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ABSTRACT: Group I intron-derived ribozymes can perform a variety of catalytic reactions, including the
replacement of the 3′ end of a mutant RNA transcript with a corrected version of the transcript [Sullenger,
B. A., and Cech, T. R. (1994)Nature 371, 619-622]. We now demonstrate in vitro that a ribozyme,
derived from aPneumocystis cariniigroup I intron, can replace the 5′ end of a targeted exogenous RNA
with an endogenous RNA. Our model system is a short synthetic mimic of a k-ras transcript, in which
substitution mutations at codon 12 are implicated in a host of cancer types. In these experiments, yields
of up to 70% were obtained. We analyzed the length dependence of two molecular contacts, P9.0 and
P10, that occur between the ribozyme and the exogenous k-ras mimic, and determined that longer, and
thus more stable, interactions result in higher product yields. Furthermore, the length of the loop region
L1 can substantially influence the yield and the rate of the reaction. These results are a further demonstration
that group I intron-derived ribozymes are quite malleable in terms of intermolecular recognition and
catalysis, and that these properties can be exploited in developing potentially useful biochemical tools.

We have previously shown that group I intron-derived
ribozymes can be engineered to excise sequence-specific
central segments of RNA from within larger RNAs via the
trans excision-splicing reaction (1, 2). Through these studies,
we have begun to explore the potential usefulness of
exploiting the three forward reactions (5′ hydrolysis, G-
addition, and exon ligation) and the three distinct molecular
recognition interactions (P1, P9.0, and P10 helices) that group
I ribozymes can utilize when interacting with exogenous
substrates. The independence of the catalytic events, as well
as the adaptability of the molecular recognition components,
at least to some extent, can be controlled. This indicates that
group I intron-derived ribozymes could be engineered to
perform a much wider variety of feats than is known at
present.

In fact, catalytic RNAs derived from group I introns have
the ability to repair RNA transcripts by replacing the
defective 3′ ends of transcripts with normal, “corrected”
versions (trans splicing; shown in Figure 1A), thereby
restoring the functionality of the resultant transcripts (3).
Such mRNA repair activity can occur in vivo, in both
prokaryotic and eukaryotic cells (4-12). Although 3′ re-
placement splicing was first reported in 1994 with a ribozyme
derived from theTetrahymenaintron, an analogous ribozyme
reaction that replaces the 5′ end of an RNA molecule has
not yet been reported (outlined in Figure 1B).

In a 5′ replacement splicing scenario, RE11 would base
pair with the new 5′ exon, which is covalently attached to

the ribozyme, to form the P1 helix (Figure 1B). RE2 would
base pair with the 5′ end of the exogenous substrate to form
the P9.0 helix. RE3 would base pair with the 3′ end of the
exogenous substrate to form the P10 helix. In addition,
connecting the new 5′ exon and the remainder of the
ribozyme is a hairpin loop (labeled L1). In group I intron-
derived ribozymes developed so far, RE1 has been the
primary molecular recognition interaction for binding ex-
ogenous transcripts. In our scheme, RE2 and RE3 would have
to be exploited for binding exogenous transcripts. Previous
work on TES ribozymes has revealed that P9.0 and P10 are
normally weak interactions, yet they can be strengthened to
enhance the binding of substrates (2), which gave us an
indication that they might be similarly modifiable to serve
as the primary target recognition factors.

While trans excision-splicing could aid in the removal of
genetic insertion mutations (for example) at the RNA level,
it is not always a viable strategy when dealing with
substitution mutations. In these cases, one would prefer to
replace the mutated region of an RNA transcript with a
corrected version (in lieu of being able to site-specifically
modify a single base in an RNA transcript). Since some
genetic mutations are located near the 5′ end of the transcript,
trans splicing (from now on termed 3′ replacement splicing)
would not always be a practical strategy for mRNA repair.
One particular example is the k-ras gene, which is mutated
in approximately 25-50% of lung cancer cases (13). Codon
12, which is near the 5′ end of this transcript, is the most
common mutation hotspot; its native glycine is required at
this position to form a functional protein product (14-17).
The location of this mutation renders 3′ replacement splicing
a less than ideal choice for repair.

In this report, we describe a newly engineered group I
intron-derived ribozyme that can effectively replace the 5′
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end of an RNA with a “new” RNA in vitro, using as our
model system a small synthetic k-ras mimic. In this model
system under optimized conditions, 5′ replacement splicing
generated up to 70% product. It was determined that P9.0
and P10 helix length, helices which form when the ribozyme
binds to the exogenous RNA, is an important determinant
of product yield. In addition, the length of L1 can substan-
tially affect the rate and yield of the reaction. The implica-
tions of these results in terms of ribozyme engineering and
potential applications are discussed.

MATERIALS AND METHODS

Oligonucleotide Synthesis and Preparation. DNA oligo-
nucleotides were purchased from Integrated DNA Technolo-
gies (Coralville, IA). RNA oligonucleotides were purchased
from Dharmacon, Inc. (Boulder, CO), and subsequently
deprotected using the manufacturer’s suggested protocol.

Designated RNA substrates were radiolabeled at the 3′
termini (18). First, cytidine monophosphate (Cp) was radio-
labeled at the 5′ termini by incubating 10µM Cp, 0.85µM
[γ-32P]rATP (Amersham Pharmacia, Piscataway, NJ), 70 mM
Tris-HCl (pH 7.5), 50 mM KCl, 10 mM MgCl2, 5 mM
dithiothreitol (DTT), 0.1 mM EDTA, 0.1 mM rATP, 10%
glycerol, and 10 units of T4 polynucleotide kinase (New
England Biolabs, Beverly, MA) in a reaction volume of 10
µL for 1.5 h at 37°C. The kinase was then heat-inactivated
by incubating the reaction mixture at 65°C for 15 min. Next,
2 µM RNA substrate was radiolabeled with the newly created
*pCp by incubating 0.28µM *pCp, 50 mM Tris-HCl (pH
7.4), 50 mM KCl, 10 mM MgCl2, 10 mM DTT, 1 mM rATP,
0.1 mM EDTA, 10% dimethyl sulfoxide (DMSO), and 20
units of T4 RNA ligase (New England Biolabs) at 4°C for
approximately 16 h. The products were gel purified as
described previously (19).

Plasmid Construction and Synthesis. The Pneumocystis
carinii ribozyme plasmid precursor, P-8/4x (19), served as
our starting point for synthesizing the initial plasmid contain-
ing the 5′ replacement splicing ribozyme (designated PKA).
A number of alterations were required to generate this
plasmid (diagrammed in Figure 2). Briefly, anAgeI site was
engineered into the precursor plasmid in the P2 helix region
of the ribozyme sequence. This unique restriction site was
exploited, in conjunction with an existingSfiI site upstream
of the T7 promoter, to create an insertion site for a double-
stranded oligonucleotide fragment containing a T7 promoter,
the new 5′ exon, the L1 loop, and recognition elements RE1
and RE3. Ligation of this double-stranded oligonucleotide
into the ribozyme precursor plasmid results in the creation
of plasmid PKA. Finally, the RE2 region of the ribozyme
sequence was modified specifically to target the k-ras mimic.

More specifically, a uniqueAgeI site was created in the
starting plasmid (P-8/4x) via site-directed mutagenesis using
primers5′CATGAAACCGGTGTGAAAACGTTAGGTAG-
TG3′ and5′CACTACCTAACGTTTTCACACCGGTTTCA-
TG3′. The site-directed mutagenesis reaction was carried out
as previously described (1). After initial denaturation for 30
s at 95°C, the mixture underwent 15 cycles of 95°C for 30
s, 55°C for 2 min, and 68°C for 6 min. The parental plasmid
was then destroyed by digestion with 20 units ofDpnI (New
England Biolabs) for 1 h at 37°C. Transformation of DH5R
competent cells (Invitrogen, Rockville, MD) was performed
using 3µL of this reaction mixture. The vector was purified
using a QIAPrep miniprep kit (QIAGEN, Valencia, CA) and
sequenced for confirmation.

The resulting plasmid (25µg) was digested withAgeI
according to the manufacturer’s recommended protocol (New
England Biolabs) and purified using a QIAquick PCR
purification kit (QIAGEN). The linear plasmid was then
digested a second time withSfiI according to the manufac-
turer’s recommended protocol (New England Biolabs). The
desired linear fragment was separated from undesired
products on a 1.5% agarose gel, and the double-cut plasmid
band was purified using a QIAquick gel extraction kit
(QIAGEN). To prevent recircularization, the plasmid frag-
ment was dephosphorylated according to the manufacturer’s
recommended protocol. Purification of the plasmid was
conducted using a QIAquick PCR purification kit (QIAGEN).

Next, 300 pmol of each single-stranded oligonucleotide
was phosphorylated according to the manufacturer’s recom-

FIGURE 1: Schematic diagrams of (A) the 3′ replacement splicing
(trans splicing) and (B) the 5′ replacement splicing reactions. The
catalytic RNAs are represented by gray lines, the 5′ and 3′ exons
within the exogenous substrates by black lines, and the replacement
exons by white arrowheads. The black circle in the 5′ exon
represents the uridine at the 5′ splice junction, and the gray circle
adjacent to the 3′ exon represents a guanosine at the 3′ splice
junction. P1, P9.0, and P10 are helices that result from recognition
elements RE1, RE2, and RE3, respectively, of the ribozyme base
pairing with the substrate. The 3′ replacement splicing strategies
often utilize an extended guide sequence (EGS), which pairs with
the 3′ exon region of the exogenous substrate. Note that the
nucleophile in the first step of each reaction is not the same. Note
that in the 5′ replacement splicing reaction, 5′ cleavage and then 5′
exon dissociation can occur prior to substrate binding, preventing
a successful reaction.
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mended protocol (New England Biolabs). The resultant
oligonucleotides were then purified using a QIAquick
nucleotide removal kit (QIAGEN). Approximately 9 pmol
of each oligonucleotide was mixed and heated at 50°C for
5 min. The mix was then cooled to room temperature to allow
the formation of the base-paired duplex. This duplex was
then ligated into 4.3 pmol of the double-digested plasmid
using 21 units of T4 DNA ligase (Promega, Madison, WI)
in 2 µL of the manufacturer’s supplied buffer. Ligation
proceeded overnight at 22°C, and 5µL of the ligation
mixture was used to transform DH5R cells. The resulting
plasmids were purified using a QIAPrep miniprep kit
(QIAGEN) and sequenced for confirmation.

Two more successive rounds of site-directed mutagenesis
were performed with the following sets of primers to alter
the RE2 region to target the k-ras mimic:5′GCTTAAGG-
TATAGTCTGTCAAAAACCTCTTTCG3′ and 5′CGAAA-
GAGGTTTTTGACAGACTATACCTTAAGC3′, and5′GG-
TATAGTCTGTCAAGGCCCTCTTTCGAAAG3′ and5′CT-
TTCGAAAGAGGGCCTTGACAGACTATACC3′. This new
plasmid was designated PKA-6/8/6 to reflect the base
plasmid (PKA) and the length of the L1 loop-RE2 region-
RE3 region construct. The plasmid was sequenced by Davis
Sequencing (Davis, CA) to confirm the changes. All further
changes to L1, RE2, or RE3 were performed via site-directed
mutagenesis as described above using primers specific for
the desired changes, and were confirmed through sequencing.

Transcription. The 5′ replacement splicing ribozyme
plasmids were linearized usingXbaI (Invitrogen) and purified
using a QIAquick PCR purification kit (QIAGEN) prior to
runoff transcription. The transcription reaction was carried
out as previously described (19). The purified products were
2-propanol precipitated, ethanol precipitated, and then re-
constituted in sterile water and quantified using a Beckman
DU-650 spectrophotometer.

5′ Replacement Splicing Reactions. Reactions were carried
out in HxMg buffer, composed of 50 mM HEPES (25 mM
Na+), 135 mM KCl, andx mM MgCl2 at pH 7.5, wherex )
0-200. Prior to each reaction, 100 nM ribozyme (0-400
nM ribozyme in concentration-dependent assays) was added
to a solution of the appropriate buffer (total volume of 5
µL) and was preannealed at 60°C for 5 min. In designated
reactions, 0-300µM guanosine monophosphate (GMP) was
added to the ribozyme solution prior to preannealing. The
ribozyme solution was allowed to cool to the reaction
temperature listed in the figures. The reaction was initiated
by adding a 1µL aliquot of an 8 nM solution containing the
radiolabeled substrate in the appropriate buffer to give a final
volume of 6µL. The reaction time was tested from 1 to 24
h. The reactions were terminated by adding an equal volume
of stop buffer (10 M urea, 3 mM EDTA, and 0.1× TBE),
followed by denaturation at 90°C for 1 min. Products and
reactants were separated on a 14% polyacrylamide-8 M urea
gel. The gel was transferred to chromatography paper
(Whatman 3MM CHR) and dried under vacuum. The bands
were visualized and quantified on a Molecular Dynamics
Storm 860 Phosphorimager. The results are the average of
two independent assays. In all cases, the standard deviations
are less than 10%. Observed rate constants were quantified
by fitting the data from the time dependence studies to a
simple exponential function.

To analyze whether any of the endogenous 5′ exon
dissociates from the ribozyme before the second reaction step
occurs, the 5′ replacement reaction was carried out as
described above under optimized conditions, using the
optimized ribozyme construct, except that 100 nM exogenous
5′ exon mimic, UUGACU, was added to the reaction mixture
either before or after the preannealing step. Aliquots were
periodically removed and added to an equal volume of stop
buffer over the course of 5 h. GMP time studies were

FIGURE 2: 5′ replacement splicing ribozyme plasmid construction. The starting plasmid containing theP. carinii ribozyme is designated
P-8/4x (1), and the final plasmid containing the k-ras-specific 5′ replacement ribozyme is designated PKA-6/8/6. The digits following the
base plasmid name are the lengths of the L1 loop, RE2 (to form P9.0), and RE3 (to form P10), respectively. Note that the relevant sequences
are shown in Figure 4 and the construction methods are described in the text.
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conducted under the optimized 5′ replacement splicing
conditions, using the optimized ribozyme construct, except
that 10µM GMP was added to the ribozyme solution prior
to preannealing or after 2.5 h for G-chase study. Aliquots
were removed and added to an equal volume of stop buffer
over the course of 5 h.

Sequencing of the 5′ Replacement Splicing Product.
Sequencing was performed by modifying a previously
reported method (20, 21), as outlined in Figure 3. The 5′
replacement splicing reaction was carried out as described
above, except that non-radiolabeled substrate was used. A 5
µL aliquot of this reaction mixture was added to 5 pmol of
a template oligonucleotide with the sequence5′GCACAGG-
GACCTGTATGTCAAGGCACTCGTCCCTTCCG3′, 10 pmol
of linker 2A (5′TGCTCAGGCTCAAGGCTCGTCTAAT-
CACAGTCGGAAGGGAC3′), and 3.3 pmol of linker 1B
(5′GTCCCTGTGCTGACATGAATGACCGACTTGAGTG-
ACCTGGCA3′). Note that linker 1B was previously phos-
phorylated using T4 polynucleotide kinase (New England
Biolabs) according to the manufacturer’s conditions. The
oligonucleotides were ligated together using 6 units of T4
DNA ligase (Promega) in the manufacturer’s recommended
buffer for 18 h at 4°C. The ligated products were purified
from the reaction mixture using a QIAquick nucleotide
removal kit (QIAGEN). Next, 5µL of the reaction mixture
was subjected to RT-PCR, using an Access RT-PCR kit
(Promega). The RT-PCR primers were P1 (5′TGCCAGGT-
CACTCAAGTCGGTCATTCATGTCA3′) and P2 (5′TGCT-
CAGGCTCAAGGCTCGTCTAATCACAGT3′). RT-PCRs
were conducted in the manufacturer’s provided reaction
buffer with 1 mM MgCl2, 0.2 mM dNTPs, primers (1µM

each), 2.5 units of AMV reverse transcriptase, and 2.5 units
of Tfl DNA polymerase in a total reaction volume of 25
µL. Reverse transcription proceeded at 45°C for 45 min,
and then PCR was carried out for 48 cycles of 94°C for 30
s, 62.5°C for 1 min, and 68°C for 2 min. The amplified
product was purified on a 1.5% agarose gel, and the DNA
was isolated using a QIAquick gel extraction kit (QIAGEN).
This DNA was then ligated into a pDrive cloning vector
(QIAGEN) using the manufacturer’s recommended condi-
tions for 1.5 h at 4°C. Finally, 5µL of this ligation mixture
was used to transform DH5R cells. The resultant vector was
purified using a QIAPrep miniprep kit (QIAGEN), and the
plasmid was sequenced by Davis Sequencing to provide
confirmation of the 5′ replacement splicing product.

RESULTS

A P. carinii group I intron and its derived ribozymes have
previously been shown to catalyze the self-splicing (19),
suicide inhibition (22), and trans excision-splicing (TES)
reactions (1, 2). This intron served as the starting point for
designing the 5′ replacement ribozyme, as it already catalyzes
the necessary cleavage and ligation reactions.

Model System Design. The sequence of the 5′ replacement
ribozyme and its substrate, which is an oligonucleotide mimic
of a small portion of the k-ras gene, is shown in Figure 4.
There were three main considerations in choosing the
sequences for the model system. First, the site of the first
catalytic step should occur at a wobble pair formed by a
guanosine (gray) in the ribozyme and a uridine (blue) in the
new 5′ replacement exon (Figure 4A). This interaction
defines the first catalytic site and is denoted with an arrow.
Second, a guanosine (red, also calledωG) in the transcript
RNA defines the second catalytic site (also denoted with an
arrow).ωG is defined by its positioning between helices P9.0
and P10, which form between the transcript RNA and
ribozyme recognition elements RE2 and RE3, respectively.
Third, the transcript guanosine chosen to beωG will
ultimately be replaced by a uridine in the reaction and so
must yield a silent mutation in the codon when translated
into the protein (Figure 4B). The first two considerations
pertain to conserved and required elements of group I introns.
The third ensures that the replacement exon will not alter
the amino acid sequence when the exon is spliced into the
transcript, thus maintaining proper coding function in the
resultant transcript. The sequences of RE1, RE2, and RE3
are then chosen according to the transcript sequences flanking
the two splice sites.

On the basis of visual inspection, the third nucleoside in
codon 20 of the k-ras transcript was the most suitable
guanosine to act asωG. In the resultant 5′ replacement
splicing reaction, the sequence upstream of (or 5′ to) codon
20 will be replaced, including codon 12, which is the
mutation hotspot. The small model substrate used in these
proof-of-principle studies is a short synthetic portion of the
k-ras gene that is 15 nucleotides in length and contains
codons 18-22 (Figure 4). In the ribozyme construct, the new
5′ exon is initially attached to the 5′ end of the ribozyme
via a normal phosphodiester bond (to produce a 5′ exon-
ribozyme conjugate) and contains the last base in codon 16
through the last base in codon 20 of the k-ras gene.
Successful 5′ replacement splicing will result in a product

FIGURE 3: Sequencing protocol for confirmation of the 5′ replace-
ment splicing product. The DNA linkers are colored black; the DNA
template is colored gray, and the 5′ replacement splicing product
is depicted as a white box. The system was designed so that the
when the product binds to the template, a single-base bulge will
occur at the new uridine in the product. In this way, we can be
sure that our sequenced product is the result of 5′ replacement
splicing. Once the linkers and 5′ replacement splicing product base
pair with the template, they are ligated together. This ligated product
is then amplified using RT-PCR, ligated into a receptive plasmid,
cloned, and sequenced for product confirmation.
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19 nucleotides in length. In these studies, we used 3′
radiolabeled substrates to view and quantify both the
substrate and product. The 3′ radiolabeling process adds an
extra cytosine at the 3′ end of the substrate and product, to
give 16- and 20-mers, respectively.

5′ Replacement Splicing Reaction. Our initial ribozyme
construct contains the new 5′ exon, an L1 loop of six bases,
a P1 helix of six bases, a P9.0 helix of eight bases, and a
P10 helix of six bases (diagrammed in Figure 4A). The
lengths of the recognition elements were designed on the
basis of optimized lengths of these regions for the TES
reaction (2). As shown in Figure 5A, the 5′ replacement
splicing reaction occurs, giving an optimized percentage yield
of 33 ( 2 (the average of four independently run assays)
and an observed rate constant of 1.58× 10-3 min-1. Figure
5B shows the yield of the reaction as a function of MgCl2

concentration, reaction temperature, reaction time, and 5′
exon-ribozyme conjugate concentration under otherwise
optimized reaction conditions. The final optimized conditions
are 50 mM MgCl2, 44 °C, 20 h, and 100 nM ribozyme.

Note the appearance of a three-nucleotide side product
(confirmed by running size controls, data not shown), which

consists of the 3′ end of the substrate (as per its radiolabel),
and which apparently results from misfolding of the ribozyme
to form a cryptic 5′ cleavage site between the ribozyme and
the substrate (or product). That the yield of 5′ replacement
splicing product remains stable over time suggests that the
majority of this side product originates from the substrate
and not the 5′ replacement splicing product. Nevertheless,
in all cases, the yield of this side product was taken into
account when calculating the yield of the replacement
splicing product.

Length Dependence of P9.0. The effect of P9.0 length on
reaction yield was investigated under the optimized condi-
tions described above. RE2 length was decreased in incre-
ments of two, resulting in P9.0 helices of 2, 4, 6, and 8 bp.
The results (Figure 6A) demonstrate that product yield

FIGURE 4: Schematic of the 5′ replacement splicing reaction. (A)
The ribozyme is depicted in black uppercase lettering, the 15-mer
k-ras mimic (the exogenous substrate) in green lowercase lettering,
and the replacement exon in blue uppercase lettering. Regions to
be ligated together are bold. The circled uridine in the replacement
exon represents the 5′ splice site (for 5′ cleavage), and the red
guanosine (ωG) in the substrate represents the 3′ splice site (for
exon ligation). (B) A simplified version of the 5′ replacement
splicing reaction showing the sequences and products grouped in
codons. Note that codon 20 is “acg” in the substrate and “ACU”
in the product. In addition, the product was designed to be four
nucleotides longer than the substrate to aid in identification.

FIGURE 5: Representative gel and optimization data for the 5′
replacement splicing reaction using the initial ribozyme construct,
rPKA-6/8/6. (A) Polyacrylamide gel showing the 5′ replacement
splicing reaction. Reactions were carried out using 100 nM rPKA-
6/8/6 ribozyme, 8 nM radiolabeled substrate, and 50 mM MgCl2
at 44°C for 20 h in H50Mg buffer composed of 50 mM HEPES
(25 mM Na+), 135 mM KCl, and 50 mM MgCl2 (pH 7.5). The
first lane contained the synthetic reaction product (20-mer), the
second lane the 5′ replacement splicing reaction, the third lane an
alkaline digest of the synthetic product, and the fourth lane the
substrate (16-mer) under reaction conditions with no added ri-
bozyme. Note that the 3′ radiolabeling procedure adds a cytosine
to the 3′ end of both the substrate and the product, which results in
gel bands one nucleotide longer than that shown in Figure 4. The
3-mer band results from cryptic cleavage of the last two bases of
the 3′ exon plus the cytosine added by the radiolabeling procedure.
(B) Optimization of the 5′ replacement splicing reaction using the
rPKA-6/8/6 ribozyme. The reactions were carried out under the
optimized reaction conditions described above except for the listed
changing variable. Each data point is the average of two indepen-
dently run assays, and the standard deviation for every point is
less than 10%.
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decreases as P9.0 length decreases. Therefore, just as in the
TES reaction (2), elongating P9.0 is beneficial for the 5′
replacement splicing reaction. Since P9.0 forms between the
ribozyme and the exogenous transcript, elongating this helix
likely stabilizes this intermolecular interaction. Even though
P9.0 could not be made longer than 8 bp in this model
system, it is likely that even longer lengths would be even
more beneficial.

Length Dependence of P10 and L1. The effect of P10
length on reaction yield was also investigated under the
optimized conditions. RE3 and L1, however, are immediately
adjacent in the ribozyme, so length changes in one could
alter the length of the other. Using the system diagrammed
in Figure 4A as an example, changing RE3 from six bases
(5′CUGUAU3′) to four bases (5′GUAU3′) would still likely
result in a 6 bp P10helix, as the uridines in the loop would
be available for base pairing. The only other length of P10
(other than 6 bp) that could possibly not form such a slipped
P10 helix was 1 bp, although it is possible that P10 does

not even form in this case. Nevertheless, using a ribozyme
construct that does not have a stable P10 helix, regardless
of whether it is 1 or 0 bp, can still give us information
regarding the importance of stable P10 formation. Therefore,
we investigated the effect of L1 length using P10 helix
lengths of 1 (potentially) and 6 bp (Figure 6B) using loop
lengths of 2, 4, 6, 8, 10, 12, and 14 nucleosides. Uridines
were utilized to increase loop length because they are least
likely to form stable intermolecular and intramolecular
structures.

When the results in Figures 6B1 and 6B2 are compared,
it is apparent that a longer and more stable P10 helix
increases product yield. In the case with the unstable P10
helix (Figure 6B2), reaction percentages do not exceed 10%,
regardless of loop length. It appears that any effect loop
length could have on product formation is likely undetectable
due to the detrimental effects of having such an unstable
P10 helix. Apparently, stable P10 formation is an essential
ingredient of the 5′ replacement splicing reaction.

Once P10 is increased to 6 bp, however, the yield of
product changes, sometimes considerably, as a function of
loop length. The general trend is that yields increase as P10
goes from 2 to 10 bp (with one exception), and then the
yield decreases sharply thereafter. Evidently, a 10 bp L1 loop,
combined with a 6 bpP10, provides an optimal level of
product formation in this model system.

Optimized 5′ Replacement Splicing Construct. We ana-
lyzed whether the “optimized” ribozyme construct (with a
10 bp L1, an 8 bp P9.0, and a 6 bpP10) reacted differently
to changes in MgCl2 concentration, temperature, time, and
ribozyme concentration in comparison to the initial ribozyme
construct (with a 6 bp L1, an 8 bpP9.0, and a 6 bpP10).
The reaction yield with this optimized construct is 73.6(
0.1% product (average of four independently run assays),
which is approximately twice as much product as seen with
the initial ribozyme construct (Figure 7). Perhaps not
surprisingly, the optimized reaction conditions for the two
ribozyme reactions were the same. Surprisingly, the reaction
for the optimized construct is almost 6-fold faster (kobs )
9.17× 10-3 min-1) than the initial construct (1.58× 10-3

min-1). As the only difference in the two constructs is the
length of loop L1, it appears that the length of L1 is an
important factor in defining the dynamics of the 5′ replace-
ment splicing reaction. Note that the yield of the three-
nucleotide side product is greatly reduced when using the
optimized ribozyme construct in the reaction (compare
Figures 5A and 7A).

The 5′ Exon Can Dissociate before the Substrate Binds.
It is entirely possible that the first step of 5′ replacement
splicing can occur without the ribozyme binding to its
transcript target. This has only a negative consequence on
the reaction, however, if the endogenous 5′ exon then
dissociates from the ribozyme. To test whether such dis-
sociation occurs, the 5′ replacement splicing reaction was
carried out as described above except that an equimolar
(relative to the ribozyme concentration) amount of non-
radiolabeled 5′ exon competitor was added. The mimic is
six nucleotides in length, and the endogenous 5′ exon is 13
nucleotides in length. If the endogenous 5′ exon does
dissociate between the two reaction steps, then the competitor
could bind and form a P1 helix, and subsequently be used
in the 5′ replacement splicing reaction. The competition

FIGURE 6: 5′ replacement splicing reaction as a function of RE2,
RE3, and L1 loop length. The reactions were carried out with 100
nM ribozyme, 8 nM substrate, and 50 mM MgCl2 at 44°C for 20
h. All data points are the average of at least two independent assays,
and the standard deviations for all points are less than 10%. Circles
represent percent product formation in the graphs. (A) Effect of
P9.0 length on product formation using ribozyme rPKA-6/x/6, where
x ranges from 2 to 8 in increments of 2. The longest length tested
(8 bases) is shown in the diagram at the right, and the shorter P9.0
helices have 2 bases removed, sequentially, from the 3′ end of RE2.
(B1) Effect of L1 loop length (when RE3 is 6 bases long) on product
formation using ribozyme rPKA-x/8/6, wherex ranges from 2 to
14 in increments of 2. The longest length tested (14 bases) is shown
in the diagram at the right, and the shorter L1 loops have two bases
removed, sequentially, starting with boxed uridine in the loop. (B2)
Effect of L1 loop length (when RE3 is 1 base long) on product
formation using ribozyme rPKA-x/8/1, wherex ranges from 2 to
14 in increments of 2. The longest length tested (14 bases) is shown
in the diagram at the right, and the shorter L1 loops have two bases
removed, sequentially, starting with boxed uridine in the loop. In
this reaction, the five 5′ most bases of RE3 in the ribozyme were
deleted, which is expected to give a continuous P10 helix of only
1 bp. Note that these experiments were designed such that simple
base pair shifting within the ribozyme is not expected to be able to
reconstitute stable lengths of P9.0, P10, and L1 other than that
designed.
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product (12 nucleotides) could then be distinguished from
the product (19 nucleotides) on the basis of size. The results
show that 25% of the substrate reacts to form this competition
product, indicating that the endogenous 5′ exons can dis-
sociate before the substrate binds to the ribozyme. Further-
more, the amount of the replacement splicing product
decreases by approximately 20% upon addition of the
competitor, which indicates that as much as 20% of the
replacement splicing product forms when the dissociated 5′
exon rebinds the ribozyme. Note that the results are the same
regardless of whether the competitor is added prior to or
after ribozyme annealing.

Sequencing Confirmation of the 5′ Replacement Splicing
Product. A sequencing protocol used for small RNAs was
adapted (20, 21) to confirm the sequence of the 5′ replace-
ment splicing product. In this protocol (Figure 3), linker

oligonucleotides are ligated to the reaction product using a
partially complementary template. The template does not
contain the complement to the new uridine that is expected
in the reaction product. This ensures that when the resultant
ligation reaction mixture is RT-PCR amplified, any products
containing the new uridine must have originated from the
expected reaction. After amplification, the gel-purified
product was ligated into a plasmid, cloned, and sequenced
for confirmation. The sequence that was obtained was that
expected for the 5′ replacement splicing reaction product,
thus confirming the 5′ replacement splicing reaction product.

GMP Dependence. The 5′ replacement splicing reaction
was conducted using the optimized reaction conditions and
the optimized ribozyme construct in the presence of varying
concentrations of GMP. The results of this experiment were
of interest as guanosine phosphates are required cofactors
in the 3′ replacement splicing reaction, but not in the 5′
replacement splicing reaction. As seen in Figure 8, concen-
trations as low as 50µM GMP result in a loss of the expected
5′ replacement splicing product, while simultaneously result-
ing in the formation of a new inhibition product. This five-
nucleotide inhibition product (determined using size controls,
data not shown) contains the 3′ end of the substrate (as per
its radiolabel), and is likely the result of a 5′ cleavage reaction
(i.e., the G-addition reaction) occurring at a cryptic site on
the 3′ end of the substrate (or product). Both types of 5′
cleavage reactions (G-addition and ribozyme-mediated hy-
drolysis) are well-known to occur at cryptic 5′ splice sites
(23-27). That the yield of 5′ replacement splicing product
remains stable over time when 10µM GMP is added during
annealing or after 2.5 h (data not shown) suggests that the
majority of this inhibition product originates from the
substrate and not the 5′ replacement splicing product.
Apparently, the presence of GMP inhibits the 5′ replacement
splicing reaction because it results in a competing side
reaction.

DISCUSSION

In this report, we describe a newly engineeredP. carinii
group I intron-derived ribozyme that can effectively (70%
yield) replace the 5′ end of a RNA with a different sequence
in vitro, using as our model system a small synthetic k-ras

FIGURE 7: Representative gel and optimization data for the 5′
replacement splicing reaction using the optimized ribozyme con-
struct, rPKA-10/8/6. (A) Polyacrylamide gel showing the 5′
replacement splicing reaction. Reactions were carried out using 100
nM rPKA-10/8/6 ribozyme, 8 nM radiolabeled substrate, and 50
mM MgCl2 at 44 °C for 20 h. The first lane shows an alkaline
digest of the synthetic product, the second lane the 5′ replacement
splicing reaction, the third lane the synthetic reaction product (20-
mer), and the fourth lane the substrate (16-mer) under reaction
conditions with no added ribozyme. Note that the 3′ radiolabeling
procedure adds a cytosine to the 3′ end of both the substrate and
the product, which results in gel bands one nucleotide longer than
those shown in Figure 4. The 3-mer band results from cryptic
cleavage of the last two bases of the 3′ exon plus the cytosine added
by the radiolabeling procedure. (B) Optimization of the 5′ replace-
ment splicing reaction using the rPKA-10/8/6 ribozyme. The
reactions were run under the optimized reaction conditions described
above except for the listed changing variable. Each data point is
the average of two independently run assays, and the standard
deviation for every point is less than 10%.

FIGURE 8: Dependence of the 5′ replacement splicing reaction on
GMP concentration. The graph displays 5′ replacement splicing
product formation (b) and inhibition product formation (9) with
the optimized 5′ replacement splicing construct, rPKA-10/8/6, when
increasing amounts of GMP are added to the reaction. The reactions
were carried out with 100 nM ribozyme, 8 nM substrate, and 50
mM MgCl2 at 44 °C for 20 h. Each data point is the average of
two independent assays, and standard deviations for each point are
less than 10%. The representative gel lane of the reaction run with
10 µM GMP added during preannealing shows the 20-mer
replacement splicing product, the 16-mer substrate, the 5-mer
inhibition product, and the 3-mer cryptic hydrolysis product.
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mimic. This is the first report of a group I intron-derived
ribozyme specifically replacing the 5′ end of an RNA with
a new RNA.

In general, elongating RE2 and RE3 of the ribozyme,
which form helices P9.0 and P10 when bound to the
exogenous RNA substrate, is beneficial to the 5′ replacement
splicing reaction. In fact, both appear to be required for the
reaction as a decrease in length of either one of these
interactions severely reduces product yield. This is perhaps
not surprising as both elements are involved in target
identification and define the 3′ splice site. The effect of
elongating these molecular recognition elements could
encompass thermodynamic enhancement of the binding
between the ribozyme and its substrate and intermediates,
as well as to aid in the preorganization of the catalytic
intermediates, as suggested for P9.0 and P10 with a trans
excision-splicing reaction (2). Surprisingly, the length of loop
L1 is also an important determinant for the 5′ replacement
splicing reaction. The initial and optimized ribozyme con-
structs used in this study differ at only the L1 loop length (6
and 10 nucleotides, respectively), yet this change enhances
the product yield by 2-fold and the rate of the reaction by
5-fold. One possible explanation is that the 10 base loop
region provides ample “maneuvering room” for P1 and P10
formation to occur. A larger loop, however, might sterically
deter the correct, most active folded state of the ribozyme-
substrate complex. Similar results regarding P10 helix length
(5) and L1 loop length (28) have been demonstrated in vivo
using aTetrahymenaribozyme in a 3′ replacement splicing
reaction.

Note that the observed rate constant of the 5′ replacement
splicing reaction (kobs ) 0.009 min-1) is considerably lower
than those of otherP. carinii ribozyme-catalyzed reactions.
For example, under individually optimized reaction condi-
tions, the rate of self-splicing is 0.9 min-1 (19), the rate of
suicide inhibition is 0.081 min-1 (22), and the rate of trans
excision-splicing is 0.05 min-1 (1). The reasons for this are
unknown; however, it is expected that enhancing this rate
will be important for conducting this reaction in the in vivo
environment.

In hindsight, there have been at least four barriers toward
the development of a 5′ replacement splicing ribozyme. First,
native length P10 and P9.0 helices do not result in sufficiently
stable binding of the exogenous substrate to the ribozyme
for the reaction to occur. Second, while GMP is usually an
essential cofactor in group I ribozyme reactions, relatively
low concentrations of GMP inhibit 5′ replacement splicing
product formation. Third, at least using our model system,
the conditions for running this reaction are far from that
normally associated with ribozyme-catalyzed reactions.
Fourth, 5′ exon dissociation prior to substrate binding could
inhibit product formation. For these reasons, in its current
incarnation, it is not expected that the 5′ replacement splicing
reaction would work very well in vivo. Therefore, substantial
modifications to the ribozyme target system may be required.
This could include further elongation of P9.0 and P10 for
stabilization of the interactions between the substrate and
the ribozyme, developing ribozymes with a weakened
tendency to catalyze cryptic reactions (especially the G-
addition reaction) which could be toxic to the cell, “evolving”
low-salt reactive ribozyme constructs, and elongating P1 to
inhibit 5′ exon dissociation. Nevertheless, this proof-of-

principle study shows, for the first time, that it is possible
for group I intron-derived ribozymes to catalyze the 5′
replacement splicing reaction.

Comparison with 3′ Replacement Splicing. In 3′ replace-
ment splicing, the 3′ end of an RNA transcript is replaced
with an RNA that is covalently attached to a ribozyme (3).
In cases where the desired region to be replaced is at the 5′
end of a transcript, however, this strategy might not be ideal.
For example, being able to directly target mutations that are
proximal to the 5′ end of a transcript could be less
problematic and more efficient than replacing the majority
of the transcript with a 3′ replacement ribozyme. Conversely,
we have shown that the first reaction step of 5′ replacement
splicing can occur before the ribozyme construct binds the
target, resulting in some 5′ exon dissociation. This potential
limitation might have to be addressed, perhaps by enhancing
the stability of the P1 helix, for effective reactivity in vivo.
This is not a limitation of the 3′ replacement splicing reaction,
however, as the first reaction step occurs only when the
exogenous substrate binds.

Fundamentally, the 5′ replacement splicing and 3′ replace-
ment splicing reactions are similar, with a few important
differences. While 3′ replacement splicing ribozymes utilize
P1 and to a lesser extent the EGS (extended guide sequence)
to bind an exogenous transcript (Figure 1A), 5′ replacement
splicing ribozymes utilize P9.0 and P10 (Figure 1B). In
addition, each of these reactions has been studied using
different ribozyme systems: 3′ replacement splicing utilizes
a ribozyme derived fromTetrahymena, and 5′ replacement
splicing utilizes a ribozyme derived fromP. carinii. We have
previously reported many fundamental differences between
how these two ribozymes recognize their substrates and
catalyze their reactions (1, 2, 19, 22, 29), and so many of
the differences in this report could be ascribed to this fact.
For example, theP. carinii ribozyme appears to be much
better able to catalyze the 5′ hydrolysis reaction than the
Tetrahymenaribozyme, and so theP. carinii ribozyme does
not require a GMP cofactor. In addition, under the conditions
that were analyzed, 3′ replacement splicing has a substantially
faster rate of reaction in vitro (0.17 min-1 vs 0.009 min-1)
than 5′ replacement splicing (30).

Comparison with SmaRT. Another strategy for modifying
transcripts is spliceosome-mediated RNA trans splicing
(SmaRT) (31-34). This strategy has been exploited for
conducting both 3′ and 5′ replacement splicing reactions in
mammalian cells. The catalyst in SmaRT is the spliceosome,
which is a protein-RNA nuclear complex. SmaRT also
utilizes a pre-trans splicing molecule (PTM), which contains
the new replacement exon. Because this method relies on
spliceosomes, the splice sites are limited to intron-exon
junctions. In comparison, 5′ replacement splicing does not
require mammalian intron-exon junctions as splice sites,
and does not require a host that contains a spliceosome.

Implications. These results are a further demonstration that
group I intron-derived ribozymes are quite malleable in terms
of intermolecular recognition and catalysis. These studies
demonstrate that the recognition sequences responsible for
defining the 3′ splice site (RE2 and RE3) can be used as the
primary elements of target recognition, indicating greater
flexibility in molecular recognition than previously realized.
As a biochemical tool, 5′ replacement splicing is a corollary
to 3′ replacement splicing, which has already proven to be

Ribozyme-Mediated 5′ Replacement Splicing Biochemistry, Vol. 44, No. 21, 20057803



effective in repairing some genetically damaged RNA
transcripts (3-12). In many specific cases, the act of
repairing mutated transcripts, via either a replacement
splicing method, SmaRT, or some other method, is an
attractive strategy for disease amelioration relative to the
wholesale degradation of such transcripts (via antisense or
siRNA strategies), as it retains the function of the corrected
transcript. Repairing the common k-ras mutation at codon
12 that leads to a predisposition for lung cancer is one such
relevant example. Furthermore, such catalytic RNAs may
also have utility as biochemical tools, for example, by the
targeted in vivo induction of transcript recombination. As
the array of catalytic RNA tools for transcript manipulation
grows, and the knowledge of their in vitro and in vivo activity
improves, the potential for exploiting such ribozymes to solve
real world problems is becoming more and more accessible.
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