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ABSTRACT: In the trans excision-splicing reaction, a Pneumocystis carinii group I intron-derived ribozyme
binds an RNA substrate, excises a specific internal segment, and ligates the flanking regions back together.
This reaction can occur both in vitro and in vivo. In this report, the first of the two reaction steps was
analyzed to distinguish between two reaction mechanisms: ribozyme-mediated hydrolysis and nucleotide-
dependent intramolecular transesterification. We found that the 3′-terminal nucleotide of the ribozyme is
the first-reaction step nucleophile. In addition, the 3′-half of the RNA substrate becomes covalently attached
to the 3′-terminal nucleotide of the ribozyme during the reaction, both in vitro and in vivo. Results also
show that the identity of the 3′-terminal nucleotide influences the rate of the intramolecular transesterification
reaction, with guanosine being more effective than adenosine. Finally, expected products of the hydrolysis
mechanism do not form during the reaction. These results are consistent with only the intramolecular
transesterification mechanism. Unexpectedly, we also found that ribozyme constructs become truncated
in vivo, probably through intramolecular 3′-hydrolysis (self-activation), to create functional 3′-terminal
nucleotides.

The trans excision-splicing (TES)1 reaction, catalyzed by
a Pneumocystis carinii group I intron-derived ribozyme, was
developed (1, 2) to bind an exogenous RNA substrate, excise
a specific internal segment, and ligate the flanking regions
back together. Overall, the TES reaction is similar to the
intron-catalyzed self-splicing reaction (see Figure 1), except
that in self-splicing the intron is removed from the RNA
substrate in an autocatalytic, intramolecular reaction (3).
Furthermore, the reactions appear to utilize the same mo-
lecular recognition components for orienting their substrates
and intermediates (2, 3) during each of the two reaction steps
(historically called 5′-cleavage and exon ligation).

One major difference between the two reactions, however,
is that the 5′-cleavage reaction in self-splicing requires an
exogenous guanosine nucleophile (3) while that for the TES
reaction does not (1). It was previously postulated (1) that
TES might instead be utilizing a site-specific hydrolysis
reaction (Figure 2A). An alternative explanation is that an
endogenous nucleotide, for example, the one at the 3′-
terminus of the ribozyme, is the nucleophile in an intramo-
lecular transesterification reaction (Figure 2B). There is

precedence for both types of reactions occurring in group I
introns and their derived ribozymes (4–17). In particular, the
3′-terminal guanosine of a group I intron from Tetrahymena
thermophila (T. thermophila) can act as a nucleophile in a
natural cellular cyclization reaction (3–5). Group II introns
are also known to undergo both site-specific hydrolysis and
endogenous nucleotide-mediated reactions, in this case using
an internal adenosine (18, 19).

We now report that the P. carinii ribozyme utilizes its
3′-terminal nucleotide to catalyze the first reaction step of
the TES reaction (Figure 3). Several lines of evidence,
including the size and identity of TES reaction intermediates
in vitro and in vivo, support this conclusion. We additionally
show that the identity of the 3′-terminal nucleotide is
important for in vitro reactivity. Surprisingly, more than one
reactive 3′-terminal guanosine can be created through trunca-
tion of the ribozyme transcript in vivo, most likely through
ribozyme-mediated hydrolysis.

MATERIALS AND METHODS

Oligonucleotide Synthesis and Preparation. DNA oligo-
nucleotides were obtained from Integrated DNA Technolo-
gies (Coralville, IA) and used without further purification.
RNA oligonucleotides were obtained from Dharmacon
Research, Inc. (Lafayette, CO), and deprotected using the
manufacturer’s standard protocol. Oligonucleotide concentra-
tions were calculated from UV absorption measurements
using a Beckman DU 650 spectrophotometer (Beckman
Coulter, Inc., Fullerton, CA) and the computer program
StCalc (S. M. Testa, University of Kentucky). Oligonucle-
otides were radiolabeled at the 5′-end via phosphorylation
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of the 5′-terminal hydroxyl group with [γ-32P]ATP (Amer-
sham Pharmacia Biotech, Piscataway, NJ) using T4 poly-
nucleotide kinase (New England Biolabs, Beverly, MA), as
previously described (14). Oligonucleotides were radiola-
beled at the 3′-end via ligation of radiolabeled pCp (5′-*pCp)
to the 3′-end of the oligonucleotide using T4 RNA ligase

(New England Biolabs), as previously described (17). Note
that this strategy results in 3′-end-radiolabeled substrates
being one nucleotide longer than 5′-end-radiolabeled substrates.

Ribozyme Synthesis and Preparation. Four ribozymes were
utilized in this study. Two DNA templates were prepared
by simple linearization of the P. carinii ribozyme plasmid,
PC. Linearization occurred in a 50 µL reaction mixture
consisting of 16 µg of plasmid, 5 µL of 10× REACT 2 buffer
(Invitrogen, Grand Island, NY), and 50 units of either XbaI
(to form PC-X) or HindIII (to form PC-H) at 37 °C for 2 h.

FIGURE 1: Trans excision-splicing and self-splicing reactions. (A) The trans excision-splicing substrate reacts with the rPC ribozyme
through two consecutive transesterification reactions (5′-cleavage followed by exon ligation) to yield the TES product and the excised
region. (B) The self-splicing reaction occurs through two consecutive transesterification reactions (5′-cleavage followed by exon ligation)
to yield the ligated 5′- and 3′-exon sequences and the excised group I intron.

FIGURE 2: Comparison of potential TES reaction mechanisms. The
P. carinii ribozyme is shown as a gray line, and the 5′- and 3′-
exons are shown as black lines. The bridge region (the region to
be excised) is shown as a dashed gray line. The black square within
the 5′-exon represents a uridine, and the gray circle adjacent to the
3′-exon represents a guanosine. The white circle at the 3′-end of
the ribozyme represents the 3′-terminal nucleotide of the ribozyme
(ωG or ωA). The first step of the TES reaction (shown within boxes
in the diagram) proceeds through either ribozyme-mediated 5′-
hydrolysis (A) or ribozyme-mediated intramolecular transesterifi-
cation (B).

FIGURE 3: Sequence and proposed secondary structure of the P.
carinii rPC ribozyme. Positions within the ribozyme that encompass
RE1, RE2, and RE3 are shown. The 3′-terminal nucleotide (G336)
of the rPC ribozyme is shown in bold.
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The linearized plasmids were purified using a QIAquick PCR
purification kit (Qiagen, Valencia, CA). Two different DNA
templates were prepared by PCR amplification of the PC
plasmid using primers that would dictate the 3′-nucleotide
of the resultant ribozyme. The forward primer for each
construct was 5′CTCTAATACGACTCACTATAGAGGG3′,
and the reverse primer (variable region underlined) was
5′TTAGATATACTCTTTCTTTCGAAAGAGG3′ for PC-ωA
(17) and 5′CTAGATATACTCTTTCTTTCGAAAGAGG3′

for PC-ωG. The PCR mixture consisted of 100 ng of PC
plasmid, 45 pmol of each primer, 1 unit of Pfu DNA
polymerase (Stratagene, La Jolla, CA), 1× Pfu reaction
buffer (Stratagene), and 0.5 µM dNTPs. The thermal cycler
program was as follows: 95 °C for 30 s, followed by 40
cycles of 95 °C for 30 s, 55 °C for 45 s, and 68 °C for 120 s
(360 s for the final cycle). PCR products were gel purified
using a QIAquick gel extraction kit (Qiagen).

The run-off transcription mixture consisted of 1 µg of
DNA template, 50 units of T7 RNA polymerase (New
England Biolabs), 40 mM Tris-HCl (pH 7.5), 10 mM MgCl2,
5 mM DTT, 5 mM spermidine, and 1 mM rNTP mix for
2 h in a total volume of 50 µL. The ribozymes were purified
using a Qiagen plasmid midi kit (Qiagen), as previously
described (1).

TES Reactions. TES reactions were conducted at 44 °C
in HXMg buffer, which consists of 50 mM HEPES (25 mM
Na+), 135 mM KCl, and X mM MgCl2 (where X is either 0
or 10). Prior to each reaction, 200 nM ribozyme in 25 µL of
HXMg buffer was preannealed at 60 °C for 5 min and then
slowly cooled to 44 °C. The reaction was initiated by adding
5 µL of a 8 nM solution of radiolabeled substrate, also in
HXMg buffer. The final concentration of the ribozyme was
166 nM, and that of the substrate was 1.3 nM. Time studies
were conducted by the periodic removal of 3 µL aliquots,
which were then quenched by adding an equal volume of
2× stop buffer (10 M urea, 3 mM EDTA, and 0.1× TBE).
The products and substrates were denatured at 90 °C for 1
min and separated on a 12.5% denaturing polyacrylamide
gel. Gels were dried under vacuum, and the bands were
visualized on a Molecular Dynamics Storm 860 Phospho-
rimager. Observed rate constants, kobs, were obtained from
plots of the percent products over time (14). Because few
time points could be taken, in some instances, before most
reactions were complete, the kobs values are most ap-
propriately considered lower limits, and not precise values.

RT-PCR Amplification of TES Reaction Intermediates in
Vitro. TES reactions were conducted as described above
using the 20-mer substrate 5′AUGACUACUCUCGUGCU-
CUU3′. The reaction intermediates were RT-PCR amplified
using an Access RT-PCR kit (Promega, Madison, WI) with
primers 5′GAGGGTCATGAAAGCGGCGTG3′ and 5′GCAC-
CGGTAAGAGCACGAGAG3′. Optimal amplifications oc-
curred in a total reaction volume of 50 µL containing 2 µL
of TES reaction mixture (166 nM ribozyme), 1 mM MgSO4,
45 pmol of each primer, 0.2 mM dNTPs, 5 units of AMV
reverse transcriptase, and 5 units of Tfl DNA polymerase.
First-strand synthesis occurred at 45 °C for 45 min, followed
by 2 min at 94 °C for deactivation of the AMV reverse
transcriptase. The reaction mixtures were then subjected to
40 PCR cycles consisting of 94 °C for 30 s, 55 °C for 60 s,
and 68 °C for 120 s (10 min for the final cycle). RT-PCR
products were separated on a 2% agarose gel and excised

from the gel matrix using the QIAquick gel extraction kit
(Qiagen). The excised products were ligated into a pDrive
cloning vector (Qiagen) using the manufacturer’s recom-
mended protocol and transformed into DH5R cells (Invit-
rogen). Colonies were picked and sequenced for identification
(Davis Sequencing, Davis, CA).

In ViVo Characterization of TES Intermediates. Plasmids
that contain both ribozyme and green fluorescent protein
(GFP) templates were used to transform Escherichia coli
strain JM109(DE3), which encodes an inducible T7 RNA
polymerase, as described previously (20). Plasmids pQBI-
Mut-GFP+p3x-RE3(5) (active ribozyme with mutant GFP)
and pQBI-Mut-GFP+p3x-RE3(5)-∆GBS (inactive ribozyme
with mutant GFP) were used (20). After transformation and
induction with IPTG (isopropyl thiogalactoside), total RNA
(containing reaction intermediates) was isolated from 1.5 mL
of cell culture using an Ambion RiboPure-Bacteria Kit
(Ambion, Austin, TX). TES reaction intermediates were
amplified via RT-PCR using the following primers: 5′GTG-
GAGAGGTAGAAAGCGGCGTG3′ and 5′CCATGCCAT-
GTGTAATCCCAGCAGC3′, which amplify products con-
taining both the ribozyme and 3′-end of the GFP transcript.
RT-PCR, cloning, and sequencing were conducted as de-
scribed above except that 1 µg of total RNA was the starting
template.

RESULTS

TES Reaction Intermediates. If the substrate 5′AUGACU-
GCUC3′ is radiolabeled at the 3′-end (to form 5′AUGACU-
GCUCC3′), the size of the TES reaction intermediate will
differ depending upon whether the first TES reaction step is
hydrolysis [five nucleotides, 5′GCUCC3′ (Figure 2A)] or
intramolecular transesterification [341 nucleotides (Figure
2B)]. Sequences shown in italics are excised in TES
reactions, and those underlined are nucleotides added to the
substrate during the 3′-end radiolabeling procedure. For the
intramolecular transesterification mechanism, the intermedi-
ate is the result of the 3′-exon region of the substrate
becoming covalently attached to the terminal nucleotide
(G336) of the ribozyme (Figures 2 and 3).

TES reactions were conducted under previously optimized
reaction conditions (1) using both 3′- and 5′-end-radiolabeled
substrates for comparison (Figure 4, lanes G-J). The results
(Figures 4 and 5) show that TES products are formed in
approximately 70% yield (73 ( 1.8 and 69 ( 3.3%),
regardless of which end of the substrate is radiolabeled.
Because of the limitations of hand mixing relatively fast
reactions, the only quantification that can be made of rate
constants, kobs, is a lower limit of >8 min-1 for the 3′-labeled
substrate (Figure 5A) and >6 min-1 for the 5′-labeled
substrate (Figure 5B) for the first step of the TES reaction.
More importantly, however, when using a 3′-end-radiolabeled
substrate, essentially all the radiolabeled intermediate is a
high-molecular weight band (11 ( 1.6%) that corresponds
to the predicted 341-nucleotide intermediate expected for the
intramolecular transesterification mechanism. This is not
consistent with the hydrolysis mechanism.

For confirmation, TES reactions were also conducted using
the 3′-end-radiolabeled substrate 11-mer-dG, 5′AUGACUd-
GCUCC3′, which is expected to prevent the second step of
the TES reaction, resulting in the accumulation of the reaction
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intermediate. Figure S1 (Supporting Information) shows that
the high-molecular weight intermediate is now produced in
yields of 87 ( 0.4% (Figure 5C). This is a further indication
that the high-molecular weight band is the reaction inter-
mediate and suggests that the TES reaction proceeds through
the intramolecular transesterification mechanism. Again, the
only quantification that can be made of the rate constant,
kobs, for the first step of this TES reaction is a lower limit of
>6 min-1.

For confirmation of the identity of TES reaction interme-
diates, RT-PCR was employed to amplify the high-molecular
weight intermediates for subsequent sequencing (Figure 6).
For these studies, a 20-mer substrate, 5′AUGACUACU-
CUCGUGCUCUU3′, was used to facilitate RT-PCR ampli-
fication. Our results from sequencing five reaction products
show that the TES reaction does produce the intermediate
expected for the intramolecular transesterification reaction,
whereby the 3′-end of the substrate (5′ACUCUCGUGCU-
CUU3′) attaches to the terminal nucleotide (G336) of the
ribozyme (Figure S2 of the Supporting Information).

TES Reactions Using Ribozymes with 3′-Terminal Ad-
enosines. A defining characteristic of the intramolecular
transesterification mechanism is that the 3′-terminal gua-
nosine of the ribozyme will act as the nucleophile. To test
whether a guanosine is required at this position, a new
ribozyme that contains a terminal adenosine was constructed
(rPC-ωA) via run-off transcription of a PCR template. For
comparison, this same strategy was used to make a ribozyme

construct that contains a terminal guanosine (rPC-ωG). The
results show that the rPC-ωA ribozyme (Figure 4, lanes
K-N) and the rPC-ωG ribozyme (Figure 4, lanes O-R) both
produce approximately 80% TES product (80 ( 1.5% vs 76
( 2.2%) (Figure 7). The terminal guanosine, however, results
in a reaction that is faster (kobs ) 2.6 ( 0.09 min-1) than
that with the terminal adenosine (kobs ) 0.14 ( 0.02 min-1).
Nevertheless, the identity of the 3′-terminal end of the
ribozyme does affect TES reaction kinetics, as expected only
for the intramolecular transesterification mechanism.

That we obtain product using the rPC-ωA ribozyme can
be explained with two scenarios. In the first scenario, a

FIGURE 4: Polyacrylamide gel showing the substrates, intermediates,
and products of TES reactions conducted with 166 nM ribozyme
and 1.33 nM substrate at 44 °C for 15 min. Lanes A, C, and E
contained 5′-end-radiolabeled 10-mer, 9-mer, and 6-mer size
controls, respectively. Lanes B, D, and F contained 3′-end-
radiolabeled 10-mer, 9-mer, and 5-mer size controls, respectively.
Note that the 3′-end-radiolabeled size controls are one nucleotide
larger than the 5′-end-radiolabeled size controls. Gel lanes that
include a plus (+) sign show reactions conducted in H10Mg, and
lanes that include a minus (-) sign show reactions conducted in
H0Mg. Lanes G-J contained the normal rPC ribozyme with 5′-
end-radiolabeled 10-mer (lanes G and H) or 3′-end-radiolabeled
10-mer (lanes I and J). Lanes K-N contained the rPC-ωA
ribozyme with 5′-end-radiolabeled 10-mer (lanes K and L) or
3′-end-radiolabeled 10-mer (lanes M and N). Lanes O-R
contained the rPC-ωG ribozyme with 5′-end-radiolabeled 10-
mer (lanes O and P) or 3′-end-radiolabeled 10-mer (lanes Q and
R). Lanes S-V contained the rPC-HindIII ribozyme with 5′-
end-radiolabeled 10-mer (lanes S and T) or 3′-end-radiolabeled
10-mer (lanes U and V).

FIGURE 5: Graphical representations of TES reactions as a function
of substrate. Reactions were conducted in duplicate with 166 nM
rPC, 1.33 nM substrate, and H10Mg at 44 °C for 15 min. (A) TES
reaction using 3′-end-radiolabeled substrate (AUGACUGCUCC).
Data for the 10-mer TES product (kobs > 8 min-1) are represented
by black circles, and data for the higher-molecular weight (ri-
bozyme) intermediate are represented by white circles. (B) TES
reaction using 5′-end-radiolabeled substrate (AUGACUGCUC).
Data for the 9-mer TES product (kobs > 6 min-1) are represented
by black circles, and data for the 6-mer intermediate are represented
as white circles. (C) TES reaction using 3′-end-radiolabeled
substrate (AUGACUdGCUCC). Data for the 11-mer-dG TES
substrate are represented by black circles, and data for the higher-
molecular weight (ribozyme) intermediate (kobs > 6 min-1) are
represented by white circles. Each graph shows the average of two
independent assays. Standard deviations for each time point are
less than 15%.
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functional guanosine is added to the 3′-end of the ribozyme
during transcription (21, 22). In the second scenario, the
adenosine itself is the nucleophile. There is a precedent for
group I intron-derived ribozymes utilizing adenosines as
intramolecular nucleophiles (23). To distinguish between
these two scenarios, we employed the RT-PCR strategy
described above to isolate and subsequently sequence the
reaction intermediates that occur when using the rPC-ωA
ribozyme. Results show that the terminal adenosine is the
nucleophile in these reactions (Figure S2 of the Supporting
Information). Apparently, the intramolecular transesterifica-
tion reaction can be catalyzed by a terminal guanosine or
adenosine. That guanosine is ∼20-fold more effective (Figure
7) is likely related to the fact that guanosine is expected to
have enhanced affinity for the guanosine binding site (GBS)
of the ribozyme.

Identification of TES Reaction Intermediates in ViVo. It
was previously shown that a TES ribozyme could excise a
central segment of a green fluorescent protein (GFP)
transcript in E. coli (20). It was of interest, then, to determine
if the intramolecular transesterification mechanism is occur-
ring for TES reactions in vivo. Furthermore, because the
GFP-specific ribozyme (GFP-rPC) is synthesized with a T7
RNA polymerase termination sequence (20, 24, 25) on its
3′-end (Figure 8), it is unknown which nucleotide is acting
as the terminal nucleophile. Therefore, TES reactions were
conducted in vivo (20), total RNA was isolated from the
cells, and the TES reaction intermediates were amplified via
RT-PCR and subsequently sequenced (scheme shown in
Figure S3 of the Supporting Information).

Two plasmids were used in these studies, one that contains
an active ribozyme construct and one purposely inactivated
via elimination of the functionality of the GBS (20). As
expected, no reaction intermediates could be RT-PCR
amplified with the inactivated ribozyme construct. For the
active ribozyme construct, 17 cloned RT-PCR products were
isolated and sequenced. For all products, the 3′-end of the
target substrate (the GFP transcript) was covalently attached
to the 3′-end of the ribozyme, as expected for the intramo-
lecular transesterification mechanism.

Although 11 products had the ribozyme covalently at-
tached to the expected site on the target (U607; 5′-UAC-
CUU607-3′), six products had the ribozyme attached to an
alternative site (U624; 5′-GCCCUU624-3′). Apparently, the
sequence specificity of this particular ribozyme construct
reacting with this particular target region is not especially
high.

Surprisingly, sequence information also showed that the
T7 terminator sequence was missing from the 3′-end of the
ribozyme in all 17 products, suggesting that it was somehow
removed in vivo prior to the ribozyme becoming functional.
In 16 sequences, the active ribozyme ended with the natural
terminal nucleotide of the ribozyme (G336), and in one case,
it ended with a guanosine four bases downstream (G340)
(Figure 8). One possibility is that these terminal guanosines
are being created through truncation of the ribozyme

FIGURE 6: Experimental strategy for the amplification of TES
reaction intermediates. TES reactions were conducted using the 20-
mer substrate (5′AUGACUACUCUCGUGCUCUU3′). The TES
reaction results in the covalent attachment of the bridge-3′-exon
region (5′ACUCUCGUGCUCUU3′, denoted as a gray block) to the
3′-end of the ribozyme. The bridge-3′-exon region and the
ribozyme are used as primer binding sites for RT-PCR amplification
of the entire intermediate (but not the TES product, as the 3′-exon
is not attached to the ribozyme). Isolated RT-PCR products were
then cloned and sequenced.

FIGURE 7: Graphical representations of TES reactions as a function
of ribozyme construct. Reactions were conducted in duplicate with
166 nM ribozyme, 1.33 nM substrate, and H10Mg at 44 °C for 15
min. (A) TES reaction using the PCR-derived rPC-ωA ribozyme
construct. Data for the 10-mer TES product (kobs ) 0.14 ( 0.02
min-1) are represented by black circles, and data for the higher-
molecular weight (ribozyme) intermediate are represented by white
circles. (B) TES reaction using the PCR-derived rPC-ωG ribozyme
construct. Data for the 10-mer TES product (kobs ) 2.6 ( 0.09
min-1) are represented by black circles, and data for the higher-
molecular weight (ribozyme) intermediate are represented by white
circles. Each graph shows the average of two independent assays.
Standard deviations for each time point are less than 15%.

FIGURE 8: Sequence and predicted structure of the T7 terminator,
which was appended onto the 3′-end of the rPC ribozyme for in
vivo experiments. The guanosines (G336 and G340) found to act
as ribozyme 3′-terminal guanosines are denoted.
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transcript via ribozyme-mediated 3′-hydrolysis, which is
well-known to occur in vitro (6, 7, 9, 10). If true, this would
indicate that the ribozyme is catalyzing its own activation
prior to catalyzing the TES reaction. Note that there were
no sequences with a terminal adenosine, although the limited
data set does not exclude the possibility.

3′-Hydrolysis Can ActiVate the Ribozyme in Vitro. To test
whether TES ribozymes can generate 3′-terminal guanosines
via 3′-hydrolysis, TES reactions were conducted in vitro
using a ribozyme containing seven nucleotides added to its
3′-terminal end (downstream from G336). TES reactions
were conducted using both 5′-end-radiolabeled (5′AUGACU-
GCUC3′) and 3′-end-radiolabeled (5′AUGACUGCUCC3′)
substrates, and results show that the expected intermediates
and products are formed (Figure 4, lanes S-V). Furthermore,
sequence analysis of the TES ribozyme intermediates (five
sequences) shows that the expected intramolecular transes-
terification intermediate is being formed. Apparently, the
extra seven bases were removed in vitro, thus activating
G336 for subsequent reactivity. The reaction is apparently
autocatalytic, as no cofactors were added to the reaction
mixture.

DISCUSSION

Intramolecular Transesterification Mechanism in Vitro. A
series of experiments were conducted in vitro to determine
the mechanism of the first reaction step of the TES reaction,
focusing on whether the reaction is predominantly intramo-
lecular transesterification or ribozyme-mediated hydrolysis
(Figure 2). Several lines of evidence suggest that the primary
mechanism is intramolecular transesterification (Figure 2B),
and not hydrolysis (Figure 2A). First, 3′-end-radiolabeled
substrates produce high-molecular weight TES intermediates
(more than 300 nucleotides), which is expected for the
intramolecular transesterification reaction (expect 341 nucle-
otides) and not the hydrolysis reaction (expect five nucle-
otides). Second, the 3′-half of the RNA substrate is covalently
attached to the 3′-terminal nucleotide of the ribozyme during
the intermediate step of the TES reaction. This indicates that
the 3′-terminal nucleotide of the ribozyme is the nucleophile
in the reaction. This intermediate is not expected to occur at
any time during the hydrolysis mechanism. Third, it was
shown that the catalytic rate of the reaction is affected by
the identity of the 3′-terminal nucleotide, which is not
expected for the hydrolysis mechanism.

An interesting consequence of these results is that they
suggest the requirement for a conformational change within
the ribozyme between the two steps of the TES reaction.
Such a conformational change is well-documented in group
I intron self-splicing reactions. These introns have a single
guanosine binding site (GBS) binding in succession two
different guanosines: first the exogenous guanosine cofactor
and then the 3′-terminal guanosine of the intron (26–28).
For TES, the 3′-terminal guanosine of the ribozyme would
bind to the GBS first, followed by the guanosine at the 3′-
end of the excised region of the substrate (Figure 2B).

Intramolecular Transesterification Mechanism in ViVo. To
answer whether the intramolecular transesterification mech-
anism is also occurring in vivo, TES reactions were
conducted in E. coli using GFP as the target substrate, and
reaction intermediates were sequenced. Like that seen in vitro

(the second line of evidence above), the 3′-half of the
substrate was covalently attached to the 3′-terminal nucle-
otide of the ribozyme. Apparently, the intramolecular trans-
esterification mechanism is occurring in vivo.

One hallmark of the intramolecular transesterification
mechanism is that the 3′-terminal nucleotide of the ribozyme
construct is the nucleophile, which presents a problem for
in vivo reactions because of the need to include a transcrip-
tion termination sequence at the 3′-end of the ribozyme
(Figure 8). Our results show, however, that all or most of
this termination sequence becomes removed from the ri-
bozyme transcript before or during the TES reaction. This
is fortuitous, as it results in the activation of a 3′-terminal
nucleotide for subsequent nucleophilic attack, rather than
burying it within the ribozyme transcript. One interesting
possibility is that the ribozyme is folding in the presence of
the termination sequence such that the junction between the
ribozyme and the termination sequence is placed in the active
site of the ribozyme, resulting in the cleavage of this
phosphodiester bond through a well-characterized 3′-hy-
drolysis reaction (6, 7, 9, 10). If true, the ribozyme would
be self-activating its 3′-terminal nucleophile, which greatly
simplifies in vivo ribozyme design strategies.

Sequencing of TES reaction intermediates demonstrates
that the ribozyme targets two similar sites on the GFP
transcript, out of hundreds of possible sites, with the desired
site being targeted 65% of the time. Previous studies using
the P. carinii ribozyme have shown that stable base pairing
between the substrate and the first four nucleotides of the
ribozyme’s RE1 region (to form a functional P1 helix) is
primarily responsible for the molecular recognition compo-
nents that bind the substrate to the ribozyme (29). It is not
surprising, then, to find that both the major and minor target
sites are able to form this four-nucleotide helix, which
accounts for their similar reactivities. Nevertheless, this result
does demonstrate the lack of high sequence specificity
inherent in RNA catalytic reactions that rely on short base-
paired regions to bind intermolecular substrates.

The 3′-Terminal Adenosine Ribozyme. Results demonstrate
that the P. carinii ribozyme can utilize a 3′-terminal
adenosine (A336) as the intramolecular transesterification
nucleophile. Presumably, the terminal adenosine binds to the
GBS of the ribozyme, which is known to preferentially bind
guanosine (26, 27). Studies using a T. thermophila ribozyme,
however, suggest that adenosine can bind the GBS with the
help of non-GBS interactions (23). The most likely interac-
tion is the formation of helix P9.0 (Figure 2B), which
participates in the alignment of the 3′-splice site of group I
introns into the GBS (30–36). It seems for the TES reaction,
the role of P9.0 helix formation could be multifaceted in
that it helps to align the terminal nucleotide of the ribozyme
into the GBS prior to the intramolecular transesterification
reaction and also aligns the substrate guanosine (the gua-
nosine to be excised) into the GBS for the subsequent exon
ligation reaction (Figure 2B).

Comparison with PreVious Results. That the 3′-terminal
guanosine of group I intron-derived ribozymes can be a
nucleophile has previously been reported, although not in
the context of the TES reaction. For example, the terminal
guanosine has been implicated in ribonuclease, phospho-
transferase, and phosphatase activities using a group I intron-
derived ribozyme from T. thermophila (7, 9). It is interesting
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to note that in these reactions the 3′-terminal guanosine of
the ribozyme was obtained experimentally through site-
specific 3′-hydrolysis, which consists of high-temperature
ribozyme preincubations under alkaline conditions (7, 9). We
found that production of a reactive 3′-terminal guanosine for
the P. carinii ribozyme does not require this preincubation
step. A 3′-terminal guanosine is also a nucleophile in a
Tetrahymena-mediated reverse splicing reaction, in which
the intron becomes embedded into cellular transcripts, as well
as in in vivo cyclization reactions (3–5, 37, 38). Trans
insertion-splicing ribozymes, which catalyze the insertion
of one exogenous substrate into another exogenous substrate,
also utilize a 3′-terminal guanosine (17). Other group I
ribozymes have exploited their 3′-terminal guanosines for
polymerization (11) and recombination (16) reactions. Ap-
parently, 3′-terminal guanosines of group I intron-derived
ribozymes can be involved in a whole host of natural and
unnatural reactions.

Design Principles for the TES Reaction in ViVo. Synthe-
sizing RNAs that contain specific terminal sequences in vivo,
which is required for making active TES ribozyme constructs,
is challenging because RNA transcripts typically end in 3′-
termination sequences. Fortunately, our results indicate that,
at least in E. coli, TES ribozymes appear to become
truncated, which removes the transcription terminator, thus
producing a functional ribozyme construct. The efficiency
by which this 3′-truncation occurs, however, might be a
limiting factor in the TES reaction. Therefore, enhancing the
3′ truncation reaction, thought to be a ribozyme-catalyzed
hydrolysis reaction, could potentially enhance the yield of
the TES reaction. To this end, it has been reported that P10
helix formation prior to the first step of self-splicing increases
the yield of this type of 3′-hydrolysis reaction in vitro (39).
Therefore, the yield of TES reactions in vivo could poten-
tially be increased via addition of sequences after G336 that
are complementary to RE3 of the ribozyme (see Figure 2).

It was also demonstrated that the TES ribozyme is not
entirely specific for the intended site on the target. This lack
of absolute sequence specificity also occurs with other group
I intron-derived ribozyme reactions (40). Therefore, a variety
of strategies have been devised to ameliorate this limitation,
including the addition of an artificial substrate binding
element [extended guide sequence (EGS)] to trans-splicing
ribozymes, which could easily be adapted to TES ribozymes
(41–47).

Implications for NatiVe Group I Intron Function in ViVo.
Native group I introns catalyze the self-splicing reaction. In
this reaction, introns excise themselves (sometimes with the
aid of proteins) from RNA transcripts. It has also been
demonstrated that intact group I introns can be mobile
elements by catalyzing a reverse-splicing reaction (37, 38).
We now demonstrate that essentially intact excised group I
introns can covalently attach themselves to central regions
of RNA transcripts in trans. Moreover, these excised introns
can further catalyze the removal of an internal segment from
inside these RNA transcripts (through TES). Apparently,
group I introns are multifaceted in vivo catalysts.
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SUPPORTING INFORMATION AVAILABLE

Polyacrylamide gel showing the TES substrate, intermedi-
ate, and product of TES reactions (Figure S1), sequencing
results for RT-PCR products isolated from TES reactions
conducted with either the rPC or rPC-ωA ribozyme (Figure
S2), and RT-PCR strategy for isolation of the TES interme-
diate in vivo (Figure S3). This material is available free of
charge via the Internet at http://pubs.acs.org.
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