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Simple RNA enzymes with new and highly specific
endoribonuclease activities
Jim Haseloft & Wayne L. Gerlach

CSIRO Division of Plant Industry, Canberra, Australia

In vitro mutagenesis of sequences required for the self-catalysed cleavage of a plant virus satellite RNA has allowed
definition of an RNA segment with endoribonuclease activity. General rules have been deduced for the design of new RNA
enzymes capable of highly specific RNA cleavage. and have been successfully tested against a new target sequence.

CERTAIN naturally occurring RNA molecules possess the tion, circular forms of the RNAs are thought to act as templates
property of self-catalysed cleavage'. One class of this reaction for the production of longer than unit-length RNA transcripts®?®,
is shared by a number of small circular RNA molecules which and the subsequent self-catalysed cleavage of these concatameric
replicate in plants, either alone (viroid RNAs) or dependent on transcripts gives rise to unit-length progeny. In addition to these
a helper virus (satellite RNAs). Self-cleavage has been demon- replicating RNAs, in vitro self-catalysed cleavage has now been
strated in vitro for avocado sunblotch viroid (ASBV)? and the observed in RNA transcripts of certain tandemly repeated DNA
satellite RN As of tobacco ringspot virus (sTobRV)**and lucerne  sequences from newt’.
transient strcak virus (sLTSV)® and appears to be an essential These self-catalysed RNA cleavage reactions share a require-
and unique part of the life cycle of these RNAs. During replica- ment for divalent metal ions and neutral or higher pH. and
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Fig. 1 A mutated self-cleavage domain which is active. a. The conserved structures associated with naturally-occurring RNA cleavage sites
in ASBV*''. newt satellite DNA transcripts® and the satellitc RNAs of TobRV*, LTSV, velvet tobacco mottle virus™. Solanum nodiflorum
mottle virus?® and subterrancan clover mottle virus™ are summarized. Nucleotide sequences which are absolutelv conserved between these
structures are shown, while others are represented as X. The three RNA helices (1. 11 and 111) vary in length from 2 to 7 base pairs. Base-pairing
is represented by (*) and the site for RNA cleavage is arrowed. (' an extra U is positioned after this residue in LTSV (+) strand.) b. The
conserved 52-nucleotide structure associated with self-cleavage of (+) strand sTobRV RNA is shown schematically. We refer to this as the
wild-type cleavage structure. Conserved residues are highlighted, and the site for cleavage is arrowed. ¢, The 13-51 in vitro mutant of sTobRV
possesses an altered self-cleavage domain, containing an insertion of 8-nucleotides (CGGAUCCG. shown boxed) together with a flanking
duplication of three nucleotides (UGU. 7-9). d. Subcloned Haelll fragments of wild-type sTobRV and the D-51 in vitro mutant were each
transcribed in both ( —) and (+) orientations and radiolabelled transcripts were fractionated by PAGE. The positions of uncleaved 159 and
170 base transcripts from the wild-type (WT)and mutant (D-51) sequences are arrowed: sizes of cleavage products are shown.

Methods. 97 und 108 base-pair Haelll fragments containing the sites for sell-cleavage were excised from sequenced plasmid clones containing
wild-type and D-51 sTobRV sequences, respectively. The fragments were each ligated into the Smal site of pGEM 4 and screened to obtain
both orientations of the insert. The plasmids were linearized using EcoRI. and {(+) and ( - ) strand RNAs of lengths 159 and 170 bases were
transcribed using 200 units ml™' T7 RNA polymerase in 50 mM Tris-HC! pH 7.5, 10 mM NaCl, 6 mM MgCl.. 2 mM spermidine, 1.000 unit
m!~! RNasin, 500 pM ATP. CTP and GTP with 200 uM [a3?P)JUTP RNAs were fractionated by 10% polyacrylamide, 7 M urea, 25% formamide

gel electrophoresis.and autoradiographed.



result in the production of RNA with termini possessing 5',
hydroxyl and 2', 3’ cyclic phosphate groups*>°'°. The cleavage
reactions presumably result from RNA conformation bringing
reactive groups into close proximity. The sites of cleavage are
specific and associated with domains of conserved sequence
and secondary structure. For sTobRV (ref. 4 and J.H. and
W.L.G., unpublished results), ASBV'' and sLTSV'Z, it is known
that precisely these conserved regions are required for cleavage.
and may thus be directly involved in the reaction. A consensus
of the domains associated with known RNA self-cleavage reac-
tions is shown schematically in Fig. 1a. They consist of three
branched RNA helices which flank the susceptible phos-
phodiester bond and two single-strand regions which are highly
conserved in sequence. The helices are numbered 1, Il and 111,
following the convention of Forster and Symons®. but the struc-
tures are redrawn with the sequences immediately adjacent to
the site of cleavage shown across the top of the diagram. In the
different self-cleavage domains, the base-paired stems are
variously terminated by a small single-strand loop, or connected
to the remainder of the viroid or satellite RNA molecule.

The self-catalysed cleavage of these RNAs is normally an
intra-molecular reaction, that is a single molecule contains all
the RNA-encoded functions required for cleavage. For example,
cleavage of sTobRV (J.H. and W.L.G., unpublished results) and
sLTSV RNAs'? requires single contiguous sequences of about
52 nucleotides in length, which contain the conserved structures
shown in Fig. 1a. The self-cleavage of ASBV in contrast requires
the participation of two sequences which are widely separated
on the intact RNA. Similar sequences have been transcribed in
vitro as separate 19- and 24-nucleotide RNA fragments''. When
mixed. the two fragments may base-pair (via stems 1 and 11) to
form the conserved structure associated with self-cleavage (Fig.
la) and efficient cleavage of the 24-nucleotide RNA was
observed. The 19-nucleotide fragment remained unaltered and
could participate in many cleavage reactions, and therefore
possessed the properties of an RNA enzyme. In this case.
however, the cleaved RNA also contained conserved sequences
and secondary structure, making this system unsuitable as a
general model for the design of ribonucleolytic RNA enzymes
with wide sequence specificity. Similarly, the more complex
RNA component of RNAse P'* and shortened forms of the
self-splicing ribosomal RNA intervening sequence from Terrahy-
mena thermophila'*'>, which have both been shown to act as
endoribonucleases, have so far proved of limited practical use
for the design of new endonuclease activities. The term
‘ribozyme’ has been used to describe such RNAs with catalytic
activity'®.

We have taken the single self-cleaving domain from the (+)
strand of sTobRV and dissected its RNA substrate and enzyme
activities. An RNA substrate was defined which possessed little
conserved sequence and no essential secondary structure.
Inspection of the separated substrate and ribozyme activities,
and comparison with other naturally occurring self-cleaving
domains. led to a model for the design of oligoribonucleotides
which possess new and highly sequence-specific endoribo-
nuclease activities. This model was successfully tested by the
design and construction of ribozymes targeted against three sites
within the Tn9 chloramphenicol acetyl-transferase (CAT)
messenger RNA sequence.

A mutant that self-cleaves

Encapsidated forms of the satellite RNA of tobacco ringspot
virus (+strand sTobRV) have been shown to undergo self-
catalysed cleavage at a specific phosphodiester bond® between
bases 359 and 1. RNA transcripts of sTobRV made in vitro also
undergo efficient self-cleavage®, and in vitro mutagenesis and
transcription of cloned sTobRV complementary DNA has led
to mapping of the sequences required for the reaction (J.H. and
W.L.G., unpublished results). In these experiments, cloned
sTobRV ¢cDNAs were mutagenized using an oligonucleotide
linker insertion protocol. A library of sTobRV mutants resulted,
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Fig. 2 Separation of substrate and catalytic activities. a, The
inserted nucleotides in the D-51 mutant (Fig. 1¢) contain a BamHI
restriction endonuclease site. BamH1 was used to split the mutant
DDNA, and the two sequences were subcloned and transcribed
scparately in vitro. The RNA transcripts are shown schematically,
with potential base-pairings between the RNAs indicated (*). The
{ragment containing the arrowed site for cleavage was termed
S-RNA, and the other Rz-RNA. b, [**P]Rz transcript (101 bases)
was incubated alone (lane 1). and with unlabelled S-RNA (lane
2). [**P]S RNA was incubated alone (lane 3). and with unlabelled
and [*?PJRz RNAs (lanes 4 and §, respectively). The sizes of the
two products are consistent with cleavage of the S-RNA (84 bases)
at the normal site between nucleotides 359 and 1, to give 5 and
3’ proximal fragments of 67 and 17 nucleotides, respectively.

Methods. Isolated D-51 Haelll fragment was digested with BamHI
and the Rz and S fragments ligated into Smal-BamHI digested
pGEM3 and 4. respectively. T7 DNA polymerase treated. Kpnl-
digested Rz-pGEM3 and Xbal digested S-pGEEM4 were trans-
cribed using SP6 RNA polymerase under the same conditions used
for T7 RNA polymerase (Fig. 1). either without radiolabel or in
the presence of 200 pM [a**P]JUTP. The Rz and S RNAs were
incubated alone in 50 mM Tris-HC! pH 8.0. 20 mM MgCl, at 50 °C
for 60 min. fractionated on a 10% polyacrylamide, 7 M urea. 25%

formamide gel and autoradiographed.

and nucleotide sequence analysis showed that each mutant
contained an inserted BamH1 linker sequence (CGGATCCG)
together with flanking duplicated or deleted sTobRV sequences.
The mutants were transcribed in vitro and the RNAs assayed
for their ability to undergo cleavage. The only mutations affect-
ing cleavage of (+) strand sTobRV were those which altered a
52-nucleotide sequence adjacent to the cleaved bond. This
sequence contains the domain of conserved sequence and pos-
sible secondary structure required for self-cleavage in other
RNAs (Fig. 1a,b).
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Fig. 3 Model for design of ribozymes. Three structural domains

are boxed. (A) contains conserved sequences in the RNA substrate,

immediately adjacent to the site of cleavage. (B) comprises the

highly conserved sequences maintained in the ribozyme, and the

regions (C) consist of flanking helices, with base-pairing between
the substrate and ribozyme RNAs.

One mutant, designated D-51, which contained an alteration
in this domain proved an exception (Fig. 1¢). It contained an
8-nucleotide BamH]I linker sequence inserted between three
duplicated sTobRV nucleotides numbered 7 to 9, yet still under-
went cleavage. The wild-type and D-51 cleavage domains were
subcloned as 97 and 108 base-pair Haelll fragments, respec-
tively, and RNAs were transcribed in both orientations in vitro.
As expected, no cleavage of (—) strand RNA transcripts was
observed, but (+) strands of both the wild-type and D-51 sequen-
ces underwent cleavage (Fig. 1d), with cleavage of the D-51
RNA being somewhat less efficient than that of the wild-type.
The extra 11-nucleotides contained in the D-51 mutant were
precisely located within a proposed single-strand loop in the
conserved structural domain associated with self-cleavage (Fig.
1¢). This provided further experimental support for the struc-
tural model, and suggested that this single-strand loop region
may not be required for cleavage.

Separation of substrate and nuclease activities

Using the BamHI restriction endonuclease site inserted into
D-51, flanking Haelll-BamH!I and BamH!1- Haelll fragments
were obtained and each was subcloned into an Escherichia coli
plasmid suitable for in vitro RNA transcription. This allowed
us to effectively eliminate the mutated single-strand loop from
the self-cleavage domain, splitting the region into two RNA
segments (Fig. 2a). The smaller Haelll-BamHI transcript con-
tained sTobRV nucleotides 321 to 9, including the .actual site
of cleavage, and was termed the substrate or S-RNA. The
BamHI-Haelll transcript containing sTobRV nucleotides 7 to
48 was termed the ribozyme or Rz-fragment. These were separ-
ately transcribed with and without radiolabelled ribonucleotide
as tracer. Both the S- and Rz-RNAs showed no significant
degradation when incubated alone (Fig. 2b, lanes 1 and 3) under
conditions suitable for highly efficient self-cleavage (50 °C,
20 mM MgCl,, pH 8.0). The Rz-RNA also appeared unaltered
after incubation with the S-RNA (Fig. 2b, lanes 2 and §), but
efficient cleavage of the S-RNA occurred (Fig. 2b, lanes 4 and
5) producing two fragments. The product sizes were consistent
with cleavage at the normal site. These data show that the S-RNA
acted as a substrate for ribonucleolytic cleavage by the Rz-RNA,
which apparently acted in a catalytic fashion.

The substrate defined above contains none of the highly
conserved secondary structures and few of the conserved
sequences thought to be essential for cleavage. Instead, base-
pairing between the sTobRV enzyme and substrate RNA seg-
ments (via stems 1 and 1I1) may result in formation of an RNA
complex with the required properties for cleavage. Inspection
of the separated substrate and enzyme activities derived from

the sTobRV (+) strand, and comparison with other naturally
occurring self-cleavage sites has led to a model for the design
and construction of novel ribozymes.

Design of new ribozymes

A model showing the proposed minimal structural requirements
for ribozyme-catalysed RNA cleavage is presented in Fig. 3,
and consists of three elements. First, a region (A) containing
the sequence GUC adjacent to the site for cleavage is brought
into close proximity to a second region (B) of highly conserved
sequence and secondary structure. Third, flanking regions (C)
of base-paired RNA helix stabilize this interaction. The model
provides the basis for the de novo design of ribozymes with new
sequence-specific endoribonuclease activities by consideration
of three main parameters.

(1) Before a ribozyme can be designed, a particular site for
cleavage must be chosen within the target RNA. In naturally
occurring self-cleavage, the site in the RNA substrate is 5’ lanked
by several nucleotides which are highly conserved (A). This
sequence, GUC, usually immediately precedes the site of
cleavage. In one exception. GUA precedes the active site of
cleavage in the (—) strand of SLTSV®. Alteration of a self-cleaving
sequence similar to that found in transcripts of newt satellite
DNA also showed that the residues immediately preceding the
cleavage site could be changed'®. When the normal sequence
GUC was changed to GUA or GUU, cleavage activity remained
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Fig. 4 Design of ribozymes targeted against the CAT gene tran-
script. Following the design rules described in this paper, ribo-
zymes, termed Rzgarl. 2 and 3, were targeted against three sites
within an 835 base in vitro transcript of the CAT gene. The relative
locations of the cleavage sites on the transcript are shown schemati-
cally with the flanking bases numbered. The three ribozyme seqten-
ces are shown with the actual target sequences. Amino-acid sequen-
ces of the CAT gene are numbered and the predicted sites for
RNA cleavage arrowed. Rzc471 and 3 contain 24 base sequences
derived from (+) strand sTobRYV (region B, Fig. 3), while Rz¢ 12
contains a single U to A change in this region.



essentially unaltered, but no cleavage occurred after the
sequence GUG. Further, cleavage was shown after the sequences
CUC and, to a lesser extent, AUC and UUC. provided that the
conserved base-pairing (Fig. 1a) was maintained. In the experi-
ments described below, the sequence GUC was used as the sole
requirement in the target RNA sequence for design of a corre-
sponding enzyme. Future experiments will determine the full
extent of the sequence requirements for efficient RNA cleavage.

(2) The region (B) contains sequences highly conserved in
naturally occurring cleavage domains. In Fig. la. those nucleo-
tides which are conserved in all known self-cleavage domains
are specified, while only the positions and required base-pairing
of the other nucleotides are indicated. The lengths of the base-
paired stem I1 and associated loop do not appear to be conserved
and the loop may be dispensible, as for ASBV. In this case, an
RNA enzyme might be active as two halves, or subunits, each
held to the other by formation of an extended base-paired stem
11. But, conserved tertiary folding within this domain might not
be evident from sequence comparisons, being maintained by

Fig. § Cleavage of the CAT gene transcript. a. The [*?P)-labelled
CAT RNAs were gel fractionated after incubation alone (-) or
with one of the three ribozymes Rz 4,1, 2 and 3 (lanes 1, 2 and
3. respectively). The location of the full-length transcript is
arrowed. CAT mRNAs incubated with each of the ribozymes
underwent eflicient cleavage. In cach case only two fragments were
produced after incubation with a given ribozyme, and their nucleo-
tide sizes were consistent with the predicted sites for cleavage (that
is, 139 and 696, 494 and 341, 662 and 173 base fragments were the
5 and 3 products from R,c-avl. 2. 3-catalysed cleavage respec-
tively). b, 5’ Terminal base analysis. The 3" fragments produced by
ribozyme cleavage of CAT mRNA were {5-'P]-kinased. gel
purified. subjected to complete nuclease digestion and the released
terminal residues were fractionated by pH 3.5 PAGE. The §
terminal nucleotides, determined by reference to markers (lane
M), were A, U and G for the fragments produced by Rz 41,2
and 3 (lanes 1. 2 and 3. respectively). ¢. 5" terminal sequence
analysis. [5'-**P]-labelled CAT mRNA fragments were subjected
to base-specitic partial ribonucleolytic cleavage. The products were
polyacrylamide gel fractionated to allow 5 terminal sequence
determination. Panels 1. 2 and 3 correspond to products of Rz 47 1.
2 and 3, respectively. Base specific cleavages are shown above each
lane except for lane N which is a size ladder control. Sequences
from 4 t0 6 to about 25 nucleotides 3’ of the cleavage site are
indicated for each fragment. and are consistent with the expected
sites for cleavage by cach ribozyme.

Methods. The CAT gene was obtained from pCM4?* and subcioned
asa BamH1 fragment into pGEM-blue. This plasmid was linearized
with Hindlll and CAT gene transcripts were obtained using T7
RNA polymerase with 200 pM [a-**P]JUTP. Ribozyme sequences
were synthesized as oligodeoxynucleotides using automated phos-
phoamidite chemistry. The 47-, 48- and 44-mer oligonucleotides.
Rzearl. 2 and 3, respectively, were kinased, ligated with phos-
phatase treated. EcoRI-Pst] cut pGEM4 and incubated with the
Kienow fragment of DNA polymerase | before bacterial transfor-
mation. EcoRl-linearized plasmids were transcribed with T7 RNA
polymerase 1o produce ribozyme RNAs. Ribozymes were incu-
bated with CAT transcript in 50 mM Tris-HCI pH 8.0, 20 mM
MgCl, at 50 °C for 60 min. and the products fractionated by 5%
polyacrylamide 7M urea, 25% formamide gel electrophoresis
before autoradiography. Ribozyme-cleaved CAT mRNA fragments
(2 ng) were incubated in SO0 mM Tris-HCl pH 9.0, 10 mM dithio-
threitol with 50 uCi [y-*2P)ATP and 5 units T4 polynucleotide
kinase for 30 min at 37 °C. Radiolabelled fragments were purified
on a 5% polyacrylamide gel and digested with an equal volume
of 500 units mI~' RNase T1, 25 unitsml™* RNase T2 and 0.125
mg ml~' RNAse A in 50 mM ammonium acetate pH 4.5 for 120 min
at 37 °C. Products were fractionated on a 20% polyacrylamide gel
containing 25 mM sodium citrate pH 3.5and 7 M urea”, and were
detected by autoradiography. Terminal sequences were determined

directly using the partial enzymatic digestion technique?®.

compensating changes in nucleotide sequence. and initially
we have used sequences similar to those of sTobRYV for this
region.

(3) The cataiytic region and RNA substrate are held together
by flanking regions of base-pairing (C) which must allow accur-
ate positioning of the enzyme relative to the potential cleavage
site in the substrate. The extent and type of base-pairing will
directly affect the specificity, affinity (K,,) and turnover (k)
of an RNA enzyme. For the enzymes described below, a size
of eight base-pairs has been arbitrarily chosen for each of the
flanking regions (C).

Testing of synthetic ribozymes

To test these principles an indicator gene. chloramphenicol
acetyl transferase (CAT)"”, was used to provide RNA transcripts
as a target for cleavage by three newly designed RNA enzymes.
Expression of the CAT gene can provide antibiotic resistance
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in bacteria, plants and animals and this can be easily assayed.
The coding region of the CAT gene transcript was scanned for
the occurrence of the sequence GUC as potential sites for RNA
cleavage. Three such sites were arbitrarily chosen. and their
flanking sequences used to define the eight-nucleotide regions
of complementary sequence within the ribozymes, which flanked
conserved sequences based on those of the sTobRV (+) strand
self-cleavage site (Fig. 4).

The ribozyme sequences (Rzcar 1. 2 and 3) were synthesized
as single-stranded oligodeoxyribonucleotides, with the addition
of sequences containing half-sites for EcoR1 (AATTC) and Pst]
(CTGCA) restriction endonucleases at the 5’ and 3’ termini,
respectively. These additional sequences are partly complemen-
tary to the overhanging termini left by EcoRI and PstI digestion
of double-stranded DNA. The kinased oligomers were incubated
with EcoRI-Pstl digested, phosphatase-treated plasmid DNA
in the presence of DNA ligase and DNA polymerase, and after
transformation the resulting clones were screened for presence
of the EcoRI-Pst1 insert. This procedure allowed efficient clon-
ing of the ribozyme sequences using single-strand oligomers,
obviating the need for synthesis of a second complementary
oligomer.

The ribozyme sequences and the CAT gene were cloned
downstream of promoters for T7 RNA polymerase, and this
enzyme was used to obtain RNA transcripts in vitro. When the
835-nucleotide CAT transcript was incubated with any one of
the three ribozymes, efficient and highly sequence-specific
cleavage occurred producing two RNA fragments (Fig. 5a). The
conditions required for ribozyme-catalyzed cleavage were
similar to those observed for the naturally-occurring cleavage
reactions™>%!! with more efficient cleavage occurring at elevated
pH, temperature and divalent cation concentrations (data not
shown). When present in molar excess, the three ribozymes
catalysed almost complete cleavage of the CAT RNA substrate
after 60 minutes in 50 mM Tris-HCl pH 8.0, 20 mM MgCl, at
50 °C (Fig. 5a). Under similar conditions with 0.1 uM substrate
and 3 uM ribozyme, the T,;, of CAT mRNA substrate was 3.5,
3.5and 2.5 min, in the presence of Rzcat 1. 2 and 3, respectively.
The ribozyme sequences were inactive in the form of
oligodeoxyribonucleotides or against the complement of the
substrate RNA (data not shown).

The sizes of the CAT RNA fragments produced by each
ribozyme were consistent with the predicted sites for cleavage.
The 3’ terminal cleavage fragments from each ribozyme-cata-
lysed reaction were isclated and §' *?P-kinased. Efficient kinasing
of the fragments indicated that they possessed 5' terminal
hydroxyl groups. similar to those produced in naturally-
occurring cleavage reactions. Terminal nucleotide analysis of
these fragments demonstrated that cleavage of CAT sequences
by Rzear 1. 2 and 3 occurred precisely before nucleotides A,
U and G, respectively (Fig. 5b) and RNA sequence determina-
tion confirmed that cleavage had occurred at the expected loca-
tions within the CAT RNA (Fig. 5¢).

Enzymatic catalysis

To demonstrate that these ribozymes cause cleavage of the CAT
mRNA substrate in a catalytic manner, each was incubated with
a molar excess of substrate, under conditions which should
favour both efficient cleavage and product dissociation. Figure
6 shows the results of an experiment where. after 75 min at
50°C, pH 8.0in 20 mM MgCl,, 10 pmol of Rz o1 had catalysed
specific cleavage of 163 pmol of a truncated CAT mRNA sub-
strate. On average, each ribozyme had participated in greater
than 10 cleavage events. Similar results were obtained for Rzi,1
2 and 3 (data not shown), and thus each acts as an RNA enzyme.

Mechanism of cleavage

All three RNA enzymes which were designed according to the
principles outlined above have been demonstrated to catalyse
effective and precise cleavage of their target RNA sequences. It
is therefore likely that these design principles are generally valid,
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Fig. 6 Enzymatic catalysis. Rz, 1 (15 pmol) was incubated for
varying times with a 20-fold molar excess of truncated (173 base)
CAT mRNA containing the site for Rz 4,1 cleavage. Rzeaql
catalysed cleavage of the CAT RNA to form §' and 3’ fragments,
of 139 and 34 bases, respectively. The inset shows the accumulation
of the 139 base fragment with time. after PAGE. The amounts of
the 139 base fragment were quantified and plotted. After 75 min
at 50 *C some non-specific cleavage of RNA was noticed due to
the extreme conditions, but 70% of the remaining intact RNAs
(163 pmol) had accumulated as the 139 base fragment.

Methods. Pruli-linearized pGEM-blue containing the CAT gene
sequence, and EcoRl-linearized pGEM4 containing Rz, 1 were
transcribed in vitro with T7 RNA polymerase and 200 pM [a-
ZPJUTP. 300 pmol of 173 base long, truncated CAT mRNA and
15 pmol of Rz-5;1 were mixed in 100 pl of 50 mM Tris-HCl pH
8.0.20 mM MgCl.. 10 ul aliquots were incubated for varying times
at 50 °C. Samples were fractionated by 7 M urea, 5% PAGE, stained
with toluidine blue, the bands were excised, and amounts of

radiolabelled RNA were determined.

as is the model upon which they are based. The model contains
two main assumptions: (1) that catalysis requires that the RNA
enzyme and substrate interact through base-pairing (although
tertiary interactions presumably exist between enzyme and sub-
strate, they do not need to be considered in the design), and
(2) that base-pairing allows precise positioning of a conserved
domain (B. Fig. 3) adjacent to a site for cleavage. It may not
only be useful, but of functional significance, to consider this
conserved domain as the catalytic section or active site of the
RNA enzymes.

The RNA enzyme- and related self-catalysed cleavage reac-
tions appear to proceed via concomitant cleavage of the suscep-
tible 3'.5'phosphodiester linkage and formation of termini con-
taining 2',3’cyclic phosphodiester and 5’ hydroxyl groups®*>!".
a mechanism similar to that occurring during base-catalysed
hydrolysis of RNA. There exists a previously described case of
similar, highly specific RNA cleavage for which detailed struc-
tural information is available. During X-ray crystallographic
studies of yeast tRNAP™ heavy-atom derivatives were sought.
When the tRNAPP® crystals or solutions were incubated with
lead (Pb(11)) salts, specific cleavage of the RNA occurred
between nucleotides 17 and 18 (refs 18. 19). The cleavage was
pH dependent, with increased rates observed around neutral
pH, and produced termini containing 2’3’ cyclic phosphodiester
and 5" hydroxyl groups. Three Pb(I1) ions were located within
the tRNA™ molecule and one. covalently bound to bases 59
and 60 within the T¥C-loop. was positioned in close proximity
to the cleaved bond in the D-loop. Brown et al.'® suggested that
this Pb(11) ion acted as a source of metal-bound hydroxyl ions
near neutral pH, as Pb(II) bound water molecules possess a
pK.of ~pH 7.4. The perhaps fortuitously but preciselv posi-
tioned (Pb-OH)* moiety could abstract a proton from the 2’
hydroxyl group of nucleotide 17, thus initiating nucleophilic
attack of the phosphate atom in the adjacent phosphodiester
bond between nucleotides 17 and 18, and resulting in formation



of a 2',3' cyclic phosphate group and 5" hydroxyl leaving group.
A similar mechanism has been proposed for the initial step in
cleavage by the protein RNase A, where the precisely positioned
imidazole of histidine-12 acts as a general base to deprotonate
the 2' hydroxyl of the RNA substrate®.

The ribozyme- and self-catalysed cleavage reactions discussed
in this paper require divalent metal ions for activity, are pH-
dependent, produce similar terminal groups, and thus may
involve similar mechanisms to those responsible for (Pbll)-
catalysed tRNAP™ cleavage. In addition, the involvement of
such mechanisms would be consistent with the simple structural
properties of the ribozymes outlined above. For example, the
domain of a highly conserved sequence within the ribozyme
might constitute a metal-ion binding site. The flanking base-
paired regions joining the ribozyme and substrate would serve
to both stabilize the structure of this binding site and bring a
bound metal ion in close proximity to the 2’ hydroxyl group
adjacent to the susceptible phosphodiester bond. The precisely
positioned metai-bound hydroxyl group could then abstract the
proton from the 2’ hydroxyl group and initiate cleavage of the
substrate RNA in a fashion similar to that seen in tRNAP™
cleavage. Alternatively, cations may play a structural role in
catalysis, stabilizing the interaction between substrate and reac-
tive group(s) present in the RNA enzyme. Detailed structural
and kinetic studies are required to test such models for ribozyme
action, and may provide a further basis for manipulation of the
substrate specificity, and catalytic activity of ribozymes.

Potential applications

The RNA enzymes described in this paper have been shown to
be capable of efficient and specific cleavage of RNA sequences
in vitro, and are based on RNA self-cleavage reactions which
occur normally in vive. Accordingly, the ability to design and
use specific endoribonucleases for cleavage of particular RNA
species or target sequences may prove useful both in vitro and
in vivo.

Ribozymes could be used for the in vitro manipulation of
RNAs either to produce large guantities of particular RNA
fragments or, by using ribozymes with lesser specificities, as a
means of physically mapping RNAs. In addition, it may be
possible to construct ribozymes as two halves, with the halves
held together by extended base-pairing. Each half of such a
ribozyme would be specific for one side of a particular cleavage
site. By combining ribozyme halves it would be possible to
generate new substrate specificities. Given that certain self-
catalysed cleavage reactions are reversible to some extent®?', it
may also be possible to isolate and splice together specific RNA
fragments using this approach.

A major potential application for these highly sequence-
specific endoribonucleases is in cleavage, and thereby inactiva-
tion, of gene transcripts in vivo. It is now possible to express
foreign genes in a number of bacterial, fungal, plant and animal
species either through stable chromosomal transformation of a
particular genotype, transient expression via episomal or viral
vectors, or by microinjection. Such methods could also be used
for the introduction and expression of ribozyme sequences.
Genes are universally expressed via RNA transcripts, giving rise
to structural/ functional RNAs or messenger RNAs for polypep-
tide synthesized. Essentially any RNA is a potential substrate
for cleavage by a ribozyme. Provided that the transcribed
sequences of the gene are known, it should be possible to target
one or more ribozymes against specific RNA transcripts.
Expression in vivo of such ribozymes and cleavage of the tran-
scripts would in etfect inhibit expression of the corresponding
gene. This ‘anti-gene' activity of the ribozymes could provide
a basis for various gene and viral therapies and analyses.
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