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METHOD

A three-hybrid screen identifies mRNAs controlled
by a regulatory protein
DANIEL SEAY, BRAD HOOK, KATIE EVANS, and MARVIN WICKENS
Department of Biochemistry, University of Wisconsin–Madison, 433 Babcock Drive, Madison, Wisconsin 53706, USA

ABSTRACT
RNA–protein interactions are important in many biological contexts. Identification of the networks that connect regulatory
proteins to one another and to the mRNAs they control is a critical need. Here, we use a yeast three-hybrid screening approach
to identify RNAs that bind a known RNA regulatory protein, the Saccharomyces cerevisiae PUF protein, Mpt5p. The assay
selects RNAs that bind in vivo using simple phenotypes and reporter genes. It enables rapid analyses of the affinity and
specificity of the interaction. We show that the method identifies mRNAs that are genuinely regulated by the protein in vivo,
and that it complements biochemical strategies, yielding a set of mRNAs that overlap with, but are distinct from, those obtained
by biochemical means. The approach we describe facilitates construction of protein–RNA linkage maps.
Keywords: RNA; gene networks; RNA–protein interactions; translation; mRNA stability

INTRODUCTION
The identification of protein–protein interaction networks
has led to important insights in biochemistry, molecular
genetics, and cell biology. The classification of DNA elements and chromosomal regions recognized by transcription factors has provided a greater understanding of
transcriptional circuitry. Mass spectrometry and molecular
genetic assays have been critical in elucidating these networks. Of genetic approaches, the yeast two-hybrid system
has been particularly valuable. Analogous methods are
essential to dissect networks of RNA regulation.
RNA–protein interactions are essential in many areas of
biology, including development, virology, and neurobiology. A single protein can regulate multiple mRNA targets,
and likewise, a single mRNA can be controlled by multiple
proteins. The yeast three-hybrid system, which assays
RNA–protein interactions through simple phenotypes,
has enabled screens to identify proteins that bind known
RNA sequences (Bernstein et al. 2002), complementing
bioinformatic and biochemical approaches, such as RNA
affinity chromatography. Here, we describe a yeast threehybrid method for identifying mRNAs regulated by a spe-

cific regulatory protein. A proof-of-principle experiment,
in which yeast Snp1 was used to retrieve its known binding
site, has been reported (Sengupta et al. 1999). Here, we
focus on the yeast protein, Mpt5p.
Mpt5p is a member of the PUF protein family. We chose
to focus on a PUF protein because they bind to and regulate
multiple mRNAs, and have important biological consequences (Wickens et al. 2002). PUF proteins control proliferation
of diverse stem cells (Lin and Spradling 1997; Forbes and
Lehmann 1998; Crittenden et al. 2002; Lamont et al. 2004;
Salvetti et al. 2005), and are required for pattern formation
(Barker et al. 1992; Murata and Wharton 1995) and
memory (Dubnau et al. 2003; Ye et al. 2004) in Drosophila.
PUF proteins bind to elements in the 39 untranslated region
(UTR) of their target mRNAs, and reduce expression either
by translational repression or mRNA destabilization. The
yeast PUF protein analyzed here, Mpt5p, regulates HO
mRNA (Tadauchi et al. 2001), and is associated with over
200 mRNAs in a yeast lysate (Gerber et al. 2004). Here, we
use a molecular genetic approach to identify mRNAs that
are regulated by Mpt5p, and discover biologically significant
interactions not revealed by other methods.
RESULTS
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Inverse three-hybrid strategy
The three-hybrid approach involves expressing a library of
naturally occurring genomic sequences as RNA, in a yeast
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FIGURE 1. An inverse three-hybrid assay detects RNAs that bind
yeast Mpt5p. (A) Strategy. A yeast strain containing HIS3 and LacZ
reporter genes under control of the LexA operator is transformed with
RNA binding protein (X) fused to the GAL4 transcription activation
domain (AD). Transformation with plasmids encoding a library of
hybrid RNAs promotes recruitment of protein X to the reporter genes
(e.g., HIS3) and so stimulates their expression. (B) Summary of the
screen. Transformants were screened successively for growth under
HIS3-selective conditions, activation of the LacZ gene, and dependence of activation on the X/AD plasmid. (C) Distribution of
apparent RNA ligands among regions of the yeast genome and
transcriptome. ‘‘Other’’ includes both apparent antisense and intergenic transcripts.

strain that contains the protein of interest, X, linked to
a transcription activation domain (AD) (Fig. 1A; Zhang
et al. 1997; Bernstein et al. 2002). Each experimental RNA
in the library possesses a short stem–loop motif that binds
a LexA/MS2 coat protein, and so are tethered upstream of
HIS3 and LacZ reporter genes. Interaction between the
RNA and protein X activates transcription of the reporter
genes, and is detected by simple yeast phenotypes, such as
growth on selective media.
The library of RNAs was constructed by cloning short
fragments of yeast genomic DNA into a three-hybrid vector
(see Materials and Methods). Because the average insert
size is z100 nt, a large number of yeast transformants are
needed to cover all mRNA sequences. In our screen for
RNAs that bound Mpt5p, 12 million transformants were
analyzed (Fig. 1B). Of these, 246 grew on media selecting
for activation of the HIS3 reporter gene. Two hundred
fourteen (86%) of those also activated a second reporter
gene, LacZ. RNA hybrid plasmids from these HIS3+ LacZ+
transformants were recovered, transformed into Escherichia
coli, and sequenced. Plasmids were reintroduced into yeast
to verify that they bound Mpt5p specifically (see below).
From the 110 recovered plasmids, 69 unique hybrid RNAs
were identified that activated transcription in the presence
of Mpt5p/AD. Several RNAs were identified in multiple
2
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independent isolates, suggesting that the screen approached
saturation. In addition, certain RNA plasmids activated
reporter transcription on their own. Such RNAs, initially
referred to as ‘‘RNA activators’’ (Sengupta et al. 1999; Saha
et al. 2003), and later, ‘‘riboactivators’’ (Buskirk et al. 2003),
were not analyzed further.
The hybrid RNA library represented all portions of the
yeast genome, including sequences not present in mature
RNAs: introns, intergenic, and antisense sequences. Plasmids carrying RNAs corresponding to 39UTRs represented
36% of the total number of positives. This frequency is
high, given that yeast 39UTRs are typically 50–150 nt in
length (Graber et al. 2002) and so represent <10% of total
genomic sequence. The largest class of positives, comprising 42% (29/69) of the RNAs, apparently lay in antisense or
intergenic regions (defined as sequences >500 nt from the
nearest open reading frame) (Fig. 1C). A complete list of
the unique RNAs recovered is presented in Supplemental
Figure 1 (http://www.biochem.wisc.edu/wickens/publications.
html). We focused on the 39UTR RNAs, since, to date, all
known actions of PUF proteins require binding to elements
in 39UTRs (Wickens et al. 2002). However, RNAs from
other regions may well be genuine targets.
Specificity
To confirm that the RNAs interacted with Mpt5p, plasmids
carrying RNAs were reintroduced into yeast containing
either the Mpt5p/AD fusion protein or the AD protein
alone; a representative set is shown (Fig. 2A). Of the 69
unique plasmids tested in this fashion, 66 (95.7%) required
Mpt5p/AD to activate HIS3, and did not activate in the
presence of AD alone. Transformants differed in their
resistance to 3-aminotriazole (3-AT), a competitive inhibitor of the His3p enzyme, suggesting differences in affinity
for Mpt5p (Hook et al. 2005).
To test whether the sequences identified bound directly
to Mpt5p, we performed electrophoretic mobility shift assays using purified, recombinant Mpt5p protein with five
of the RNA segments identified in the screen (Fig. 2B,C).
These RNAs were selected because they cover a range of
apparent affinities, as inferred from HIS3 expression levels.
The RNAs bound with apparent dissociation constants
ranging from 50 to 325 nM. Binding was RNA sequencespecific: a mutation of the UGU sequence, known to be
critical for the binding of PUF proteins to other RNAs
(Wickens et al. 2002), reduced binding of the RAX2 site to
undetectable levels (Fig. 2C).
The three-hybrid system enables rapid assessments of
sequence specificity. We determined the binding specificity
of several 39UTR RNAs by testing them against multiple PUF
proteins: yeast Puf3p and Puf4p, and Caenorhabditis elegans
FBF-2 and PUF-8. To do so, we assayed b-galactosidase
activity in extracts of yeast that had been expressing various
RNA and protein combinations (Fig. 3). b-Galactosidase
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FIGURE 2. Affinities tested in secondary tests and in vitro. (A)
Three-hybrid tests. Serial dilutions of cells containing Mpt5p/AD and
the indicated RNA segment were plated under increasing stringency,
selecting for varying levels of expression of the reporter gene, HIS3.
(Growth at higher concentrations of 3-aminotriazole [3-AT] requires
higher levels of His3p.) (B) In vitro binding. Radiolabeled 39UTR
segments were incubated with purified, recombinant Mpt5p and
analyzed using an electrophoretic mobility shift assay (EMSA).
Dissociation constants (bottom) were determined by Sigma plot
analysis of bound and free radiolabeled RNA. (C) RNA binding
specificity. Wild-type or mutant forms of the RAX2 39UTR segment
were incubated with purified Mpt5p in vitro, and analyzed by EMSA.

we performed ‘‘transcription shut-off’’ experiments. The
drug, thiolutin, was used to inhibit RNA polymerase II
rapidly in intact yeast (Jimenez et al. 1973; Tipper 1973;
Grigull et al. 2004). It was added to a logarithmically
growing culture, and RNAs were isolated at various times
and analyzed by Northern blotting. Of the 15 mRNAs
tested, seven were stabilized in mpt5 mutants (Fig. 4; not
shown). For example, the half-life of RAX2 mRNA increased two- to threefold in mpt5 mutants. CTS1 and SCR1
RNAs, which do not interact with Mpt5p, were unaffected.
We conclude that Mpt5p binds to and enhances the
degradation of several of the RNAs identified in the screen.
To determine independently whether RNAs identified
are indeed regulated by Mpt5p in vivo, we focused on
RAX2 mRNA. Three experiments corroborate that RAX2
mRNA is specifically controlled by Mpt5p. First, Rax2p
protein levels were elevated in mpt5 mutant strains.
Haploid strains were mated to create the heterozygous
diploid, MPT5:mpt5 RAX2:RAX2-HA. After sporulation,
Rax2p protein levels were assayed in haploid strains derived
from the four spores of a single tetrad (Fig. 5A). Rax2-HA
protein was two- to threefold more abundant in the mpt5
vs. MPT5 wild-type strain, while actin protein levels were
unaffected (Fig. 5A). Second, repression in mpt5 mutants
was restored by overexpression of wild-type Mpt5p protein,
but not by overexpression of an RNA-binding defective
point mutant form of the protein (Fig. 5B; Goldstrohm
et al. 2006). The steady-state level of mRNA was comparably affected (not shown). Third, replacement of the RAX2
39UTR with that of ADH1 in the normal RAX2 chromosomal locus (RAX2 mut) stabilized the mRNA, even though
Mpt5p was present (Fig. 5C). Thus, Mpt5p regulation of
RAX2 mRNA is contingent upon the protein’s RNA binding activity and the 39UTR of the mRNA.

activity is directly related to Kd in this range (Hook et al.
2005). Most of the RNAs bind tightly only to Mpt5p. Two
RNAs, LPD1 and RRN7, are promiscuous, binding several
PUF proteins. The COX17 39UTR, a target of Puf3p (Olivas
and Parker 2000), bound only that protein and was not
identified in our screen. Interactions of a single RNA
segment with multiple PUF proteins is consistent with immunoprecipitation analyses of yeast PUF proteins (Gerber
et al. 2004). FBF-2 and PUF-8 bound different RNAs, as
expected (Opperman et al. 2005).
Targets in vivo
To be considered bona fide targets of Mpt5p, the protein
not only must bind the RNA but regulate it in vivo. PUF
proteins can control mRNA stability, translation, or localization (Wickens et al. 2002; Gu et al. 2004). We focused on
effects on mRNA turnover. To quantify mRNA half-lives,

FIGURE 3. Protein specificity of RNA targets Plasmids encoding the
RNAs indicated were tested in combination with plasmids encoding
AD fusions of several PUF proteins. Mpt5p, Puf5p, and Puf3p are
derived from S. cerevisiae, and FBF-2 and PUF-8 from C. elegans.
b-Galactosidase activity, which is proportional to Kd from at least
10–100 nM Kd (Hook et al. 2005), is displayed for each combination
of RNA and protein. Assays were performed in cell lysates, normalized
to cell number (Hook et al. 2005).
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FIGURE 4. Candidate target mRNAs are destabilized by MPT5 in
vivo Northern blot analysis of putative MPT5 target mRNAs at
various times following transcription inhibition in wild-type and
mpt5 deletion strains. A representative set of RNAs is shown. Total
cellular RNA was analyzed. mRNA half-lives are provided to the right.
All experiments were performed in triplicate, including CTS1 and
SCR1 RNAs, neither of which binds Mpt5p. These RNAs provide
controls for RNA recovery as well as sequence specificity.

mutants nonetheless may be regulated under specific conditions, or at the levels of translation or localization
(Wickens et al. 2002; Gu et al. 2004; Goldstrohm et al. 2006).
The three-hybrid system complements biochemical and
bioinformatic strategies. In one biochemical approach, a
specific protein is immunoprecipitated from a cellular
extract, and the RNAs to which it is bound were identified
using a DNA microarray. This protocol can successfully
identify RNAs that interact with an RNA-binding protein
(Tenenbaum et al. 2000; Gerber et al. 2004). However, not
all RNAs that are associated with the protein in the extract
are associated in vivo: extraneous binding can occur after
the cells are lysed (Mili and Steitz 2004). UV crosslinking in
vivo can minimize this complication (Ule et al. 2003).
Conversely, RNAs that are actually bound in vivo can be
missed because the RNA is rare, or because only a small
fraction of the target mRNA molecules are bound in vivo
(Wreden et al. 1997), or because the mRNA–protein

Regulation during the cell cycle
To examine the physiological role of Mpt5p regulation, we
first analyzed RAX2 mRNA during the cell cycle. Cultures
were arrested with a factor mating pheromone for two
hours, the approximate time required for two cell divisions,
thus synchronizing cultures in early G1. Upon release from
a factor arrest, endogenous RAX2 transcription was activated, leading to a peak of RAX2 mRNA in late G1 of wildtype cells (Fig. 6). In contrast, in mpt5 mutants, RAX2
message abundance was elevated fivefold shortly after
release from arrest, and failed to return to low, wild-type
levels through S and G2 phases (Fig. 6), as well as M and
the following G1 (data not shown). Control transcripts,
CTS1 and RNR1, which do not bind Mpt5p, were
unaffected by deletion of MPT5 (Fig. 6).
These findings suggested that Mpt5p might regulate
other mRNAs that oscillate during the cell cycle. Indeed,
Mpt5p regulates HO mRNA, which increases greatly in
abundance in mpt5 mutants during G1, after release from
a factor arrest (data not shown).

DISCUSSION
Our results demonstrate that the inverse three-hybrid
approach yields multiple mRNAs that are regulated by
a single protein: in this case, Mpt5p. Most of the RNAs
identified in our screen likely bind Mpt5p in vitro (e.g.,
Fig. 2). Roughly half of the 39UTRs tested showed
Mpt5p-dependent changes in half-life (Fig. 4). This is
a minimum estimate of the fraction of mRNAs that are
genuine targets, for two reasons. First, in some instances,
multiple PUF proteins bind the same mRNA (Gerber et al.
2004; Fig. 3; not shown); in these cases, multiple PUF genes
must be deleted to reveal defects in control of that mRNA.
Second, RNAs whose stability was unaffected in mpt5
4
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FIGURE 5. Sequence specificity of RAX2 control. (A) Mpt5p reduces
Rax2p protein abundance. Western blot analysis of Rax2p levels in
haploids derived from a sporulated, heterozygous, RAX2:RAX2-HA
MPT5:mpt5 diploid. The presence of wild-type MPT5 and the
HA-tagged allele of RAX2 were determined by Western blotting, as
indicated above the lanes. HA antibody was used to detect the
HA-tagged RAX2 allele. Actin protein levels were used as a protein
loading control. (B) Expression of wild-type Mpt5p is sufficient to
decrease Rax2p abundance. Plasmids containing no insert (‘‘vector’’),
Mpt5p, and or an RNA-binding defective mutant in Mpt5p (Mpt5p
mut) were introduced into an mpt5 deletion strain. HA-Rax2p was
detected by Western blotting. (C) RAX2 39UTR is required for repression. The abundance and decay of RAX2 mRNA bearing its own
39UTR (‘‘RAX2’’) or that of ADH1 (‘‘RAX2 mut’’) was analyzed by
Northern blotting following thiolutin addition. Below, semi-log plot
of transcript levels, normalized to t = 0 for each RNA.
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FIGURE 6. Cell cycle consequences a factor mating pheromone was
added to wild-type or mpt5 mutants. After 120 min, cells were released
from a factor arrest, and RNAs prepared at 5 min intervals thereafter.
RAX2 mRNA levels were determined by Northern blotting, using
RNR1, CTS1, and SCR1 as controls. The controls show that Mpt5p
affects neither RNR1 (whose abundance peaks in late G1 and early S
phases) (Elledge and Davis 1990) nor CTS1 RNA (which accumulates
during the a factor block) (Kovacech et al. 1996).

interaction only occurs under specific circumstances
(Tenenbaum et al. 2000).
Our results with Mpt5p can be directly compared to
those obtained using the same protein in an immunoprecipitation/microarray protocol (Gerber et al. 2004). In that
work, 224 RNAs were identified that were bound to Mpt5p
in a yeast extract. Ten of these RNAs were identified in our
screen; 59 others were identified only in the three-hybrid
approach. Of the 25 39UTRs identified in our screen, seven
were detected by immunoprecipitation. Our half-life measurements demonstrate that mRNAs detected only in our
screen nonetheless are genuine targets of MPT5 (Fig. 4), as
are RNAs identified by both methods. Thus, the sets of
targets identified in the two approaches overlap, but are
distinct.
Immunoprecipitation-based approaches can detect only
those RNAs that are expressed and bound to the protein
under the experimental conditions used. In yeast, mRNA
abundances are regulated dramatically with carbon source,
diauxic shift (DeRisi et al. 1997), a factor concentration
(Roberts et al. 2000), and many other conditions (Gasch
et al. 2000, 2001; Gasch and Werner-Washburne 2002).
Several mRNAs we identified are transcribed only under
very narrow circumstances. For example, SPO12 is only expressed during meiosis (Chu et al. 1998). Similarly, physical
interactions may occur only under specific conditions, as
observed with the dynamic HuB mRNP in mammalian
cells (Tenenbaum et al. 2000). The inverse three-hybrid
approach largely circumvents these problems. On the other

hand, interactions that require multiple components can be
detected by immunoprecipitation, but will be missed in the
three-hybrid assay.
Ninety-seven percent of the RNA segments we identified
possess one or more UGUR sequence (Supplemental Fig. 1,
http://www.biochem.wisc.edu/wickens/publications.html).
This tetranucleotide is required for all PUF–RNA interactions identified to date (Wickens et al. 2002). Mutations
that disrupt the UGUR in several of the RNAs we identified
abrogate binding (Fig. 2C; not shown). The consensus
derived from the three-hybrid RNAs is UGUAHYHNWN.
In immunoprepicipitation/microarray studies, 32% of the
targets possess a subset of this consensus, namely UGUA
AYAWUA (Gerber et al. 2004). In that work, the PUF
protein may have been bound indirectly to the remaining
68% of the RNAs, or recognize a different sequence.
Inverse three-hybrid screens can be used to identify
targets of RNA-binding proteins, regardless of their function
or origin. In the human genome, z10,000 mRNAs appear
to contain conserved sites for regulatory proteins in their
39UTRs (Wasserman et al. 2000; Xie et al. 2005). The identification of the cognate proteins, and of the RNAs that are
coregulated by a specific protein, is a critical task. Application
of the inverse three-hybrid assay to organisms with large
genomes, such as humans, will entail the construction of
suitable libraries with reduced complexity, perhaps derived
from exclusively expressed RNAs, or alternative RNA expression strategies. The two-hybrid system has complemented
mass spectrometry to create maps of protein–protein interactions. Similarly, the three-hybrid system may complement
cDNA array-based and bioinformatic approaches to help
construct large-scale RNA–protein linkage maps.
MATERIALS AND METHODS
Screen
The RNA library was created by ligation of genomic DNA
fragments into the pIII/MS2–2 plasmid (Sengupta et al. 1999).
Chromosomal DNA was isolated from yeast strain S288C,
digested with restriction enzymes MseI, Tsp50091, AluI, and RsaI,
and 50–150-bp fragments inserted into the SmaI site of pIII/MS2–2.
The RNA expression library was transformed into strain YBZ-1
(Hook et al. 2005) containing pMPT5-AD by standard yeast
transformation methods. Transformants were spread on plates
containing selective media (SD–uracil–leucine–histidine + 4.0 mM
3-aminotriazole). Following 5-d growth at 30°C, colonies were
picked and patched onto fresh plates.

Transcription shut-off
RNA polymerase inhibition was performed as in Duttagupta et al.
(2003). Cultures were grown in 50 mL YPAD to an OD600 z0.8.
Cells were collected by centrifugation and resuspended in 10 mL
YPAD. Cultures were grown at 30°C with agitation for 20 min
before addition of bathocuproinedisulfonic acid (150 mM final
concentration). Cultures were incubated for 2 min before addition
www.rnajournal.org
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cupric sulphate (150 picoM final concentration) and thiolutin
(20 mg/mL final concentration) (a gift from Pfizer). Aliquots are
taken as specific time points following RNA polymerase arrest,
centrifuged, decanted, and frozen in liquid nitrogen for later RNA
extraction.

a Factor arrest
Cells were synchronized and described in Price et al. (1991).
Cultures were grown in YPAD to OD600 z0.8, washed, and
resuspended in YPAD containing 10 mg/mL yeast mating pheromone a (Sigma). Cultures were grown for 2 h resulting in >90%
cells arrested in G1 as determined under the microscope. Cells
were separated by filtration and resuspended in YPAD media.
Aliquots were taken at specified points following release from a
factor arrest.

RNA extraction and Northern blotting
Cell pellets were resuspended in 500 mL 1:1 acid phenol/chloroform and 500 mL TENS (10 mM Tris-HCl pH 7.5, 1 mM EDTA,
0.3 M NaCl, 0.2% SDS), heated at 70°C for 5 min, then vortexed
for 2 min. The aqueous phase was removed following centrifugation and added to 500 mL 1:1 acid phenol/chloroform and votexed
briefly. The aqueous phase was removed again, and added to
500 mL chloroform to remove phenol. Following brief vortexing
and centrifugation, the nucleic acids in the aqueous phase were
precipitated with 150 mM NaOAc and 2.5 volumes ethanol. Total
RNA was loaded (2 mg/sample) into 1.0% agarose, 3.7% formaldehyde, 13 MOPS gel, and run for z1.5 h at 80 V. Nucleic acid
was transferred by capillary action using 103 SSC for z4 h onto
a charged nylon membrane (Ambion). Hybridization and subsequent washes were performed as directed (Ambion; Ultra-Hyb).
A radioactive signal was detected using Typhoon PhosphorImager
(Amersham), and analyzed using ImageQuant (Molecular
Dynamics).

Western blotting
Cultures were grown in rich or selective media to a density of
OD600 z0.8. Aliquots were centrifuged and pellets frozen in liquid
nitrogen. Pellets were resuspended in 100 mL ice-cold 13
Complete Protease Inhibitors (Roche). Equal volumes of 23
SDS protein loading buffer (final concentration 62.5 mM Tris
HCl (pH 6.8), 2% SDS, 10% glycerol, 0.01% bromophenol blue,
2.5% BME) and glass beads were added. Samples were lysed
mechanically by vortexing at 4°C for 5 min. Samples were
separated on gradient SDS polyacrylamide gels (Cambrex) and
transferred to a PVDF membrane. Primary and secondary antibodies were hybridized using standard laboratory techniques and
a signal was visualized using the ECL reagent (Amersham).

Protein purification
MPT5 (amino acids 126–626) was cloned into pGex6P1 (Amersham). Protein expression, purification, and purify were performed as described in Bernstein et al. (2005).

Electrophoretic mobility shift assays
One hundred femtomoles 32P-end-labeled RNA oligonucleotides
(IDT) were combined with proteins over a range of protein
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concentrations. Protein and RNA were incubated at room
temperature for 30 min in 10 mM HEPES (pH 7.4), 1 mM
EDTA, 50 mM KCl, 2 mM DTT, and 0.02% Tween-20. Two
microliters of loading dye (10% [v/v] Ficoll 400,000, 0.05% [w/v]
xylene cyanol) were added before loading on a prerun native
polyacrylamide gel (6% [w/v] 29:1 acrylamide/bis-acrylamide,
0.53 TBE). Gels were resolved at 200 V for 2 h at 4°C. The
fraction of retarded RNA, relative to the total in the incubation,
was determined using ImageQuant (Amersham).

b-Galactosidase activity measurements
Quantitation of LacZ reporter expression was performed as
described by Hook et al. (2005).
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