site and determines substrate
specificity. The underlined nucleotides are the positions upon which#
the name of the ribozyme was based. (Note that 5' —» 3' is right-to-
left on the bottom Strand, whereas it is written left-to-right in

column 1. Also, a T in DNA becomes a U in RNA.)
****NH4AC is NH4C2H302.
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1. An enzymatic RNA molecule having an
endonuclease activity independent of any protein, said
endonuclease activity being specific for a nucleotide
sequence defining a cleavage site in a separate RNA
molecule, characterized in that said cleavage site is
chosen from GGCU, ACCC, ACAU, UAAU, GAAU, and AUUU.

AN U B~W N e

2. An enzymatic RNA molecule as claimed in
claim 1, further characterized in that said enzymatic

RNA molecule is separated from other RNA molecules and
oligonucleotides.

E TSSO

3. An enzymatic RNA molecule as claimed in
claims 1 or 2, further characterized in that said
endonuclease activity is specific for a nucleotide
sequence defining a cleavage site consisting essentially
of a single stranded region.

U & W N

4. An enzymatic RNA molecule as claimed in any
of claims 1-3, further characterized in that said
endonuclease activity causes cleavage at said cleavage
site by a transesterification reaction.

SN -

3. An enzymatic RNA molecule as claimed in
claim 4, further characterized in that said enzymatic
RNA molecule comprises an active site region
substantially homologous to the active site region of an
RNA molecule naturally occurring in Tetrahymena.

wm B~ W

6. An enzymatic RNA molecule as claimed in any
of claims 1-5, further characterized in that said
enzymatic RNA molecules has a PH optimum for said
endonuclease activity between 7.5 and 8.0.

R I S
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7. An enzymatic RNA molecule as claimed in any
of claims 1-5, further characterized in that said
endonuclease activity requires ‘the presence of magnesium
ions, a denaturant or a guanine derivative.

8. An enzymatic RNA molecule as claimed in any
of claims 1-5, further characterized in that said
endonuclease activity requires the presence of a
divalent cation.

9. An enzymatic RNA molecule as claimed in
claim 8, further characterized in that said divalent
cation is Mg2+.

10. An enzymatic RNA molecule as claimed in
claim 5, further characterized in that said enzymatic
RNA molecule comprises substantially the ribonucleotide
base sequence of L-19 intervening sequence RNA having a
ribonucleotide base sequence at its active site
different from that of L-19 isolated from Tetrahymena.

11. An enzymatic RNA molecule as claimed in
claim 5, further characterized in that said active site
is located at positions 22 through 25 in an intervening
sequence RNA isolated from Tetrahymena.

12. A method for specifically cleaving a
separate RNA molecule comprising: providing an
enzymatic RNA molecule having an endonuclease activity
independent of any protein, said endonuclease activity
being specific for a nucleotide sequence defining a
cleavage site in the separate RNA molecule, and
contacting said enzymatic RNA molecule and the separate
RNA molecule to allow said endonuclease activity to
cause specific cleavage of said separate RNA molecule at

10 said nucleotide sequence, characterized in that said
11 cleavage site is chosen from GGCU, ACCC, ACAU, UAAU,
12 GAAU and AUUU.

]
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