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Methods
Gene targeting, generation of mutant mice, and genotyping
Embryonic stem cells (CK35, provided by C. Kress25) were targeted with the constructs
indicated in Fig. 1a as described previously5. Diphtheria toxin5, or PGK-DTA-bpA (a gift
from P. Soriano) and PGK-puromycin-bpA (a gift from A. Bradley) was used for selection
in embryonic stem cells. The enhanced green fluorescent protein (EGFP) contains a
Val164Ala mutation in pEGFP-C1 (Clontech; a gift from H. LeMouellic) and is followed
by an SV40pA sequence. BothMyf5nlacZ andMyf5GFP-P comprise a ScaI–BstYI deletion in
exon 1 (122 amino acids) and thus lack the bHLH domain, whereas the floxedNeo–Hygro
cassette inMyf5NH was an insertion at the ScaI site in exon 1 (residue 13). The remaining
structure ofMyf5 is intact in all alleles. The two initiator ATG codons ofMyf5 inMyf5NH

andMyf5GFP-Pwere mutated (ATG to GTG). The first ATG codons suitable for translation
in Myf5 loxP (residue 69, non-Kozak; residue 82, Kozak) are located in the chromatin
remodelling (amino acids 39–78) and basic domains. Myf5GFP-P/GFP-P, Myf5 loxP/loxP and
Myf5nlacZ/loxP were viable and were reduced in size.Myod (provided by M. Rudnicki2) and
Myf5 (129sv/C57BL6/DBA2) mutant mice were interbred to obtain double-mutant mice.
A ubiquituously expressing PGKCre deleter strain (provided by Y. Lallemand26) was used
to generate Myf5 loxP and Mrf4nlacZ-P/þ:Myf5 loxP/þ. Mrf4 was targeted with an nlacZ
reporter in embryonic stem cells previously targeted with, and in cis to,Myf5NH (data not
shown). All embryos and mice were genotyped by Southern blotting or polymerase chain
reaction (Supplementary Methods), and double mutants were genotyped again after
sectioning. Myf5nlacZ and Myf5GFP-P allelic combinations were also phenotyped for
mislocalized MPCs by staining with 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside
(X-Gal)27 and GFP epifluorescence, respectively.

Processing of embryos and detection of transcripts and protein
Embryos were processed for WM-ISH or immunohistochemistry13. Riboprobes forMyf5,
Mrf4 and Myod were as described previously13,28. An Mrf4 riboprobe spanning 421 base
pairs (KpnI–NdeI) was also used. For comparative WM-ISH experiments, age-matched
and litter-matched embryos were used with independent probe sets and litters, and the
ISH reactions were stopped at the same time. For protein detection by western blotting,
the head and heart of E10.75 embryos were removed and lysates were prepared29. Primary
polyclonal anti-Myf5 antibodies (dilution 1:500, carboxy-terminal specific; Santa Cruz)
and secondary anti-rabbit peroxidase-conjugated secondary antibodies (dilution
1:40,000; Pierce) were applied and filters were treated with SuperSignal WestPico
chemiluminescent substrate (Pierce).

Explant cultures and immunofluorescence
Micromass cultures were made as described previously13, and time-lapse studies are
described in Supplementary Methods. For immunofluorescence27, two antibodies were
used for Myf5 (polyclonal C-terminal29, and a polyclonal, dilution 1:800; Santa Cruz),
myogenin (F5D, monoclonal, dilution 1:5; Developmental Studies Hybridoma Bank,
NICHD), Myod (monoclonal, dilution 1:100; Dako), myosin heavy chain (polyclonal,
dilution 1:400; provided by G. Cossu) and desmin (monoclonal, dilution 1:100; Dako).
Secondary antibodies were AlexaFluor 488 and 594 (Molecular Probes). For whole mount
antibody staining see Supplementary Methods and http://www.pasteur.fr/recherche/
unites/Csd. Images were taken either with a Zeiss Axiocam or Nikon numerical camera
and a Zeiss fluorescent SZ11 or Axiophot microscope. Images were assembled in Adobe
Photoshop and Indesign.
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Recent studies on the control of specific metabolic pathways in
bacteria have documented the existence of entirely RNA-based
mechanisms for controlling gene expression. These mechanisms
involve the modulation of translation, transcription termination
or RNA self-cleavage through the direct interaction of specific
intracellular metabolites and RNA sequences1–4. Here we show
that an analogous RNA-based gene regulation system can effec-
tively be designed for mammalian cells via the incorporation of
sequences encoding self-cleaving RNA motifs5 into the transcrip-
tional unit of a gene or vector. When correctly positioned, the
sequences lead to potent inhibition of gene or vector expression,
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owing to the spontaneous cleavage of the RNA transcript.
Administration of either oligonucleotides complementary to
regions of the self-cleaving motif or a specific small molecule
results in the efficient induction of gene expression, owing to
inhibition of self-cleavage of the messenger RNA. Efficient
regulation of transgene expression is shown in a variety of
mammalian cell lines and live animals. In conjunction with
other emerging technologies6, this methodology may be particu-
larly applicable to the development of gene regulation systems
tailored to any small inducer molecule, and provide a novel
means of biological sensing in vivo that may have an important
application in the regulated delivery of protein therapeutics.
The general strategy for controlling gene expression through

modulation of RNA processing is shown in Fig. 1a. The approach
is critically dependent on both the ability of a specific self-cleaving
ribozyme to efficiently cleave (.99%) an mRNAmolecule in which
it is embedded, and the availability of a small molecule capable of
efficiently inhibiting self-cleavage of the cis-acting ribozyme within
an intracellular milieu. Candidate ribozyme sequences capable of
efficient cleavage in mammalian cells were identified using a
transient transfection assay which makes use of a standard mam-
malian expression vector7 which encodes a LacZ reporter (Fig. 1b).
Candidate ribozyme sequences were introduced into one of a
number of different locations within the vector transcriptional
unit, and, in parallel, the corresponding inactive mutant ribozymes
were introduced into the same sites to measure the efficiency of
reduction of reporter gene expression. After transfection of human
embryonic kidney (HEK) 293 cells with these vectors, protein
extracts were prepared from cells and the b-gal level quantified.
Cleavage activity of the functional ribozyme in cells wasmeasured as
‘fold’ suppression in reporter gene expression relative to the vector
with inactive ribozyme.
A large number of different ribozyme encoding motifs were

chosen for analysis, including un-manipulated natural ribozyme
sequences, ribozymes shown to function in mammalian cells and
ribozymes engineered by others to possess specific biochemical or
catalytic properties in vitro (for example, high K cat, low Mg2þ

requirement, and so on; see Supplementary Table 1). Although the
vast majority of ribozymes tested did not appreciably affect reporter
expression, as reflected by near equal expression of LacZ by vectors
encoding functional and inactive ribozymes (defined as fold ¼ 1),
two ribozyme motifs were identified which did seem to function
effectively: the hammerhead Pst-3 ribozyme derived from the
Dolichopoda cave cricket8 (Fig. 1c; 13-fold difference between
functional and inactive ribozyme) and the hammerhead Sm1
ribozyme derived from the trematode Schistosoma mansoni9

(Fig. 1d) in which the tetraloop 5 0UUCG 3 0 was grafted onto an
extended stem III (19-fold difference). Interestingly, both ribo-
zymes possess unique structures relative to the other hammerhead
ribozymes tested, in that they contain an extended stem-I with an
internal loop (see Fig. 1c, d).
Based on its apparent higher level of self-cleavage activity, the

Sm1 ribozyme was chosen for further study and manipulation. In
an effort to improve the efficiency of the Sm1 ribozyme self-cleavage
activity, a series of modifications of the Sm1 ribozyme structure
weremade and evaluated. As shown in Fig. 1d, specificmodification
at nucleotide 7 (C to U) in the conserved catalytic core10, and
changes in distal stem III led to a significant increase in the extent of
self-cleavage (the modified Sm1 ribozyme was termed N73, up to
62-fold difference between functional and inactive ribozyme).
Transfer of the N73 ribozyme from position A to E of the vector
enhanced the activity to 225-fold (this ribozyme was termed N79
and was used in the subsequent studies). Additional modifications
of stem I near the catalytic core and near the restriction insertion site
led to further increases in activity, resulting ultimately in an overall
1,401-fold difference in expression levels between functional verses
inactive ribozyme (Fig. 1e).

In addition to modifications that led to improved self-cleavage
activity, several modifications, notably those involving the short-
ening of stem I (Fig. 1f) and alteration of nucleotides within the
internal loop of stem I (Fig. 1g), dramatically reduced the level of
self-cleavage. Interestingly, neither of those twomodifications affect
conserved core sequences known to be required for ribozyme
cleavage in vitro11. Under standard in vitro conditions of 10mM
Mg2þ, measurement of the catalytic activity of N79 ribozyme and
N107(U to G) ribozyme (which carries a single base U to G change
in the loop I and is inactive in mammalian cells, Fig. 1g) indicated
that both enzymes were equally functional in vitro (Kobs values of
0.84 min21 and 1.06 min21, respectively; see Supplementary
Methods). Intriguingly, determination of the cleavage rate under
low Mg2þ conditions (0.5mM Mg2þ) indicated that only the N79
enzyme possessed significant activity (N79 Kobs ¼ 0.84min21

verses N107(U to G) Kobs ¼ 0.014min21). These results suggest
that sequences within the unique loop structure of stem-I of the
Sm1 ribozymemay enable efficient self-cleavage inmammalian cells
in part because they facilitate self-cleavage at physiological Mg2þ

concentrations. Consistent with this idea, measurement of the Kobs

of another well-characterized hammerhead ribozyme12 (‘McSwig-
gen’s hammerhead’; see Supplementary Table 1) previously shown
by others to function in mammalian cells, but shown in our
transfection assay to possess no appreciable activity, indicated
that significant in vitro cleavage activity occurred only under high
Mg2þ conditions (0.32min21 at 10mMMg2þ verses 0.015min21 at
0.5mM Mg2þ). However, to what extent the ability to function at
low Mg2þ concentration per se contributes to the ability of a
ribozyme to function efficiently in mammalian cells remains
unclear, because several ribozymes engineered by others to effi-
ciently function in vitro under lowMg2þ conditions13,14 were among
the many ribozymes that were found to be non-functional in our
transient transfection assay (Supplementary Table 1).

In addition to functioning in HEK293 cells within the context of
the original cytomegalovirus (CMV)-based pMD vector tested, the
N79 ribozyme also dramatically reduced b-gal expression in a
variety of other commonly used cell lines after transfection
(Fig. 2a). In addition, the N79 ribozyme was able to function
efficiently when placed within other transcriptional units which
made use of different promoters and a different reporter gene
(enhanced green fluorescent protein, eGFP) (Fig. 2b). As we had
observed in the primary screen of different ribozyme motifs for
activity in mammalian cells, N79 was able to function when placed
in several, but not all locations of the pMD transcriptional unit,
albeit at different efficiencies (Fig. 2c). Importantly, placement of
two ribozyme sequences in tandem, in some cases (for example,
position E) led to a dramatic suppression of reporter gene
expression (Fig. 2c).

An essential requirement for the development of a gene regu-
lation system based on modulation of self-cleavage activity is the
availability of small inducermolecules capable of efficient inhibition
of ribozyme activity in mammalian cells. In an effort to identify
such molecules, we first surveyed a large number of common
antibiotics that had been shown to inhibit ribozyme cleavage
in vitro15–20. In no case was significant inhibition of self-cleavage
by these antibiotics observed in our transient transfection assay
(data not shown). We next surveyed the ability of different types of
antisense oligonucleotides21 to inhibit ribozyme cleavage (see Fig. 1e
for targeted sequence). Whereas transfection with peptide nucleic
acids, locked nucleic acids and ‘grip’ nucleic acids had no measur-
able effects on self-cleavage activity, transfection with phosphor-
othiolate, 2 0-O-methyl and phosphorothiolate 2 0-O-methyl derived
RNAs led to modest inhibition of self-cleavage (,tenfold induc-
tion). In contrast, transfection of a morpholino oligonucleotide22

led to a strong inhibition of ribozyme self-cleavage, as demonstrated
by a dramatic increase in reporter gene expression (Fig. 3a). The
‘fold’ induction afforded by this method was somewhat variable
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Figure 1 Strategy for controlling gene expression through the modulation of RNA self-

cleavage and optimization of Schistosome Sm1 ribozyme self-cleavage activity. a, When a

cis-acting hammerhead ribozyme is embedded in the mRNA, self-cleavage leads to the

destruction of the mRNA and the absence of gene expression. However, an inactive

mutant or the administration of specific inhibitors of the ribozyme leads to the generation

of intact mRNA’s and protein expression. b, The reporter gene expression vector pMD

used for transfection assay, and the positions where ribozyme were placed. Cap site at the

very beginning of the mRNA; A site upstream of the intron; B,C, and D site in the intron; E

site immediately upstream of the translation start; F and G sites in the 3
0
-untranslated

region. c–g, Optimization of Schistosome Sm1 activity. Ribozyme inserted at position A of

pMD vector (c, d) and at position E of vector (e–g). Corresponding inactive mutants

contained an A14 to G substitution. Name of ribozyme is shown at left; cleavage activity at

right. Cricket Pst3 motif (c). Nucleotide numbering follows nomenclature of Hertel et al.10.

Schistosome Sm1 motif (d). The original Sm1 lacked loop III and exhibited no activity in

cells. Nucleotides depicted in colour reflect changes made to Sm1. Changes in stem I of

N79 near the core or near the restriction insertion site further enhanced activity (e). Black

line identifies the sequence targeted by antisense morpholino oligonucleotides.

Shortening of stem I vastly reduced ribozyme cleavage activity (f). Single nucleotide

changes in loop I of the N107 ribozyme decreased its activity dramatically (g). The N107

ribozyme is a variant of N79 in which two ‘AUG’ were replaced by GUG and ACG to

eliminate the potential start codons. The mean ^ s.d. of at least four independent

measurements is shown.
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from experiment to experiment (110–2000-fold in the case of the
double N79 construct), probably because of the variability of
efficiency of delivery and toxicity associated with transfection of
the oligonucleotide. However, the extent of induction of gene
expression was nonetheless comparable to that achieved with
other gene regulation systems, and clearly represents a range that
would be useful for a variety of experimental and clinical settings. In
some cases, the absolute levels of gene expression achieved after
morpholino administration approached 50% of the theoretical
maximum induction possible (that is, the level of gene expression
produced by the inactive ribozyme), suggesting that ribozyme
cleavage can be very efficiently inhibited in mammalian cells.
To identify small molecules capable of inhibiting ribozyme self-

cleavage, we generated stable cell lines carrying an integrated
expression construct in which a luciferase reporter was placed
under the control of two copies of the N79 ribozyme, and made
use of the cells in high-throughput screening studies (L.Y., M.M.,
Y. Tang, R. Weissleder, B. R. Stockwell and R.C.M., unpublished
observations). Of the several compounds identified, toyocamycin23

(a nucleoside analogue) was found to be the most potent inhibitor
of ribozyme function. As shown in Fig. 3b, administration of 1.5 mM
toyocamycin to the cells led to a dramatic increase in luciferase
protein expression. A parallel analysis of luciferase mRNA
expression demonstrated that in the absence of drug, little if any
luciferase mRNA was produced in the nucleus or cytoplasm,
whereas in drug-treated cells, the amount of luciferase mRNA was
increased to a level comparable to that of cells carrying inactive
ribozyme (Fig. 3c). The lack of detectable mRNA in untreated cells
suggests that cleaved mRNAs are rapidly degraded, presumably

because the cleaved fragments lack conventional sequences at the
ends of mRNAs. In contrast to toyocamycin, a related compound,
adenosine, possessed no ability to inhibit ribozyme self-cleavage
(data not shown). Although the above assays indicate that self-
cleavage is highly efficient in the stable cell line, sensitive measure-
ment of luciferase activity by photon emission indicates that there
is, nevertheless, an extremely low but detectable amount of lucifer-
ase expression above the background emission level of control cells
that carry no luciferase gene (see legend to Fig. 3).

Having documented the ability of the ribozyme-based regulation

Figure 2 Efficient self-cleavage can occur in different cells, with different vectors and with

ribozyme sequences positioned in different locations. a, N79 functioned efficiently in a

variety of cell types. Numbers are the measurements of b-gal expressed. b, N79

functioned efficiently with CMV, EF1a and PGK promoters in a vector encoding the eGFP

reporter. c, N79 functioned efficiently at some but not all positions within the vector.

Numbers are ‘fold decrease’ in b-gal expression (functional verses inactive ribozyme).

The mean ^ s.d. from at least four independent measurements is shown.

Figure 3 Induction of gene expression in cultured cells through inhibition of ribozyme self-

cleavage. a, Effect of morpholino oligonucleotide on N79 ribozyme in transient

transfection assay. Induction was measured by ‘fold increase’ in b-gal expression with or

without morpholino application. The level of induction is also shown as a percentage

relative to the expression level of inactive ribozyme. The target for the oligonucleotide is

shown in Fig. 1e. b, Induction of luciferase expression by toyocamycin in a stable cell line

carrying an expression construct containing a double N79 ribozyme. Cells were treated

with toyocamycin for 24 h at dosage of 0, 0.5, 1 and 1.5mM (toxic effects were observed

at concentrations higher than 1.5 mM). Quantitative measurements of luciferase activity

revealed emission of 1555, 66774, 242546 and 377655 photons per second per 1,000

cells respectively, as compared to a background emission of 121 from cells carrying no

luciferase gene. Values are mean ^ s.d. from at least four independent measurements.

c, Induction by toyocamycin at the RNA level as shown by northern blot analyses.

Experimental conditions were similar to that of b. RNA was purified from the nucleus (N) or

the cytoplasm (C) after 24 h of treatment.
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system to function in mammalian cell culture, an important issue
was whether the intracellular machinery and ‘environment’ necess-
ary for self-cleavage was operable in primary cells in vivo. To address
this issue, we generated recombinant adeno-associated virus (AAV)
genomes carrying transcription units derived frompMD ribozyme–
luciferase vectors (possessing two copies of functional or inactive
N79 ribozyme at the E position), and prepared high titre virus
possessing the host range of AAV serotype 5. The two viruses were
then used to inject nude mice sub-retinally as described in Sup-
plementary Methods. To provide a means of normalization for
differences in the capacity to measure luciferase activity on different
days (such as, variations due to the delivery of the luciferin
substrate), all animals were also injected in the hamstring muscles
of the hind limb with AAV viruses carrying the inactive N79
ribozymes. After 21 days, the injected animals were imaged for
luciferase gene expression using the Xenogen IVIS imager (which
provides a quantitative measure of luciferase expression based on
single-photon detection)24. Immediately after imaging, cohorts of
mice injected with virus carrying the functional ribozyme sequences
were implanted under the dorsal skin with seven day ‘time-release’
pellets of either toyocamycin or adenosine, whereas another cohort
of mice injected with virus carrying the inactive ribozyme sequences
were implanted with toyocamycin pellets. Two days later, all animals
were then imaged for luciferase expression.

Representative images of mice in each treatment group, taken
before and after drug treatment, are shown in Fig. 4. The images
demonstrate that, as expected, mice injected with virus carrying
inactive ribozymes showed robust luciferase expression in the
retina, and the expression was independent of the administration
of toyocamycin (Fig. 4, upper panel). Mice injected with virus
carrying two functional ribozymes and implanted with adenosine
pellets showed little if any gene expression before or after adenosine
treatment (Fig. 4, middle panel), consistent with the inability of
adenosine to inhibit ribozyme self-cleavage. Importantly, mice
injected with virus carrying the functional ribozymes showed
readily detectable expression only after toyocamycin treatment
(Fig. 4, lower panel). Quantification of the photon output indicated
gene expressionwas ‘induced’ 39, 185 and 191-fold in the threemice
infected with virus carrying the functional ribozymes and treated
with toyocamycin. In the last case (animal showing 191-fold
induction) the induced gene expression reached a level within
40% of the gene expression of virus carrying inactive ribozymes.
These results indicate that significant ribozyme-mediated gene
regulation can be accomplished in the in vivo setting. Whereas
the retina may be particularly accessible to ‘inducer’ due to its
extensive vascularization, we have shown in preliminary exper-
iments that gene regulation can be accomplished at a number of
other anatomical sites in vivo (unpublished observations).
Overall, the studies reported here provide an important ‘proof-

of-principle’ for gene regulation strategies based on the modulation
of RNA processing. Specifically, the fact that efficient ribozyme self-
cleavage can occur in a variety of mammalian cell lines and in
primary cells in vivo, suggests that mammalian cells may in general
be ‘permissive’ for efficient ribozyme self-cleavage. Therefore,
ribozyme-based regulation systems may be generally applicable to
the manipulation of gene expression in cells and animals. In
addition to the implications for the development of gene regulation
strategies, the studies also provide a compelling rationale for
determining whether ‘naturally occurring’ RNA-only mechanisms
for gene regulation exist in mammalian cells.
The most commonly used systems for controlling gene

expression, that rely on the regulation of transcription25–28, have
proved to be extremely powerful experimental tools. However,
despite their utility, such systems possess at least some practical
and theoretical limitations because of their reliance on chimaeric
transcriptional transactivators and specialized promoter elements.
These limitations include: (1) the need to co-introduce expression
constructs for both the transactivator and the transgene to be
regulated; (2) the potential toxicities due to expression of a
chimaeric transactivator; (3) difficulties in application of such
systems to the regulation of endogenous cellular genes due to the
requirement of a specialized promoter; and (4) the limited number
of small inducer molecules available for experimental and thera-
peutic applications.
In contrast to systems based on the regulation of transcription,

the ribozyme-based system we have described does not require the
expression of any protein transactivator products and is not
dependent on the use of any specialized promoter elements. There-
fore, in theory, this system represents a ‘portable’ regulation system
that could be ‘embedded’ into any endogenous gene or engineered
vector transcription unit. Although the two inhibitors of ribozyme
self-cleavage we have described may not be ideal for many experi-
mental applications, it is likely that additional inducers with more
desirable pharmacokinetic properties and toxicity profiles can be
identified through high-throughput screening efforts and further
evaluation of specific antisense oligonucleotides and in vivo delivery
methods to cells. In addition, recent studies have shown that it is
possible to generate ribozymes whose in vitro self-cleavage activity is
controlled by a specific ligand, either by the ‘judicious’ linkage of
RNA aptamer sequences to specific regions of hammerhead ribo-
zyme29, or through the use of in vitro evolution technologies30.

Figure 4 Effective control of gene expression in vivo using ribozyme-based gene

regulation system. Upper panels show animal in which retina was injected with AAV

carrying double inactive N79 and treated with toyocamycin. Middle panels show animal in

which retina was injected with AAV carrying double functional N79 and treated with

adenosine. Lower panels show same as middle panel but treated with toyocamycin. A

strong induction in luciferase expression at day 2 was observed in lower panel. Animals

were also injected in the hamstring muscles of the hind limb with AAV carrying double

inactive N79 as internal control. AAV injection was done 3 weeks before the first imaging

day (day 0). Drug-releasing pellets were implanted subcutaneously in the dorsal neck

immediately after the first imaging, and released the drug over 7 days. The toyocamycin

pellet contains 10 mg of drug; adenosine pellet 50 mg.
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Application of these technologies to the strategy for controlling gene
expression described here should make it possible in the future to
tailor specific ribozyme-based gene regulation systems to any small
molecule ligand. Such an approach would provide a general
methodology for developing gene regulation systems which rely
on ligands with desirable and/or specific pharmacokinetic proper-
ties. In addition, the combined technologies should provide the
means to independently and simultaneously control the expression
of multiple gene products, and to express gene products in response
to the concentration of any intracellular molecule or combinations
of molecules. Such a form of biological sensing could have broad
experimental and therapeutic applications. A

Methods
Transient reporter expression assay
Plasmids carrying different ribozymes were transfected into HEK293T cells, which were
lysed after 24 h. The cell extracts were incubated with ONPG (o-nitrophenyl-b-D-
galactopyranoside), and the amount of b-galactosidase was measured by quantifying the
processed ONPG using a luminometer.

Catalytic rate measurement
Ribozymes were generated by in vitro transcription in the presence of 50 mM blocking
antisense oligonucleotides. Full length ribozymes were purified and the cleavage rate
determined in 50mM Tris-HCl, pH 7.5 at 23 8C. Kobs was calculated according to the
equation F t ¼ F0 þ F1(1 2 ekt), where F0 and F1 are the cleavage fractions at zero time
and at the reaction endpoint, and k is the first order rate constant of cleavage (Kobs).

Non-invasive bioluminescent imaging
Before imaging, the anaesthetized mice were injected with 150 ml of luciferin (30mgml21)
and the pupils were moistened and dilated with 1% tropicamide. A series of
bioluminescent images were taken for up to 30min using the Xenogen IVIS imager.
Photon output was quantified at the plateau of the time course using the LivingImage
software. Induction in fold was calculated based on the photon output in the retina before
and after drug treatment, and was normalized to the photon output from the leg muscles.
See Supplementary Information for more detailed Methods.
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Bordetella bacteriophages generate diversity in a gene that
specifies host tropism1. This microevolutionary adaptation is
produced by a genetic element that combines the basic retro-
element life cycle of transcription, reverse transcription and
integration with site-directed, adenine-specific mutagenesis.
Central to this process is a reverse transcriptase-mediated
exchange between two repeats; one serving as a donor template
(TR) and the other as a recipient of variable sequence infor-
mation (VR)1. Here we describe the genetic basis for diversity
generation. The directionality of information transfer is deter-
mined by a 21-base-pair sequence present at the 3 0 end of VR. On
the basis of patterns of marker transfer in response to variant
selective pressures, we propose that a TR reverse transcript is
mutagenized, integrated into VR as a single non-coding strand,
and then partially converted to the parental VR sequence. This
allows the diversity-generating system to minimize variability to
the subset of bases under selection. Using the Bordetella phage
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