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Recent reports have demonstrated that trans-splicing ribozymes can be employed to repair
mutant RNAs. One key factor that influences RNA repair efficiency is the accessibility of the substrate RNA for ribozyme binding, which is complicated by the fact that RNAs may assume multiple conformations and have proteins bound to them in vivo. Here we describe a strategy to map
accessible sites on sickle -globin (s-globin) transcripts in vitro and in vivo and to use this information to enhance RNA repair efficiency. Two sites upstream of the sickle mutation were identified as accessible in some fraction of the -globin RNA by mapping with a ribozyme library and
the accessibility of those sites was assessed by in vitro cleavage analyses. Ribozymes targeting
either site could only convert a certain fraction of the s-globin RNA to product but not drive the
reaction to completion. However, cleavage and splicing reactions were driven further toward
completion when the two ribozymes were both added to the reactions, suggesting that the substrate RNA is present in multiple conformations in vitro. These two ribozymes were each able to
repair s-globin transcripts in erythrocyte precursors derived from peripheral blood from individuals with sickle cell disease. Moreover, the relative accessibility of the targeted sites in vivo is
as predicted by mapping and in vitro analyses. These results demonstrate that this novel RNA
mapping strategy represents an effective means to determine the accessible regions of target
RNAs and that combinations of trans-splicing ribozymes can be employed to enhance RNA repair
efficiency of clinically relevant transcripts such as s-globin RNA.
Key Words: ribozyme; RNA mapping; RNA repair; sickle cell disease.

INTRODUCTION
Since the discovery of catalytic RNA molecules, considerable progress has been made in their application as
therapeutic agents. Trans-cleaving ribozymes can be
employed to cut and thus inactivate a specific deleterious messenger RNA (mRNA) such as those expressed
from HIV genes or dominant mutant oncogenes (1–3),
while trans-splicing ribozymes can be employed to
emend defective transcripts to make them encode a wild
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type version of a gene product (4–6). For desired phenotypic changes to be observed in the clinic, the ribozymes
must be able to react with a therapeutically relevant fraction of their target RNAs inside a patient’s cell. For a
cleaving ribozyme to revert neoplastic transformation
resulting from a mutation in a dominant oncogene or to
inhibit HIV replication, the ribozyme will most likely
have to destroy the vast majority of the target transcripts,
which may be very difficult to achieve in practice. The
minimum efficiency required to engender a phenotypic
change by ribozyme-mediated repair of RNA depends on
whether the target transcript encodes a dominant or
recessive mutant protein. An effective treatment for sickle cell disease would likely result from conversion of
10–20% of βs-globin transcripts into mRNAs encoding
the anti-sickling protein γ-globin (7).
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Trans-splicing of up to 50% of a model lacZ substrate
RNA has been observed in mammalian cells (8). The
repair efficiency of clinically important transcripts in
therapeutically appropriate settings however appears to
be much lower (5). Thus, improvements in efficiency are
likely to be required for ribozyme-mediated RNA repair
to become an effective therapeutic strategy. Factors that
affect in vivo repair efficiency include the accumulation
of the ribozyme, colocalization of ribozyme and its target
and the proper folding or sequestration of the ribozyme.
One key factor that will likely limit the maximum efficiency with which a target RNA can be repaired is the
accessibility of the substrate RNA (8, 9). Theoretically the
Tetrahymena group I ribozyme can be made to target virtually any uridine residue in a substrate RNA by changing the nucleotide composition of the ribozyme’s internal guide sequence (IGS) to make it complementary to
the target. Within the cell, however, the substrate RNA is
presumably in a highly folded structure and may also be
protected by proteins bound to part of the molecule.
Therefore, it is crucial to first identify the sites within the
target RNA that are most accessible to the ribozyme.
Toward this end, various strategies have been reported to
map the target RNA for accessible binding sites in cell
extracts (10, 11).
Previously, we have developed an RNA mapping strategy that is based on a trans-splicing ribozyme library and
RNA tagging (5, 12), which can be employed to map
ribozyme-accessible sites in vitro as well as in vivo. In the
current study, we use this mapping strategy to identify
five uridine residues in the β-globin transcript upstream
of the sickle mutation that are accessible to the
Tetrahymena group I ribozyme. The relative accessibility
of these sites was directly measured by in vitro cleavage
analyses. To determine if repair efficiency can be
enhanced by employing multiple ribozymes targeting
different sites on one substrate, we chose to study
ribozymes targeting the two most accessible sites in the
β-globin transcript that we identified by mapping. By
combining these ribozymes, we found that cleavage and
trans-splicing efficiency appear to be partially additive in
vitro. In addition, these two ribozymes were each able to
convert βs-globin transcripts into mRNAs encoding γ-globin in erythrocyte precursors derived from peripheral
blood from individuals with sickle cell disease. Moreover,
the relative efficiency of βs-globin revision achieved by
these two ribozymes was found to be consistent with
results from our in vitro reactions and mapping studies.
Our results suggest that repair efficiency may be
enhanced by mapping accessible sites on a target RNA
and by combining ribozymes that recognize different
accessible sites in a substrate RNA.

MATERIALS

AND

METHODS

Mapping the β-globin transcript. The mapping library was generated as previously described (5). For in vitro mapping, the ribozyme library (500 nM)
and cellular RNA (1 µg) extracted from erythrocyte precursors derived
from umbilical cord blood (UCB) were each denatured at 95°C for 1 min
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and then equilibrated in reaction buffer (50 mM Hepes, pH 7.0, 150 mM
NaCl, and 5 mM MgCl2) at 37°C for 3 min. UCB RNA was then added to
the ribozyme library along with guanosine (100 µM) to start the reaction,
which proceeded at 37°C for 3 h. For intracellular mapping, the ribozyme
library was transfected into erythrocyte precursors derived from UCB and
total RNA was isolated as previously described (5). The resulting RNA was
reverse-transcribed at 37°C for 15 min in the presence of L-argininamide
(10 mM) (3′ tag primer: 5′-GGGGAATTCGCTATTACGCCAGCTGGCG).
cDNAs were then amplified via polymerase chain reaction (PCR) for 30
cycles using the same 3′ primer and a 5′ primer specific for β-globin (5′GGGGATCCCTGTGTTCACTAGCAACC). The PCR products were digested with BamHI and EcoRI and subcloned into pUC19. Inserts were
sequenced using the dideoxy method and the M13 reverse primer
(Amersham).
Plasmid construction. pT7R61 and pT7R68 were derived from pT7L-21
(13) by oligo cloning. The wild-type group I intron IGS GGAGGG in
pT7L-21 was changed to GGGTGC in pT7R61 and to GGGAGT in
pT7R68. Plasmids containing the inactive intron were constructed in
parallel to provide negative controls for catalytic activity.
pT7R61G was constructed by replacing the lacZ sequences in the 3′
exon of pT7R61 with human γ-globin cDNA sequence (nucleotides 29 to
545) (14). pT7R68G was constructed by replacing the lacZ sequences in
the 3′ exon of pT7R68 with human γ-globin cDNA sequence (nucleotides
36 to 545) (14). The human γ-globin cDNA sequence was amplified via
reverse transcription and polymerase chain reaction (RT/PCR) from total
RNA isolated from erythrocyte precursors derived from UCB. One microgram of UCB RNA was reverse transcribed with MoMLV reverse transcriptase at 37°C for 30 min from a primer complementary to human γglobin cDNA sequence (nucleotides 526 to 545) followed by a PstI site (5′AAAACTGCAGATCTCTTAGCAGAATAGA). The resulting cDNAs were
PCR amplified for 30 cycles using this 3′ primer as well as a 5′ primer
(human γ-globin cDNA nt 29–49, 5′-CACAGAGGAGGACAAGGCTAC for
pT7R61G; human γ-globin cDNA nt 36–55, 5′- GAGGACAAGGCTACTATCAC for pT7R68G). The PCR products were digested with PstI and
inserted between the NruI and PstI sites of pT7R61G and pT7R68G,
respectively. Again constructs carrying a catalytically inactive form of the
ribozyme were generated in parallel to serve as controls.
Transcription of ribozymes and substrates. Rib61ScaI, Rib68ScaI,
Rib38ScaI, and Rib52ScaI ribozymes were transcribed using templates
generated from plasmid pT7L-21 by PCR. The 5′ PCR primers (5′GGGGGAATTCTAATACGACTCACTATAGGGTGCAAAAGTTATCAGGC
for Rib61ScaI; 5′-GGGGGAATTCTAATACGACTCACTATAGGGAGTAAAAGTTATCAGGC for Rib68ScaI, 5′-GGGGGAATTCTAATACGACTCACTATAGGGTTGAAAAGTTATCAGGC
for
Rib38ScaI;
5′GGGGGAATTCTAATACGACTCACTATAGTGGTGAAAAGTTATCAGGC
for Rib52ScaI) contain the T7 promoter and the various ribozymes’ internal guide sequences. The 3′ primer (5′-ACTCCAAAACTAATCAATATAC) is
complementary to the last 22 nucleotides of the intron, ending with the
ScaI site. βs-Globin RNA was transcribed using a template generated by
RT-PCR amplification of RNA from peripheral blood cells from patients
with sickle cell disease (upstream primer 5′-GGGGGATCCTAATACGACTCACTATAGGGACATTTGCTTCTGACACAAC; downstream primer 5′GGGGGGTCGACGCAATGAAAATAATGTTTT). RT-PCR conditions were
as described above. PCR products were phenol extracted and ethanol precipitated. Transcription conditions were 40 mM Tris (pH 7.5), 25 mM
MgCl2, 2 mM spermidine, 10 mM dithiothreitol, 4 mM each nucleoside
triphosphate, 500 units T7 RNA polymerase and 1 µg PCR product as
template per 100-µl volume. The resulting RNA was purified on 4% denaturing polyacrylamide gels, eluted overnight at 4°C by soaking the gel
slices in buffer (10 mM Tris, pH 7.5, 1 mM EDTA, 0.3 M sodium acetate),
and ethanol precipitated. RNA concentrations were determined by meass
uring the OD260, assuming 1 OD260 = 40 µg/ml. β -Globin RNA was 5′ end
labeled using T4 polynucleotide kinase and a molar excess of [γ-32P]ATP
(6000 Ci/mmol). Rib61-3′γ38 and Rib68-3′γ38 were transcribed using
templates generated from plasmids pT7R61G and pT7R68G via PCR
amplification. The 3′ primer (5′-CCCACAGGCTTGTGATAG) is complementary to human γ-globin cDNA sequence (nucleotides 49 to 66).
Transcription conditions were as described above for ScaI ribozymes and
s
β -globin RNA, except that the MgCl2 concentration was lowered to 5
mM to prevent 3′ splice site hydrolysis (15). Rib61-3′γ and Rib68-3′γ were
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transcribed from plasmid pT7R61G and pT7R68G, respectively, linearized with PstI. Transcription conditions were as described above for
Rib61-3′γ38, except that 10 µg linearized plasmid was used as the transcription template in place of PCR products.
In vitro cleavage and splicing reactions. All reactions were single
s
turnover, using trace concentrations of 5′-32P-labeled β -globin RNA (1
nM final concentration) and ribozyme excess (300 nM unless otherwise
indicated). Ribozyme in 5 µl H2O and substrate in 4 µl H2O were heated
to 95°C for one minute, then renatured at 50°C for 10 min, followed by
addition of 5 µl reaction buffer (100 mM Hepes pH 7.0, 300 mM NaCl,
10 mM MgCl2) to the ribozyme and substrate, respectively, and 1 µl 2
mM GTP to the substrate. The ribozyme and substrate RNA were incubated at 37°C for 10 min before the reaction was initiated by adding the

substrate to the ribozyme. Reactions were performed at 37°C. Time
points were taken by removing 4-µl aliquots and adding them to 4 µl
stop solution (90 mM EDTA, 0.05% bromophenol blue, 0.05% xylene
cyanol in 88% formamide). Products were separated on 8% denaturing
polyacrylamide gels and quantified using a Storm Imager (Molecular
Dynamics).
Pulse-chase experiments. Cleavage reactions were performed as
s
described above, with 5′-32P-labeled β -globin (1 nM) and Rib68ScaI (300
nM) (or Rib61ScaI). After 180 min, the reaction was divided into two
equal halves. Fresh buffer and Rib61ScaI (or Rib68ScaI) was added to one
s
half of the reaction so that the final condition was 0.5 nM β -globin RNA,
Rib68ScaI (150 nM) and Rib61ScaI (150 nM) in 1 buffer (50 mM Hepes,
pH 7.0, 150 mM NaCl, 5 mM MgCl2, 0.1 mM GTP). An equal amount of

FIG. 1. Mapping of β-globin RNA. (A) Scheme for mapping accessible sites in β-globin RNA in vitro with a trans-splicing ribozyme library. (B) Scheme for
mapping accessible sites in β-globin RNA in erythrocyte precursors. (C) Mapping results. Nucleotide positions are presented for the accessible uridines identified from in vitro (left) and in vivo (right) mapping analyses. The number of individual clones containing a given uridine at the splice site is indicated. Position
70 denotes the nucleotide that is altered in βs-globin transcripts.
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FIG. 2. Comparison of accessibility of different sites in β-globin RNA by in vitro cleavage analyses. βs-Globin substrate RNA was incubated with the four different ribozymes as described under Materials and Methods. Time points were taken and reaction products were separated on an 8% denaturing polyacrylamide
gel and visualized and quantified by phosphorimager analysis. The full-length βs-globin substrate and the expected cleavage products are indicated along with
percent of cleavage at each site after 1 h. Rib61ScaI, Rib38ScaI, and Rib68ScaI cleave βs-globin RNA at other positions, which is likely due to the low in vitro
specificity of group I intron ribozymes (9).

buffer and Rib68ScaI (or Rib61ScaI) were added to the other half of the
reaction to serve as a control.
Isolation and sequencing of spliced products. RBC precursors derived
from peripheral blood from sickle cell patients were transfected with
ribozymes and total RNA was isolated as previously described (5). Total
RNA were reverse-transcribed at 37°C for 15 min in the presence of Largininamide (10 mM) (3′ tag primer: 5′-CGCTATTACGCCAGCTGGCG;
3′ γ-globin primer: 5′-CGGGAATTCCCACAGGCTTGTGATA). cDNAs
were then amplified for 30 cycles using the same 3′ primer and a 5′
primer specific for β-globin (5′ GGGGATCCCTGTGTTCACTAGCAACC).
One microliter of the PCR product was amplified for 30 cycles with the
same 5′ primer and a nested 3′ primer (3′ tag primer: 5′-TCGACTCTAGAGGATCCC; 3′ γ-globin primer: 5′ CGGGAATTCGTGATAGTAGCCTTGTCCT). [α-32P]dCTP was added to second round PCR to label the
amplified products which were separated on a 10% polyacrylamide gel
and quantified using a Storm Imager (Molecular Dynamics).
The PCR products from Rib-3′ γ were digested with BamHI and EcoRI
and subcloned into pUC19. Inserts were sequenced using the dideoxy
method and the M13 reverse primer (Amersham).

RESULTS
Mapping -globin RNA for accessible uridines. To ascertain
which regions of the β-globin transcript are accessible to
ribozymes, we developed an RNA mapping strategy that
is based on a trans-splicing ribozyme library and RNA
tagging (12) (Figs. 1A and 1B). The mapping library was
generated by randomizing the guide sequence of the
Tetrahymena group I trans-splicing ribozyme such that
the 5′ end of the RNAs in the library began with 5′GNNNNN-3′ where “G” represents guanine and “N” represents equal amounts of the four nucleotides (16). The
β-globin transcript was mapped in vitro by incubating the
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trans-splicing ribozyme library with total RNA isolated
from erythrocyte precursors under splicing conditions
(Fig. 1A) and inside the cell by transfecting the mapping
library into erythrocyte precursors (Fig. 1B). Mapping
studies revealed five uridine residues upstream of the
sickle mutation in β-globin RNA (position 70) to be
accessible to a group I intron ribozyme (Fig. 1C).
Moreover, the uridine at position 61 (U61) appears to be
particularly accessible with more than half of the reaction products resulting from splicing at this site (Fig.
1C).
Verifying that RNA mapping predicts the most accessible sites in vitro. To determine if the sites that are predicted to be accessible via mapping analyses are truly the
most accessible sites, we decided to analyze in more
detail ribozymes targeting three different sites in β-globin RNA that were identified by our mapping studies.
U61 appeared to be particularly accessible because ten
out of eighteen clones generated during in vitro and
intracellular mapping contained splice junctions at this
nucleotide (Fig. 1C). Splicing at nucleotides 38 (U38)
and 68 (U68) was observed in one or two clones out of
eighteen, while splicing at nucleotide 52 (U52) was not
detected in our mapping analyses (Fig. 1C). Trans-cleaving group I ribozymes were designed to recognize these
individual sites (called Rib61ScaI, Rib38ScaI, Rib68ScaI,
and Rib52ScaI). These cleaving ribozymes catalyze only
the first step of splicing (cleavage) and not exon ligation
due to their lack of a 3′ exon and a 3′ terminal guanosine
(13, 17). Therefore the percentage of cleavage product
generated by the individual ribozymes is a direct measMOLECULAR THERAPY Vol. 2, No. 3, September 2000
Copyright  The American Society of Gene Therapy
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FIG. 3. Chasing ribozyme reactions toward completion. Radiolabeled βs-globin RNA was incubated with either (A) Rib68ScaI or (B) Rib61ScaI and time points
were taken at 0, 2, 10, 60, and 180 min. After 180 min, more of the starting ribozyme was added to half of the sample, while (A) Rib61ScaI or (B) Rib68ScaI
was added to the other half of the reaction. Aliquots were removed and the reactions stopped at times of 182, 190, 210, and 240 min. All reaction products
were separated on an 8% denaturing polyacrylamide gel and quantified using a phosphorimager.

ure of the accessibility of the uridine residue being targeted.
In single turnover reactions, Rib61ScaI (Fig. 2,lanes
9–12) cleaved βs-globin RNA at U61 with higher efficiency than Rib68ScaI (Fig. 2, lanes 13–16) cleaved the target
RNA at U68. Moreover, Rib52ScaI (Fig. 2, lanes 5–8) and
Rib38ScaI (Fig. 2, lanes 1–4) did not generate cleavage
products at the expected sites, indicating that U38 and
U52 in full-length βs-globin RNA were inaccessible to the
ribozyme. Similarly the inactive versions of all four
ribozymes were unable to cleave βs-globin RNA (data not
shown). Interestingly however, Rib61ScaI generated a
cleavage product that corresponds in length to βs-globin
RNA cleaved at U38 at later time points (Fig. 2, lane 12).
One possible explanation for this miscleavage is that
while U38 in full-length βs-globin RNA is not accessible,
after βs-globin RNA is cut at U61, this cleavage product
folds into a different conformation that allows U38 to
become accessible to Rib61, whose guide sequence
(GGGUGC) can bind to the U38 site (CAACCT) with a
two-nucleotide mismatch. The relative cleavage efficiency of βs-globin at these four sites corresponds with the
predicted accessibility from our mapping analyses.
Moreover, the site that was most frequently represented
in the reaction products generated during mapping
(U61) appears to be the most accessible site for cleavage
in vitro.
Enhancing reaction efficiency by using a combination
of ribozymes. When trace amounts of 5′-32P-labeled βs-globin RNA were allowed to react with an excess of
Rib68ScaI for 3 h, approximately 50% of the substrate
remained uncleaved (Fig. 3A). Prolonged incubation
with or addition of more Rib68ScaI failed to drive the
reaction much further toward completion (Fig. 3A, curve
MOLECULAR THERAPY Vol. 2, No. 3, September 2000
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with X). One possible explanation for Rib68’s inability to
cleave all of the substrate is that βs-globin RNA may
assume multiple folded structures with certain conformations allowing Rib68 access to U68 and others not. To
determine if a second ribozyme could react with any of
the substrate that is inaccessible to Rib68, we incubated
5′-32P-labeled βs-globin RNA with an excess of Rib68ScaI
for 3 h and then added Rib61ScaI to the reaction. A significant proportion of substrate previously inaccessible
to Rib68ScaI was cleaved by Rib61ScaI (Fig. 3A, curve
with ), whereas the addition of Rib68ScaI did not significantly cleave any more of the substrate (Fig. 3A,
curve with X). This observation suggests that a portion
of the βs-globin transcripts that are inaccessible to
Rib68ScaI are accessible to Rib61ScaI. When Rib68ScaI
was added to a stalled reaction containing Rib61ScaI
(Fig. 3B), the effect was less dramatic in that Rib61ScaI is
more effective than Rib68ScaI and drives the reaction
further toward completion by itself. These results suggest
that at least three conformations for βs-globin RNA coexist: one that is accessible to only Rib61ScaI, a second that
is accessible to both Rib61ScaI and Rib68ScaI, and a third
that allows neither Rib61ScaI nor Rib68ScaI access. A
small fraction of βs-globin RNAs that assume a fourth
conformation that is accessible to only Rib68ScaI may
also be present.
Since a portion of the βs-globin transcripts that are
inaccessible to Rib68ScaI appear to be accessible to
Rib61ScaI, a combination of the two ribozymes may
cleave the substrate RNA to a greater extent in a given
amount of time than either ribozyme alone. To test this
possibility, we incubated 5′-32P-labeled βs-globin RNA
with Rib61ScaI alone, Rib68ScaI alone or with both
Rib61ScaI and Rib68ScaI and measured the rate and
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FIG. 4. Enhancing substrate cleavage efficiency by using two ribozymes. 5′-32P-labeled βs-globin RNA (1 nM) was incubated with Rib68ScaI (300 nM) (),
Rib61ScaI (300 nM) (X) and both Rib61ScaI (150 nM) and Rib68ScaI (150 nM) (). Time points were taken at 0, 2, 10, 60, and 180 min and reaction products were separated on an 8% denaturing polyacrylamide gel and quantified. The percentage of substrate reacted is plotted against time. B shows the absolute
values for the in vitro cleavage reactions, while in Part A data have been normalized for each reaction in B such that the fraction cleaved (norm.) is equal to the
fraction cleaved at each time point divided by the maximum fraction cleaved during the reaction.

extent of substrate cleavage. The two ribozymes
appeared to cleave the substrate at similar rates, alone
(Fig. 4A, curves with  and X) or when they are combined (Fig. 4A, curve with ). However, the extent of βglobin RNA cleavage observed when using the combination of two ribozymes (Fig. 4B, curve with ) is significantly greater than the cleavage efficiency obtained by
the individual ribozymes (Fig. 4B, curves with  and X).

To determine if trans-splicing reaction efficiency can
also be enhanced by combining ribozymes that target different sites on a substrate RNA, we incubated 5′-32P-labeled
βs-globin RNA with Rib61-3′γ38, Rib68-3′γ38, or with a
combination of these two ribozymes that contain a 3′
exon derived from human γ-globin sequences, and measured the rate and extent of these trans-splicing reactions.
As with the cleavage reactions, the rate of trans-splicing is

FIG. 5. Enhancing substrate splicing efficiency by using two ribozymes. 5′-32P-labeled βs-globin (1 nM) was incubated with Rib68-3′γ38 (500 nM) (), Rib613′γ38 (500 nM) (X) and both Rib61-3′γ38 (250 nM) and Rib68-3′γ38 (250 nM) (). Time points were taken at 0, 2, 10, 60, and 180 min and reaction products were separated on an 8% denaturing polyacrylamide gel and quantified. The percentage of splicing product is plotted against time. B shows the absolute
values for the in vitro trans-splicing reactions, while in A data have been normalized for each reaction in B such that the fraction spliced (norm.) is equal to the
fraction spliced at each time point divided by the maximum fraction spliced during the reaction.
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FIG. 6. Converting βs-globin transcripts into γ-globin encoding RNAs in erythrocyte precursors from peripheral blood of sickle cell patients. (A) RT-PCR analysis of amended βs-globin RNAs. The migration of the expected PCR products of 86 base pairs as well as molecular weight markers of 90 and 70 base pairs are
indicated. (B) Sequence of amended globin transcripts. The expected sequence for a corrected transcript around the splicing junction is shown, with the complement to the two IGSs shaded and the uridines at position 61 and 68 circled. βs-Globin and γ-globin sequences are provided for comparison and the mutant
nucleotide in the sickle β-globin transcript indicated.

similar in each case (Fig. 5A) while the extent of transsplicing when using two ribozymes is significantly
increased and partially additive compared to reactions
with individual ribozymes (Fig. 5B). These results are consistent with the hypothesis that the βs-globin RNA
assumes multiple conformations that allow different
ribozymes access to various fractions of the folded substrate. Moreover, these results indicate that combining
ribozymes targeting different sites on the βs-globin RNA is
an effective way of increasing trans-splicing reaction efficiency.
In the cleavage reaction containing both Rib61 and
Rib68, approximately 80% of the substrate RNA was
cleaved by 180 min (Fig. 4B, curve with ). By contrast, in
the trans-splicing reaction containing both ribozymes,
only 25% of substrate RNA was converted into splice
product by 180 min (Fig. 5B, curve with ). This difference in reaction efficiency is not unexpected in that the
MOLECULAR THERAPY Vol. 2, No. 3, September 2000
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second step of the splicing reaction appears to be
reversible. Thus, an equilibrium exists in which only a
fraction of cleavage intermediate is converted to ligated
product (18, 19).
Rib61-3 and Rib68-3 can each repair s-globin transcripts in erythrocyte precursors. We have previously shown
that a trans-splicing ribozyme targeting U61 in βs-globin
RNA could convert βs-globin transcripts into mRNAs
encoding γ-globin in a clinically relevant cellular context
(5). To determine whether a trans-splicing ribozyme targeting U68 could repair βs-globin transcripts in erythrocyte precursors as well, we created Rib68-3′γ, which contains human γ-globin mRNA sequence (nucleotides
36–545) as a 3′ exon. Rib61-3′γ and Rib68-3′γ were each
transfected into erythrocyte precursors derived from sickle cell patients. Trans-spliced products were detected in
total RNA isolated from these cells using RT/PCR amplification. A DNA fragment of the expected size (86 base
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FIG. 7. Assessing the relative trans-splicing efficiency of Rib61 and Rib68 in
erythrocyte precursors by competitive RT-PCR. The migration of PCR products of 82 (Rib61-3′tag) and 89 (Rib68-3′tag) base pairs and molecular
weight markers of 90 and 70 base pairs are indicated.

pairs) was generated when analyzing RNA from cells
transfected with Rib61-3′γ or Rib68-3′γ (Fig. 6A, lanes 2
and 3). No such product was generated from RNA samples
isolated from cells that were not transfected (Fig. 6A, lane
8) or were transfected with the inactive ribozymes (Fig.
6A, lanes 4 and 5). When Rib61-3′γ or Rib68-3′γ was
added to the RNA extraction buffer used to isolate total
RNA from a sample of mock-transfected erythrocyte precursors, no amplification product was generated (Fig. 6A,
lanes 6 and 7), suggesting that the observed trans-splicing
products were generated inside the RBC precursors and
not during lysis of the cells or RNA analysis.
Sequence analysis of four different subclones each
derived from sickle cell patient samples transfected with
Rib61-3′γ or Rib68-3′γ demonstrated that in each case
the ribozyme had correctly spliced its γ-globin 3′ exon
onto the intended nucleotide of the βs-globin target
transcript and in the process maintained the open reading frame for the translation of the mRNA (Fig. 6B).
Thus, Rib68-3′γ as well as Rib61-3′γ is able to correct
mutant globin transcripts in primary human RBC precursors with high fidelity.
Evaluating the accessibility of U61 and U68 in s-globin RNA inside erythrocyte precursors. To determine if the
relative accessibility of U61 and U68 in vivo is similar to
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their relative accessibility in vitro, we generated two
ribozymes, Rib61-3′tag and Rib68-3′tag, that contain
identical 3′ exon tag sequences. The trans-splicing products generated by these two ribozymes are expected to
differ in size by seven nucleotides due to the difference
in the length of their 5′ exons following splicing. The
two ribozymes were transfected individually and together into erythrocyte precursors derived from sickle cell
patients. Trans-spliced products were detected in total
RNA from transfected cells by RT/PCR amplification (Fig.
7). Amplified fragments of the expected size (82 base
pairs from Rib61-3′tag and 89 base pairs from Rib683′tag) were obtained when analyzing the RNA samples
isolated from cells that were transfected with Rib61-3′tag
(Fig. 7, lane 2) and Rib68-3′tag (Fig. 7, lane 3), respectively. Two distinct bands were detected from the RNA
samples isolated from cells that were transfected with
equal amounts of Rib61-3′tag and Rib68-3′tag (Fig. 7,
lane 4). Trans-splicing products generated by Rib61-3′tag
constitute approximately 90% of the total spliced products found in these cells, while products generated by
Rib68-3′tag account for only 10% of the total products.
By contrast no such product was generated from RNA
samples isolated from cells that were not transfected
(Fig. 7, lane 9) or were transfected with the inactive
MOLECULAR THERAPY Vol. 2, No. 3, September 2000
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ribozymes (Fig. 7, lanes 5 and 6). Moreover, no amplification product was generated from RNA samples in
which Rib61-3′tag or Rib68-3′tag was added to the RNA
extraction buffer prior to lysing the mock transfected
cells (Fig. 7, lanes 7 and 8). These results indicate that
U61 is more accessible than U68 on βs-globin transcripts
in cells from sickle patients as our in vivo mapping analysis predicted.

DISCUSSION
In this report, the uridine residues in the human β-globin transcript that are accessible to trans-splicing
ribozymes were ascertained by an RNA mapping strategy
based on a group I ribozyme library and RNA tagging
(12) (Fig. 1). To validate that this novel RNA mapping
approach identifies accessible sites, the relative accessibility of individual uridine residues was assessed by in
vitro cleavage analyses (Fig. 2). Results from these studies
indicate that RNA mapping does yield the identity of
ribozyme accessible sites on substrate RNAs and that
such mapping can provide information about the relative accessibility of the identified sites. Moreover, combining ribozymes targeting two different accessible sites
on the βs-globin RNA enhanced cleavage (Figs. 3 and 4)
and splicing (Fig. 5) efficiency of the substrate. Finally,
these two ribozymes were each able to convert the βs-globin transcripts into mRNAs encoding γ-globin in erythrocyte precursors derived from peripheral blood from
sickle patients with high fidelity (Fig. 6) and the relative
intracellular accessibility of the two targeted sites was as
predicted from in vivo mapping analysis (Fig. 7).
The uridine at position 61 of β-globin RNA was identified as being particularly accessible by our mapping
studies because over half of the reaction products
sequenced contained splice junctions at this nucleotide
(Fig. 1C). Nevertheless, RNA mapping is an indirect
measure of accessibility and may not be entirely accurate. First, in a competitive PCR-based assay, shorter templates tend to be preferentially amplified over longer
templates. The sites close to the upstream primer may
therefore be over-represented in the amplified pool. This
bias may not pose a serious problem in the mapping of
βs-globin RNA because the mutation of interest is close to
the 5′-end of the transcript. However, preferential amplification should be taken into consideration when mapping a longer RNA sequence. For example, recently we
mapped accessible sites over several hundred bases on
p53 transcripts using the same approach as described
herein except that we employed several 5′-PCR primers
specific for the p53 sequence that recognized p53 RNA at
200 nucleotide intervals (unpublished data). Second,
when ribozymes targeting multiple sites are present in
the same reaction cocktail, splicing events may occur in
which the 5′-portion of the RNA is spliced again at an
upstream site. Therefore, it is possible that some of the
sites that were identified as being accessible with mapping analysis may not be accessible in the full-length
MOLECULAR THERAPY Vol. 2, No. 3, September 2000
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transcript but only became accessible after reaction at
another downstream site. In this report we directly
measured the accessibility of various uridines by in vitro
cleavage reactions using trans-cleaving group I
ribozymes targeting different sites in the βs-globin transcript (Fig. 2). The results verified that U61 was the most
accessible residue among the four sites that were
assessed, which was consistent with the results of our in
vitro mapping analysis. The cleavage at U38 by Rib61
and the failure of Rib38 to cleave at the same site suggest
the possibility that some of the sites that were identified
in mapping resulted from secondary reactions. Several
other sites downstream of the sickle mutation that are
likely to have the same or similar nucleotide composition on the 5′ end as the intended sites appeared to be
effectively cleaved (Fig. 2). The fact that they were not
identified in mapping is likely due to preferential amplification of shorter templates.
Cleavage of full-length βs-globin RNA by Rib68ScaI
failed to go to completion after prolonged incubation
(Fig. 3A, curve with X), which suggests that βs-globin
transcripts may be assuming multiple conformations
such that U68 in a fraction of the substrate molecules is
inaccessible to Rib68. The observation that addition of
Rib61 to this “stalled” reaction drove a significant fraction of the remaining substrate RNA to product (Fig. 3A,
curve with ) and the similar result where Rib68ScaI was
added to Rib61ScaI reaction mixture (Fig. 3B) suggest
that βs-globin transcripts may assume at least four conformations in vitro that differentially allow Rib61ScaI
and Rib68ScaI access to their target sites. By combining
ribozymes that target U61 and U68, we have observed a
partially additive effect in the extent of in vitro cleavage
(Fig. 4B) and splicing reactions (Fig. 5B). The rate of the
reactions however were similar for each ribozyme, either
alone or combined (Figs. 4A and Fig. 5A). These results
are consistent with the hypothesis that different conformations coexist in the substrate. Under single turnover
conditions, the extent of the reaction will be largely dictated by the fraction of the substrate that is accessible to
a given ribozyme. Each conformation that is open to the
ribozyme appears to react at a similar rate. Combining
ribozymes that target different conformations of the substrate therefore does not increase the overall reaction
rate but rather drives the reaction further toward completion.
Ribozymes must be able to react with a therapeutically significant proportion of their target RNAs inside a
patient’s cell in order to induce desired phenotypic
changes. The maximum percentage of repair efficiency
that one ribozyme can achieve will be limited by the
fraction of the substrate RNA that assumes a conformation that is accessible to the particular ribozyme. The
results from in vitro cleavage and splicing assays clearly
indicate that by combining ribozymes which react with
different conformations of a substrate, the overall accessibility of the substrate can be enhanced and repair efficiency can be improved in vitro. Inside the cell, however,
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target RNAs may assume completely different folded
structures than they do in vitro and substrate RNAs may
change their conformation during their life spans in vivo.
Moreover, both the substrate and the ribozyme may be
bound by proteins which can act as chaperones that
affect RNA folding (20). Interactions between these proteins and either the ribozyme or its substrate may profoundly affect ribozyme activity (21, 22). Nevertheless,
although little is known about the actual conformation
of large mRNA molecules, a growing body of evidence
shows that the folding of mRNA in vivo influences a
diverse range of biological events such as mRNA splicing
(23, 24), processing (25–27), translational control (28–30)
and regulation (31–33). Coexisting conformations that
result in differences in RNA stability (34, 35), repressed
translation (36) or alternative splicing (37) have been
reported. It is therefore reasonable to believe that mRNAs
may generally assume multiple conformations in vivo,
which suggests that RNA repair efficiency can be
enhanced in vivo by combining trans-splicing ribozymes
targeting different sites in a mutant mRNA.
When transfected into erythrocyte precursors derived
from peripheral blood from sickle patients, both Rib613′γ and Rib68-3′γ were able to convert βs-globin transcripts into mRNAs encoding the anti-sickling protein γglobin (Fig. 6). In vivo trans-splicing by these two
ribozymes indicates that the relative accessibility of U61
and U68 inside the erythrocyte precursors is approximately nine to one (Fig. 7), which is consistent with our
in vivo mapping analysis that suggests U61 is more accessible that U68 (Fig. 1C). Moreover, in the case of βs-globin RNA, U61 appears to be more accessible than U68
both in vitro and inside cells. It will be interesting to
determine if this correlation between in vitro and in vivo
accessibility holds true for other target RNAs.
In conclusion, these studies demonstrate that this
novel approach to RNA mapping identifies ribozymeaccessible sites on substrate RNAs in vitro as well as in
vivo. Therefore this approach should be of general utility
to a wide range of studies that employ ribozymes or antisense RNAs to modify the activity of target RNAs by binding to them. Mapping analysis appears to yield more
than one accessible site. This information can be used to
generate multiple ribozymes targeting various accessible
sites. The ability to create multiple ribozymes is likely to
be particularly important because target RNAs probably
assume multiple conformations inside cells, making it
necessary to combine ribozymes that target different sites
to effectively enhance reaction efficiency. Using the
strategies described herein to enhance RNA repair efficiency will greatly facilitate the development of therapeutically useful ribozymes to treat genetic disorders
such as sickle cell disease.
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