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The trans-splicingTetrahymenaribozyme is derived from the
self-splicing group I introns ofTetrahymena thermophila. It
recognizes a target mRNA by its complementarity to its internal
guide sequence (IGS) and cleaves the target mRNA into a 5′ and
a 3′ fragment. The 5′ fragment is subsequently ligated to an exon
attached to its 3′ end.1,2 Therefore, trans-splicing ribozyme is able
to repair defective mRNA targets in a sequence-specific manner,
and is a promising therapeutic agent for genetic diseases.3 There
are examples that trans-splicing ribozymes can work in mammalian
cells, but splicing efficiency and production of final proteins are
not high enough for functional rescues.4-6 Improving ribozyme in
vivo efficiency still remains a challenging task due to a relative
paucity of information on what may enhance ribozyme reaction
efficiency in the complex intracellular environment of mammalian
cells. Alternatively, a systematic search from a library of ribozymes
in the context of living mammalian cells would help discover
improved trans-splicing ribozyme variants. In vitro selections for
desired ribozyme variants and optimization of trans-splicing ri-
bozymes in yeast have been documented previously,7,8 but a
systematic mammalian-cell-based library screening is more desirable
but not yet reported. Here we report an enzyme-based method that
can detect the trans-splicing activity ofTetrahymenaribozyme in
single living mammalian cells by fluorescence microscopy and flow
cytometry, which should allow a single-cell-based systematic
screening for trans-splicing ribozyme variants with improved in
vivo efficiency.

Our method utilizes the 29 kDa TEM-1 isoform ofâ-lactamase
(Bla), the product of the ampicillin-resistant gene Ampr, as a
reporter. We have previously applied it to detect the self-splicing
activity of Tetrahymenagroup I intron ribozyme.9 To examine the
feasibility of detecting the trans-splicing ribozyme activity in single
living mammalian cells, we constructed a trans-splicing ribozyme
with one part of Bla mRNA (Bla II) attached to its 3′ end (Scheme
1). Its IGS was designed so that it recognized the other part of Bla

mRNA (Bla I). Selection of Bla I and Bla II was based on our
previously published work on cis-splicing ribozymes.9 The trans-
splicing reaction then produced a complete mRNA of Bla, and the
Bla activity can be readily detected by fluorogenic substrates CC1
and CCF2/AM.10,11

It has been reported that extended flanking sequences at the 3′
end of the substrate RNA and the 5′ end of the trans-splicing
ribozyme can enhance splicing activity.6,12 We initially added 38
nucleotides derived from the mRNA of a red fluorescent protein,

DsRed, to the 3′ end of the substrate RNA and the corresponding
antisense sequence to the 5′ end of the trans-splicing ribozyme.
Both constructs were cloned into a plasmid vector with a cyto-
megalovirus (CMV) promoter for expression in mammalian cells.
After a transient cotransfection into COS-1 cells (a monkey kidney
cell line) and incubation for 48 h, reverse transcription (RT)-PCR
analysis of isolated total RNAs showed the desired spliced product.
The Bla activity could be detected by CC1 assay in vitro but not
in single cells even with 16 h of incubation of CCF2/AM. We
therefore extended the flanking sequence to 211 nucleotides. The
substrate target RNA was named Sb and the trans-splicing ribozyme
as TRz211 (Scheme 1).

We first investigated whether TRz211 could trans-splice in vitro.
Sb and TRz211 were prepared by in vitro transcription and mixed
and incubated under the splicing conditions. The reaction mixture
was analyzed by RT-PCR and the desired spliced product was
detected with the expected size. Sequencing of the RT-PCR product
confirmed that correct ligation took place.

We conducted RT-PCR analysis to examine whether trans-
splicing between TRz211 and Sb occurred in mammalian cells. Both
Sb and TRz211 were cloned into a plasmid vector with a CMV
promoter for expression in mammalian cells. RT-PCR analysis of
isolated total RNAs from a transient cotransfection of TRz211 and
Sb into COS-7 cells (a monkey kidney cell line) showed a detectable
RT-PCR product with the expected molecular weight. Sequence
analysis of the product confirmed that accurate ligation occurred
at the splice site and a correct Bla mRNA was produced (Figure
1A). As expected, single transfection of either construct did not
produce any RT-PCR product. We constructed TRz211D, a
catalytically inactive mutant of TRz211 with a mutation at the
catalytic core of ribozyme (G264A). Consistent with previous in
vitro studies,13 this single mutation resulted in no detectable RT-
PCR products (Figure 1A). No amplified products were observed
in the control where cells separately transfected with single vector
were mixed shortly after lyses (data not shown). These data suggest
that TRz211 ribozyme trans-spliced Sb and produced Bla in
mammalian cells not during the RT reactions.

We assayed the Bla activity of cell lysates with CC1. The final
Bla activity was measured by its rate in catalyzing the hydrolysis

Scheme 1. Schematic Presentation of the Strategy for the
Detection of Trans-Splicing Ribozyme Activity by Bla

Figure 1. RT-PCR and CC1 assays of COS-7 cells transiently transfected
with indicated constructs. (A) Reverse transcriptase (RT) was present in
upper samples but not in lower. The expected splicing product Bla was as
indicated. (B) Shown is the hydrolysis rate of CC1, determined from three
independent transfections and normalized against total lysate protein contents
in nM/min perµg protein (in a log scale).
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of CC1, which was 6.6( 3.1 nM/min/(µg protein). This value was
>60-fold higher than that of CMV control construct. Neither single
transfection of Sb or TRz211 nor cotransfection of Sb and TRz211D
produced any significant Bla activity compared to that of the empty
CMV vector (Figure 1B).

To detect the trans-splicing activity in single living cells, we
stained transfected COS-7 cells with CCF2/AM and imaged them
under a fluorescence microscope. CMV-Bla transfected cells emitted
blue signals from cleaved substrates (Figure 2A). For empty-vector
(CMV), transfected or nontransfected cells all emitted green light
from uncleaved substrates (Figure 2B). Cotransfection of Sb,
TRz211, and DsRed revealed that some DsRed-positive (trans-
fected) cells showed blue emission after 3 h incubation of CCF2/
AM, whereas DsRed-negative (nontransfected) cells emitted green
due to lack of Bla activity (Figure 2C). For nontransfected cells,
the blue/green ratio was low (<0.5), and for transfected cells some
had a high blue/green ratio of>1.5. The fact that all cells with
high blue/green ratios also emitted red supports that their Bla
activity came from the trans-splicing ribozyme. Controls of single
transfection with either Sb or TRz211 did not produce any cells
with a blue/green ratio>0.5 (data not shown). Cells cotransfected
with the dead mutant TRz211D and Sb did not produce any blue
signal either.

We quantified the trans-splicing activity in a large population
of living cells by flow cytometry. COS-7 cells transfected with Sb,
TRz211, and DsRed (as a cotransfection marker) were loaded with
CCF2/AM and incubated for 3 h. We first used a fluorescence-
activated cell sorter (FACS) to sort and collect about 10 000 DsRed-
positive healthy cells for each construct. These cells were subse-
quently subjected to a second FACS analysis for the Bla activity.
In the negative control (CMV empty vector), 99% cells fluoresced
green, and in the positive control (CMV-Bla) over 97% of
transfected cells displayed a blue/green ratio of>1 (Bla-positive)
(Figure 2, A and B). When cotransfected with DsRed, Sb, and
TRz211D, only 1.5% of cells emitted blue signals (Figure 2D). In
contrast, 51.1% of cells transfected with Sb and TRz211 were Bla-
positive (Figure 2C); clearly, its Bla activity was correlated to the
trans-splicing activity of TRz211. The significant cell-to-cell
heterogeneity emphasizes the importance of examining the trans-
splicing reaction in single cells.

We have shown here for the first time that the trans-splicing
activity of ribozymes in single living mammalian cells can be
readily detected. More than 50% of transfected cells produced the
final functional protein. The final enzyme activity was about 7%
of that of our previously reported cis-splicing ribozyme Rz156
(Figure 1B). In considering the length of the extended flanking
sequence, this activity is still remarkable because, in the complex
of Sb and TRz211, the introduced additional sequence would be
422-nt long, greater in length than nativeTetrahymenagroup I
intron ribozyme (413 nt). As we have shown in our previous study
of cis-splicing ribozymes, a large insertion at the L1 loop may
decrease the ribozyme activity; for example, a mutant with an
insertion of 84 nucleotides has about 12% Bla activity of Rz156.9

This enzyme-based single-cell detection of trans-splicing activity
is compatible with the high-throughput flow cytometry and thus
may be applied to screen large libraries of ribozymes in living cells
to maximize in vivo production of proteins resulting from correct
trans-splicing reaction. Although in this study we used an exogenous
mRNA as the substrate, this strategy could be extended to detect
trans-splicing between endogenous mRNA targets and ribozymes
in single living cells. This system should then offer a unique
advantage over other selection techniques such as antibiotic
resistance for its ability of performing both negative (for minimal
background in the absence of target RNAs) and positive selections
(for maximal activity in the presence of target RNAs).

In summary, we present here a highly sensitive enzyme-based
method for single-cell detection of trans-splicing ribozyme activity
in vivo. This method can be potentially applied in performing in
vivo optimization of trans-splicing ribozymes and in using trans-
splicing ribozymes to target and image endogenous mRNAs. Results
from these studies may be translated into a variety of biological
and medical applications such as probing the structure-function
relationship of ribozymes, repairing defective genes in inherited
diseases, and detecting tumor-specific oncogenes.
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Figure 2. Fluorescence microscopy and FACS analyses of COS-7 cells
transiently transfected with (A) CMV-Bla (positive control) (B) CMV
(negative control), (C) Sb+TRz211, or (D) Sb+TRz211D. DsRed was used
a transfection marker in all samples. Each upper image is an overlay of
frames captured at 530 nm (green emission) and 460 nm (blue emission);
each lower image is DsRed emission at 605 nm excited at 546 nm. Cells
with no Bla activity are green in upper images. The scale bar is 30µm.
FACS analyses were performed on the DsRed-positive (transfected) cells.
The percentages of Bla-positive (blue) and Bla-negative (green) cells
(defined as blue/green ratios>1 and<1, respectively) are indicated for
each construct.
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