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ABSTRACT Self-splicing group II intron RNAs catalyze a two-step process in
which the intron is excised as a lariat by two successive phosphodiester exchange
reactions. The reversibility of the first step has been hypothesized to act as a
proofreading mechanism for improper 5=-splice site selection. However, without
synthetic access to mis-spliced RNAs, this hypothesis could not be tested. Here,
we used a deoxyribozyme to synthesize several branched RNAs that are derived
from the ai5� group II intron and mis-spliced at the 5=-splice site. Unlike the cor-
rectly spliced ai5� RNAs, the mis-spliced RNAs are observed not to undergo the
reverse of the first step. This is well-controlled negative evidence against the
hypothesis that first-step reversibility is a proofreading mechanism for 5=-splice
site selection. In a reaction equivalent either to the hydrolytic first step of splicing
or to the hydrolytic reverse of the second step of splicing, a mis-spliced 5=-exon
can be “trimmed” to its proper length by the corresponding mis-spliced intron,
and in one case, the trimmed 5=-exon was observed to proceed correctly through
the second step of splicing. These findings are the first direct evidence that this
second proofreading mechanism can occur with a group II intron RNA that is mis-
spliced at the 5=-splice site. On the basis of the likely structural and evolutionary
relationship between group II introns and the spliceosome, we suggest that this
second proofreading mechanism may be operative in the spliceosome.

T he RNA self-splicing pathway catalyzed by group II
intron RNAs (1–5) has two reaction steps
(Figure 1, panel a). In the first step, an internal

adenosine 2=-hydroxyl group from domain 6 attacks the
5=-splice site phosphodiester linkage, forming a lariat–
3=-exon intermediate with departure of the 5=-exon. In
the second step, the 5=-exon attacks the 3=-splice site,
forming the ligated exons and excising the intron as a
lariat. Although the first step of splicing is reversible (6),
the underlying explanation for this reversibility is
unclear. The lack of natural 5=-splice site mis-splicing
(7–9) suggests that a proofreading mechanism may
exist. One specific hypothesis is that first-step revers-
ibility is itself a proofreading mechanism: any intron that
mis-splices at the first step by choosing an improper
5=-splice site can return to the initial unspliced state by
the reverse of the first step (6). This would provide the
RNA another opportunity to splice correctly, rather than
waste the RNA molecule in a dead-end route or lead to
improperly spliced exons after subsequently proceeding
through the second step of splicing. This first proof-
reading mechanism requires that mis-spliced introns
which have been formed by use of the improper
5=-splice site during the first step will be competent to
proceed through the reverse of the first step. However,
this mechanism has never been tested experimentally,
because the required mis-spliced RNAs could not be
synthesized using previously available methods.

Because a mis-spliced 5=-exon that proceeds through
the second step would lead to improperly ligated exons,
a natural mechanism to repair a mis-spliced 5=-exon
would be valuable. A second potential proofreading
mechanism for RNAs that are mis-spliced at the 5=-splice
site is for the incorrect 5=-exon to be converted to the
correct length 5=-exon and subsequently proceed
through the second step. When the incorrect 5=-exon
has one or more extra nucleotides due to mis-splicing
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downstream of the correct 5=-splice site, this requires
“trimming” of the incorrect 5=-exon by removal of the
extra nucleotide(s), followed by the second step. Such
trimming of the 5=-exon could correspond to the well-
known hydrolytic first step of splicing, in which water
instead of the branch-site adenosine acts as the nucleo-
phile that attacks the 5=-splice site (4, 10–12). Alterna-
tively, the trimming reaction could instead correspond
to the hydrolytic reverse of the second step of splicing
(11, 13), analogous to spliced exons reopening (SER)
(14–16). Hydrolysis has been observed for short RNA
oligonucleotides that are analogues of the 5=-exon (7, 8,
13). However, catalysis of oligonucleotide hydrolysis
and the subsequent second step have never been
observed by mis-spliced intron RNAs, because the
required mis-spliced RNAs could not be synthesized.
Therefore, a direct test of this second proofreading
mechanism for 5=-splice site selection has not been
achievable.

Our laboratory has identified many artificial
deoxyribozymes (DNA enzymes) (17) for RNA liga-
tion (18, 19). Several of these deoxyribozymes
such as 7S11 (20, 21) create 2=,5=-branched RNA
(Figure 1, panel b) (20–24), where a 2=,5=-branch is the
key structural element of the lariat RNAs that are the
intermediates in biological RNA splicing (25). In reac-
tions catalyzed by group II introns, branched RNA (which
lacks the closed loop of a lariat) is as functionally
competent as lariat RNA (4, 26). Here, we have used
synthetic branched RNAs prepared by the 7S11 deoxy-
ribozyme to allow explicit experimental tests of the two
proofreading mechanisms for 5=-splice site selection.
Mis-spliced RNAs are observed not to undergo the
reverse of the first step of splicing, which provides
evidence against the first proofreading mechanism.
In contrast, direct evidence is obtained for the opera-
tion of the second proofreading mechanism.

Figure 1. RNA splicing and branched RNA. a) The two steps of group II intron splicing. Interactions between the intron
binding sites (IBS) and exon binding sites (EBS) are also present during the first step (not depicted). For the ai5� intron,
D123 is 675 nt and D56 is 77 nt; D4 is not depicted because it is dispensable for catalytic activity (52). First-step
reversibility has been observed for correctly spliced RNA (6); whether or not this reversibility applies for mis-spliced RNAs
is one focus of this manuscript. Hydrolytic cleavage at the 5�-splice site (4, 10–12) is also depicted (gray water molecule);
this leads to linear instead of branched RNA. b) Synthesis of 2=,5=-branched ai5� RNA catalyzed by the 7S11
deoxyribozyme (20, 21). For natural branched RNAs, the branch-site nucleotide is almost always adenosine (circled). For
applying 7S11 to synthesize branched RNAs that correspond to selection of an improper 5=-splice site, the DNA sequence
of paired region P4 (denoted here with Xs) is chosen to maintain base pairing with the RNA sequence near the 5=-splice
site. c) The key components of the branch-formation reaction, shown in greater atomic detail.
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RESULTS AND DISCUSSION
Choice of the Splicing System. We used the ai5�

group II intron RNA (27, 28) as the self-splicing RNA to
test the first proofreading mechanism for 5=-splice site
selection. The ai5� RNA is a common model system for
understanding group II intron structure and function,
and it has been studied using several biochemical
approaches (4). One of the most useful approaches to
assemble ai5� is with the bipartite D123/D56 system

(Figure 2, panel a, shown sche-
matically after the first step of
splicing; see boxed structure
for correctly spliced RNA). In
this bipartite system, the
branch-site adenosine nucleo-
tide of domain 6 is located
within the 77-nt D56 RNA that
comprises domains 5 and 6,
plus the 3=-exon (if any is
included; the first splicing step
does not require the 3=-exon).
The 5=-exon is joined to the
5=-end of domains 1–3 (D123),
which encompasses 675 nt. A
key advantage of studying ai5�

splicing is that a lariat topology
of D123/D56 is not necessary,
because both splicing steps
proceed well in the simpler
2=,5=-branched RNA (4, 26).

Synthesis of Mis-Spliced
ai5� Variants by the 7S11
Deoxyribozyme. Experimentally
testing the proofreading
mechanisms required
synthesis of 2=,5=-branched
RNAs that correspond to the
mis-spliced intermediates after
the first step of splicing. The
7S11 deoxyribozyme synthe-
sizes branched RNA from two
RNA substrates with few restric-
tions on their nucleotide
sequences (20, 21). To prepare
ai5� variants using 7S11, the
RNA substrate providing the
2=-hydroxyl nucleophile was a
T7 polymerase transcript corre-

sponding to D56, and the RNA substrate providing the
5=-portion of the 2=,5=-linkage was a D123 transcript
(Figure 1, panel b).

Using the 7S11 deoxyribozyme, the ai5� branched
intermediate with the natural (correct) spliced sequence
was prepared along with three sequence variants. Each
variant represents a mis-spliced RNA that would be
formed if an improper 5=-splice site phosphodiester
linkage near the 5=-end of D123 were attacked by the

Figure 2. Correctly spliced and mis-spliced ai5� branched RNAs, and verification of
their structures. a) The ai5� bipartite D123/D56 system, showing correctly spliced
(box) and mis-spliced branch–3=-exon intermediates after the first step of splicing.
Before the first step, the 5=-exon is joined at its 3=-end to the 5=-end of D123. The
5=-splice site locations are denoted �1 for the natural splice site (see boxed
structure) and either –1, �2, or �3 for an improper splice site. The branch-site
adenosine nucleotide is circled. Nucleotides found at the incorrect position within
each mis-spliced RNA are marked with dashed arrows. For the –1 mis-spliced RNA,
the final nucleotide of the original 5=-exon sequence, which is connected directly to
the branch-site adenosine after the first step, has been changed from C to G (see
text for details). b) Partial alkaline hydrolysis to verify the structures of the ai5�
branched RNAs synthesized using the 7S11 deoxyribozyme (20% PAGE; T1 denotes
G-specific RNase T1 digestion and S � standard for ladder calibration). “C” denotes
a branched RNA synthesized using the conventional ai5� forward splicing reaction.
Prior to alkaline hydrolysis, the core of each branched RNA was excised using two
10–23 deoxyribozymes (38, 39).
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branch-site 2=-hydroxyl group from D6 (Figure 2, panel a,
three unboxed structures). The RNA sequence near the
natural 5=-splice site is 5=�CpGAGC�3=, where the G is
the first nucleotide of the intron (D123 domain) and p
denotes the natural 5=-splice site phosphodiester
linkage. This natural 5=-splice site is conventionally
designated as position �1, with the �1 value pertaining
to the nucleotide whose 5=-hydroxyl is attached to the
splice site phosphorus atom (i.e., G). The nucleotides
one or two positions to the 3=-side of the natural
5=-splice site (here, A and G) are denoted �2 and �3,
respectively. The �1, �2, and �3 ai5� intermediates
were prepared using the 7S11 deoxyribozyme with
appropriate RNA substrate sequences that have entirely
wild-type nucleotides. The intermediate from splicing at
a position one nucleotide to the 5=-side of the natural
splice site (i.e., at position –1) was also prepared using
7S11. To accommodate the modest substrate sequence
requirements of 7S11, which requires a purine as the
branch-site nucleotide (20, 21), the –1 nucleotide was
changed from C to G. To compensate, the corresponding
base-paired nucleotide within the exon binding site
(EBS1) of D123 was changed from G to C. Consistent
with expectations (29, 30), this C�G base-pair flip did
not substantially affect either the yield or the rate of the
forward first step of splicing (Supplementary Figure 1).

We focused on this small window of phosphodiester
linkages near the natural 5=-splice site (–1, �1, �2, and
�3) because the –1 nucleotide is already within IBS1
that is required for 5=-splice site fidelity (1, 7, 8, 31) and
because the �3 nucleotide is involved directly in the
�–�= tertiary interaction (32). Therefore, it seems unlikely
that studying improper 5=-splice site selection outside of
this window will be biologically meaningful, because the
mis-spliced intron will be missing crucial key compo-
nents. It should be noted that all six nucleotides at the
start of domain 1 (nucleotides �1 through �6) are
highly conserved and may contribute to catalytic activity
(33, 34).

For all four splice site variants (–1, �1, �2, and �3),
the branched RNA intermediate was synthesized either
omitting or including a short (6-nt) 3=-exon sequence.
Therefore, 4 � 2 � 8 branched RNAs were prepared.
Only when the 3=-exon is omitted can the first step of
splicing be examined in either direction without inter-
vention of the second step. As a positive control
(denoted “C”), the natural (�1) branched intermediate
without 3=-exon was also synthesized using the

conventional forward splicing reaction of the ai5� RNA
without using the 7S11 deoxyribozyme. Of course, the
control branch that includes the 3=-exon could not be
synthesized in more than trace amounts using ai5�

catalysis, because the second step of splicing is rapid
(1, 35–37).

This study is the first in which we report direct
biochemical applications of branched RNAs that are
synthesized by deoxyribozymes. Therefore, we empiri-
cally established the nucleotide connectivities of
all branched ai5� intermediates using partial alkaline
hydrolysis, after initially excising the branched core
using two 10–23 deoxyribozymes (38, 39). For all eight
synthetic branches as well as for the “C” control, the
anticipated branch sites were confirmed unambiguously
(Figure 2, panel b).

Assaying Mis-Spliced RNAs for the Reverse of the
First Step of Splicing (First Proofreading Mechanism).
When the newly prepared synthetic mis-spliced RNAs
were used, it was straightforward to test the first proof-
reading mechanism, which requires that mis-spliced
RNAs undergo the reverse of the first step of splicing.
Each of the four internally 32P-radiolabeled synthetic
branched RNA variants without the 3=-exon (and the “C”
control) was separately incubated with an excess of the
matched unradiolabeled 5=-exon oligonucleotide (the
5=-exon is “matched” because reverse splicing would
restore the original unspliced RNA sequence). If reverse
splicing occurred at all, it was readily detected by a gel
shift (Figure 3). To prevent the second step of splicing
from occurring, the 3=-exon was not present on D56 in
these experiments. When the branched intermediate
has the natural 5=-splice site, reverse splicing is
observed, with equivalent efficiency for both the control
(“C”) and synthetic (�1) branched RNA. In contrast,
reverse splicing fails to occur (�2%) when the branched
intermediate has the incorrect (–1, �2, or �3) 5=-splice
site and the matched 5=-exon is provided. In this direct
and well-controlled test, the results do not support the
first proofreading mechanism.

Assaying Mis-Spliced RNAs for the Second Step of
Splicing (Second Proofreading Mechanism). In the
absence of the 3=-exon sequence, the only possible
reaction of the branched RNA is the reverse of the first
step, as described above. However, when the 3=-exon is
included with D56, the second step of splicing can also
occur by attack of the 5=-exon at the 3=-splice site of the
branched RNA. The availability of synthetic mis-spliced
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branched RNAs allowed us to examine whether the
mis-spliced branched RNAs are competent for the
second step of splicing, independent of their ability to
undergo the reverse of the first step.

We first examined the competence of the mis-spliced
branch–3=-exon RNAs to proceed through the second
step using the natural (�1) 5=-exon in all cases
(Figure 4, panel a). The primary purpose of this assay
was to provide baseline infor-
mation on the catalytic compe-
tence of the mis-spliced
branches, before testing them
with their matched 5=-exons.
The –1, �1, and �2 branches
were found to catalyze the
second step reasonably well,
whereas the �3 branch does
not. The 10–20% efficiency
observed for the natural �1
reaction is similar to that
observed for related systems
(10, 29).

We then tested each of the
four synthetic branch–3=-exon
RNAs (–1, �1, �2, and �3) by
incubating each RNA with a
limiting amount of the matched
5=-exon (Figure 4, panel b). In
the case of the natural (�1)
branched RNA and matched
natural 5=-exon, normal
second-step splicing activity
was found (as also shown in

Figure 4, panel a). For the �2
mis-spliced RNA, the matched
(�2) 5=-exon, which is longer
than the natural (�1) 5=-exon
at its 3=-end by one nucleotide,
was rapidly and efficiently
“trimmed” with loss of a single
nucleotide to the correct
length. This trimmed 5=-exon,
now equivalent in length to the
�1 5=-exon, then proceeded
through the second step of
splicing with 2–3% final
splicing yield, versus 10–20%
yield for the �1 RNA. This indi-

cates that the efficiency of this second proofreading
mechanism is on the order of 10–30% relative to forma-
tion of correctly spliced exons by the properly branched
RNA intermediate. Therefore, for the �2 mis-spliced
RNA, the correctly ligated exons can indeed be formed
via the second proofreading mechanism. The sequence
of the correctly ligated exons was verified by RT-PCR and
sequencing of the splice junction (see Supporting Infor-

Figure 3. Assays for the reverse of the first step of splicing show no reaction for the
mis-spliced RNAs, which is evidence against the first proofreading mechanism for 5=-
splice site selection. The internally 32P-radiolabeled branched RNA without 3=-exon
was the limiting reagent (unradiolabeled 5=-exon in 200-fold excess; t � 0, 0.5, 1,
and 2 h; 5% PAGE). The control “C” used the �1 splice site and was prepared by
forward splicing using the catalytic activity of ai5� itself. The other four branched
RNAs were prepared using the 7S11 deoxyribozyme (Figure 1, panel b). Consistent
results were observed with analogous assays that used either an excess of
radiolabeled 5=-exon or an excess of branched RNA (Supplementary Figures 2 and 3).
The overall loss of signal intensity with time has been observed numerous times by
others (15, 16, 57–60).

Figure 4. Assays for the second step of splicing directly demonstrate the operation
of the second proofreading mechanism for 5=-splice site selection using RNAs mis-
spliced at the 5=-splice site. a) Using branch–3=-exon RNA and natural-length (�1)
5=-exon. b) Using branch–3=-exon RNA and matched 5=-exon. In both sets of
experiments, the 5=-exon was 32P-radiolabeled, and a 10-fold excess of
unradiolabeled branched RNA was added (t � 0, 0.5, 1, and 2 h; 20% PAGE). When
expected, the bands at the top of each gel near the wells showed substantial
reverse first-step splicing in competition with the second step (Supplementary
Figure 4). The overall loss of signal intensity with time has been observed by others
(15, 16, 57–60).
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mation). As revealed by data points taken at shorter
times (not shown), the second-step splicing product
was formed without any detectable induction period
relative to formation of the trimmed 5=-exon. This
suggests that for the �2 mis-spliced intron RNA, the
second step is fast (i.e., not rate-determining), which is
also true for the correctly spliced intron RNA (1, 35–37).
For the �3 mis-spliced branch, 5=-exon trimming was
observed. However, the subsequent second-step effi-
ciency was too low to be detected, as expected on the
basis of the analogous experiment with the �1 branch
(in Figure 4, panel a; this may be due to the participation
of the �3 nucleotide in the �–�= tertiary interaction (32),
which in the �3 mis-spliced RNA may be positioned
suboptimally). For the –1 mis-spliced 5=-exon, no trim-
ming is possible because the 5=-exon is already too
short by one nucleotide, and almost no second-step
product is observed.

Implications of the Experimental Data for the Two
Proofreading Mechanisms. Using synthetic branched
RNAs prepared by the 7S11 deoxyribozyme (Figure 2),
we have tested the long-standing hypothesis (5) that
reversibility of the first step of group II intron splicing
acts as a proofreading mechanism for 5=-splice site
selection (6). Because first-step reversibility was not
observed for any of the three mis-spliced RNAs that were
tested (Figure 3), our data are evidence against this first
proofreading mechanism. In contrast, direct evidence
was obtained for operation of the alternative, second
proofreading mechanism catalyzed by mis-spliced RNA,
in which 5=-exon hydrolysis is followed by the second
step of splicing (Figure 4). A summary of the experi-
mental observations highlighting both proofreading
mechanisms and their relationship is provided
(Figure 5).

Our evidence against first-step reversibility is inher-
ently negative evidence; that is, reversibility was not
observed (Figure 3). Complicating factors could
contribute to this lack of reversibility. For example, a
synthetic mis-spliced RNA prepared using a deoxy-
ribozyme might adopt a conformation that does not
permit the reverse of the first step, in contrast to a
mis-spliced RNA that was formed through the forward
operation of the first step using the improper 5=-splice
site. It is also possible that protein cofactors which are
not required in vitro for the forward first step of splicing
might nonetheless be required for the reverse of the first
step by synthetic mis-spliced RNAs. Such possibilities

are intrinsically challenging (if not impossible) to
disprove. Instead, we emphasize that our experiments
do not have the simplest outcome that would be
expected if first-step reversibility were to act as a proof-
reading mechanism for 5=-splice site selection.

In sharp contrast, we have provided positive evidence
for the second proofreading mechanism, which is “trim-
ming” of the 5=-exon by hydrolysis (7, 8, 13) followed by
the second step. In particular, for the �2 mis-spliced
RNA (where the nucleotide one position to the 3=-side of
the natural 5=-splice site is the site of branching), both of
these reaction steps were directly observed (Figure 4).
Therefore, we have provided unambiguous evidence for
the in vitro operation of this second proofreading
mechanism. All previous studies, which could not use
mis-spliced RNAs, merely suggested that such a mecha-
nism might be applicable for RNAs that are mis-spliced
at the 5=-splice site (7, 8, 13). The efficiency of the
second proofreading mechanism is relatively modest
(on the order of 10–30%), but this level of proofreading
may plausibly be biologically relevant. In addition,
protein cofactors could potentially be required in vivo for
optimal proofreading efficiency.

Natural Roles of First-Step Reversibility and of the
Second Proofreading Mechanism. Improper selection of
the 5=-splice site in group II introns is rare because the
IBS1–EBS1 interaction strictly enforces proper splice-
site selection (1, 7, 8, 31). This suggests that an efficient
first-step proofreading mechanism may be unnecessary
in nature; indeed, our results directly show that first-step
reversibility does not contribute to the fidelity of

Figure 5. Summary of the experimental observations,
highlighting the first and second proofreading
mechanisms (orange and magenta, respectively) and
synthesis of the key mis-spliced branch–3=-exon RNAs by
the 7S11 deoxyribozyme (green).

ARTICLE

www.acschemicalbiology.org VOL.1 NO.5 • 316–324 • 2006 321



5�-splice site selection (6). We agree with the previous
suggestion (6) that first-step reversibility likely evolved
to enable retrotransposition (40, 41), and not for any
proofreading function. In contrast to the irreversibility of
the first step for the mis-spliced RNAs, our data directly
demonstrate the second proofreading mechanism for
improper 5=-splice site selection (Figure 4). This second
proofreading mechanism may operate in those rare
cases for which improper 5=-splice site selection has
indeed occurred, at least in cases where mis-splicing
has occurred to the 3=-side of the natural 5=-splice site.
We do not observe the second step of splicing using a
mis-spliced 5=-exon unless 5=-exon hydrolysis (trim-
ming) occurs first. This could be important biologically
because the second step of splicing using an
untrimmed mis-spliced 5=-exon would give improperly
ligated exons and therefore an incorrect transcript.
Together, the combination of trimming and the second
step constitutes the second proofreading mechanism,

which we have now shown directly to occur for RNAs
that are mis-spliced at the 5=-splice site.

Implications for Spliceosomal RNA Processing.
Spliceosomal pre-mRNA processing (25, 42) appears to
be mechanistically related to group II intron splicing (2,
16,43–45). Although reversibility of the first step has
not been explicitly demonstrated in the spliceosome,
such reversibility is likely on the basis of the relationship
of the spliceosome to group II introns. The data
presented here therefore suggest that reversibility of the
first step is not a proofreading mechanism in pre-mRNA
splicing. Proper splice site selection during pre-mRNA
splicing requires many protein and RNA factors (46–49),
which suggests that proofreading mechanisms would
be valuable. In the absence of first-step reversibility, we
suggest that the second proofreading mechanism for
5=-splice site selection (involving 5=-exon hydrolysis
followed by the second step of splicing) may be opera-
tive within the spliceosome.

METHODS
DNA Oligonucleotides and RNA Transcripts. All nucleic acid

samples were purified by PAGE as described previously (18, 50).
The natural and mis-spliced 5=-exons were prepared by in vitro
transcription using T7 RNA polymerase with an appropriate
double-stranded DNA template (51). The natural 5=-exon was
5=-GCGUGGUGGGACAUUUUC-3=, where IBS2 is bold and IBS1 is
underlined. Each D123 RNA was transcribed using an EarI-
linearized plasmid derived from plasmid pJD20 (52) as the
template. Each D56 RNA (with or without 3=-exon) was tran-
scribed using a double-stranded PCR product derived from
plasmid pJD20 as the template. A homogeneous 3=-terminus for
D56 (with or without the 3=-exon) was provided by intra-
molecular hepatitis delta virus ribozyme cleavage (53, 54).
When the 3=-exon was not included at the 3=-terminus of D56,
the 2=,3=-cyclic phosphate was removed with T4 polynucleotide
kinase in the absence of ATP (55). 5=-32P-Radiolabeling was
performed with �-[32P]-ATP and T4 polynucleotide kinase.
Internal 32P-radiolabeling was performed by including in the
transcription solution a trace amount of �-[32P]-CTP along with
all four unradiolabeled NTPs, each at 4 mM.

Synthesis of Branched RNA. The branched RNAs were synthe-
sized using the 7S11 deoxyribozyme, with the enzyme region
sequence as described previously and the binding arms comple-
mentary to appropriate portions of the RNA substrates (20, 21).
Disruptor oligonucleotides (56) were required for both D123 and
D56 to enable proper binding of 7S11 to the RNA substrates (see
Supporting Information for details). The D123 substrate
(20 pmol), deoxyribozyme (30 pmol), D56 substrate (with or
without 3=-exon; 60 pmol), and disruptor oligonucleotides
(200 pmol of D123 disruptor and 600 pmol of D56 disruptor)
were combined in 11.8 �L of 5 mM HEPES (pH 7.5), 15 mM NaCl,
and 0.1 mM EDTA. The sample was annealed by heating at 95 °C
for 3 min and cooling on ice for 5 min. The sample volume was
raised to 20 �L with final concentrations of 50 mM EPPS
(pH 8.5), 150 mM NaCl, 2 mM KCl, and 40 mM MgCl2. The

sample was incubated at 37 °C for 1.5 h, then quenched onto
25 �L of stop solution (80% formamide, 1� TB [89 mM each Tris
and boric acid, pH 8.3], 50 mM EDTA, and 0.025% each bromo-
phenol blue and xylene cyanol). Samples were purified by 5%
denaturing PAGE.

To prepare the control (“C”) branched RNA by ai5� catalysis
to study the reverse of the first step of splicing, 5=-exon–D123
(293 � 675 � 968 nt; 20 pmol) and D56–3=-exon (77 � 180 �
257 nt; 400 pmol) were combined in 64 �L of 5 mM MOPS
(pH 7.0) and 1 mM EDTA and annealed by heating at 95 °C for 1
min and cooling at room temperature for 1 min. The sample
volume was then raised to 80 �L with final concentrations of
40 mM MOPS (pH 7.0), 100 mM MgCl2, and 500 mM NH4Cl. The
sample was incubated at 45 °C for 1 h, quenched onto 80 �L of
stop solution, and purified by 5% denaturing PAGE.

Verification of Branched RNA Structures. The core of each
branched RNA (45 nt for �1 RNA) was prepared by two sequen-
tial 10–23 deoxyribozyme cleavage reactions of the large
branched RNA (752 nt for �1 RNA). Then, the location of each
branch site was determined by partial alkaline hydrolysis of the
small branched RNA as previously described (22, 39).

Splicing Assays. For the assay of Figure 3, internally
32P-radiolabeled branched RNA (0.1 pmol) and unradiolabeled
matched 5=-exon (20 pmol) were combined in 16 �L of 5 mM
MOPS (pH 7.0) and 0.1 mM EDTA and annealed by heating at
95 °C for 1 min and cooling at room temperature for 1 min. The
sample volume was raised to 20 �L with final concentrations of
40 mM MOPS (pH 7.0), 100 mM MgCl2, and 500 mM NH4Cl. The
sample was incubated at 45 °C. Aliquots were withdrawn at
desired time points, quenched onto stop solution, and sepa-
rated by 5% denaturing PAGE. Gel images were acquired using a
PhosphorImager. Similar results were observed using an alterna-
tive high-salt assay buffer (26) of 40 mM HEPES (pH 7.5),
100 mM MgSO4, and 500 mM (NH4)2SO4 (data not shown). For
the assays of Figure 4, internally 32P-radiolabeled branched RNA
(0.2 pmol) and 5=-32P-radiolabeled matched 5=-exon
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(0.005 pmol) were assayed as described above (20% denaturing
PAGE).
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