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The function(s) and RNA binding properties of vigilin, a ubiquitous protein with 14 KH domains, remain
largely obscure. We recently showed that vigilin is the estrogen-inducible protein in polysome extracts which
binds specifically to a segment of the 3’ untranslated region (UTR) of estrogen-stabilized vitellogenin mRNA.
In order to identify consensus mRNA sequences and structures important in binding of vigilin to RNA, before
vigilin was purified, we developed a modified in vitro genetic selection protocol. We subsequently validated our
selection procedure, which employed crude polysome extracts, by testing natural and in vitro-selected RNAs
with purified recombinant vigilin. Most of the selected up-binding mutants exhibited hypermutation of G resi-
dues leading to a largely unstructured, single-stranded region containing multiple conserved (A), CU and UC(A),,
motifs. All eight of the selected down-binding mutants contained a mutation in the sequence (A), CU. Deletion
analysis indicated that approximately 75 nucleotides are required for maximal binding. Using this information,
we predicted and subsequently identified a strong vigilin binding site near the 3’ end of human dystrophin
mRNA. RNA sequences from the 3’ UTRs of transferrin receptor and estrogen receptor, which lack strong ho-
mology to the selected sequences, did not bind vigilin. These studies describe an aproach to identifying long
RNA binding sites and describe sequence and structural requirements for interaction of vigilin with RNAs.

The steps between gene transcription and mRNA transla-
tion, which include nuclear RNA processing, mRNA traffick-
ing, and cytoplasmic mRNA degradation, are increasingly seen
as important regulatory sites in diverse cellular processes (5, 6,
52). Many of these steps in mRNA metabolism appear to be
regulated by RNA binding proteins containing K-homology
(KH) domains (14). While a detailed picture of KH-domain—
RNA interaction is not yet available, in several cases proteins
containing KH domains have been shown to bind RNA (13, 14,
21, 57). Some KH-domain proteins are clinically significant,
including FMR1 protein (57), which is involved in fragile X
syndrome, the major cause of heritable human mental retar-
dation, and Nova-1, which is important in the motor control
disorder paraneoplastic opsoclonus-ataxia (12, 13). KH-do-
main proteins which affect nuclear RNA splicing include Merl,
SF1, and PSI (1, 46, 55), while the a-poly(C) binding protein
plays a role in the cytoplasmic stability of globin mRNA (68).
Prokaryotic KH-domain proteins are highly diverse and in-
clude NusA, polyribonucleotide:orthophosphate nucleotidyl-
transferase, CsrA, and ribosomal protein S3 (27, 40, 58). Since
the RNA binding sites and mechanisms of action of many
KH-domain proteins remain obscure, the question of whether
KH-domain proteins can preferentially recognize and bind to
specific RNA binding sites remained unresolved. In an impor-
tant recent paper, Buckanovich and Darnell used in vitro ge-
netic selection with purified recombinant Nova-1 to identify
RNAs which bind Nova-1 with high affinity. Nova-1 and inhib-
itory glycine receptor a2 RNAs were then shown to contain
consensus binding sites which bind to Nova-1 through a KH
domain (12).

One important but little-understood KH-domain protein is
vigilin. Vigilin initially was cloned from chicken chondrocytes
and then was shown to be up-regulated in rapidly dividing cells
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and to be present in all vertebrate cell lines tested, in nema-
todes, and perhaps in yeast (35, 47, 49, 50, 54, 69). With its 14
KH domains, vigilin has been used as a model protein for the
KH domains in FMR1 and other proteins in a seminal study
solving the structure of a vigilin KH domain uncomplexed to
RNA (45). However, the intracellular RNA targets of this
ubiquitous, model protein and its functions remained elusive.

We had shown that estrogen specifically stabilizes the he-
patic mRNA coding for the egg yolk precursor protein vitel-
logenin, increasing its half life from 16 to 500 h (10). The es-
trogen-mediated stabilization of vitellogenin mRNA requires
estrogen receptor (48) and association of the mRNA with
polysomes (9) and involves the 3" untranslated region (UTR)
of the mRNA (48). We identified an estrogen-inducible pro-
tein which binds specifically to a segment of the vitellogenin
mRNA 3" UTR (25). We recently unambiguously identified
this protein as Xenopus vigilin (26). Our observations that the
protein we now refer to as vigilin is found in several human cell
lines and in several Xenopus cell lines and tissues and that tes-
tosterone induces vigilin in Xenopus muscle suggested a wider
role for vigilin in eukaryotic mRNA metabolism (24). Despite
the wide distribution of vigilin, binding sites in mRNAs other
than vitellogenin mRNA had not been identified.

To allow prediction of vigilin binding sites in human mRNAs,
we first defined the vigilin binding site by using iterative in vitro
genetic selection. In vitro genetic selection or systematic evo-
lution of ligands by exponential enrichment has been used to
identify RNA (and DNA) ligands which interact with proteins
or small molecules (28). Although an early study (8) and sev-
eral subsequent studies used DNA gel mobility shifts to sepa-
rate free and protein-bound DNA, in vitro genetic selection
with an RNA gel mobility shift has not been described. RNA
binding sites have been identified for several proteins by using
in vitro genetic analysis (11, 12, 15, 31, 39, 56, 62, 63, 66). Those
studies used purified RNA binding proteins. For example, in
early studies, in vitro selection of RNA binding sites was used
to identify the structure of the human immunodeficiency virus
(HIV) Rev binding site (3) and the binding preferences of
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splicing factors (31, 56, 62), hnRNPs (15, 29), and the autoim-
mune RNA binding protein Hel-N1 (39). Using in vitro genetic
selection of gel-shifted RNA-protein complexes, we have ex-
tended this technique to proteins present in relatively crude
extracts. Since this work was carried out in parallel with studies
aimed at the identification of the vitellogenin mRNA 3" UTR
binding protein, we had to employ a relatively crude polysome
extract. We first selected RNA binding sites with an increased
affinity for vigilin. We then used an RNA selected for increased
binding to vigilin to carry out a novel in vitro selection for
random point mutations that markedly reduced binding of
vigilin.

Together with deletion analysis and RNA footprinting, the
in vitro genetic analysis enabled us to identify structural and
sequence elements important for the interaction of vigilin
with RNA. Using this information, we scanned the human se-
quence database and predicted and subsequently identified
a strong vigilin binding site near the 3’ end of human dys-
trophin mRNA. We then analyzed binding of purified recom-
binant human vigilin to the selected up- and down-binding
RNAs and demonstrated that vigilin exhibits strong prefer-
ences for binding to specific RNAs.

MATERIALS AND METHODS

Construction of DNA template pools. A 116-base oligonucleotide that con-
tained 106 bases of the 3" UTR of the Xenopus vitellogenin B1 mRNA was
synthesized. Phosphoramidite mixtures were used to introduce point mutations
at a frequency of 36% per position in the 70-nucleotide region shown in Fig. 3
(wild-type sequence). The synthetic oligonucleotides were purified on a 12%
polyacrylamide gel and amplified by five cycles of PCR with 5'-PR1 (5'-CCGA
ATTCTAATACGACTCACTATAGGGAGTCTCTATATCTCTATCAA-3") and
3'-PR2 (5'-CGCGGGATCCAAATTGAATTGTTTACAA-3") primers to ob-
tain an initial pool, pool 0. The templates for in vitro transcription for pool 0
consisted of >10"3 unique, double-stranded DNA fragments which contained a
T7 RNA polymerase initiation sequence (boldface in the 5’-PR1 primer se-
quence) and restriction enzyme sites on both the 5’ and 3’ ends (EcoRI and
BamHTI sites in the 5'-PR1 and 3'-PR2 primers, respectively) (shown in italics),
as well as 18 flanking nucleotides on the 5" and 3’ sides of the 70-nucleotide
central region (underlined nucleotides in the 5'-PR1 and 3’-PR2 primer se-
quences, respectively).

For selection of RNAs exhibiting reduced binding to vigilin (down-binders),
the highest binder from the selection for up-binders, HBT7, was used as the
starting material, and the primers described above were used to create the
starting pool by employing two rounds of mutagenic PCR (30 cycles each) as
described previously (16). The expected mutation frequency was 1.2% (an aver-
age of 0.8 nucleotide in 70 bases) without a strong bias with respect to the type
of base substitution.

In vitro selections by RNA gel mobility shifts. Extracts containing vigilin were
a salt wash of polysomes from estrogen-treated Xenopus liver prepared as pre-
viously described (25).

RNAs were transcribed in vitro by using T7 RNA polymerase and templates
either from PCR products or from plasmids linearized with BamHI and were
labeled to a specific activity of 10° cpm/pg with [a-*?PJUTP (ICN; 3,000 Ci/
mmol). Incubations for the RNA gel mobility shift assays were carried out for 1 h
on ice in a 10-pl total volume and the mixtures typically contained 8 U of
RNasin, 10 pg of yeast tRNA, 10 pg of heparin, 0.1 ng of [*?P]RNA, 1 to 2 pg
of polysome extract, 10 mM Tris-HCI (pH 7.6), 1 mM Mg acetate (MgOAc), 1
mM EDTA, and 70 mM KCI (25). To select strong up-binding mutants in
selection cycles 4 to 10, the following RNAs were used as nonspecific competi-
tors: cycles 4 and 5, 50 ug of tRNA; cycles 6 to 9, 1 wg of Escherichia coli IRNA
plus 10 pg of tRNA; and cycle 10, 5 pg of rRNA plus 10 pg of tRNA. The
samples were then loaded on a 4% polyacrylamide gel (80:1 acrylamide-bisac-
rylamide in a low-ionic-strength buffer [6.7 mM Tris-HCI {pH 7.9}, 3.3 mM
NaOAc, 1 mM EDTA]) and run at 300 V at 4°C. Either gels were visualized by
autoradiography with X-ray film or gels were analyzed and the bands were
quantitated with a Molecular Dynamics PhosphorImager. Relative binding was
determined as the ratio of the intensity of the gel-shifted band to that of the
gel-shifted wild-type band except where noted.

RNAs in shifted (up-binders) or unshifted (down-binders) bands were recov-
ered from polyacrylamide gel slices and incubated in the elution buffer (0.5 N
NH,OAc, 10 mM MgCl,, 0.5% sodium dodecyl sulfate [SDS], 1 mM EDTA) for
2 h at room temperature. The supernatants were phenol-chloroform extracted
and ethanol precipitated.

The RNAs recovered after the selections were reverse transcribed by using the
PR2 primer and PCR amplified by adding PR1 primer. The PCR products were
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gel purified for subsequent selection or digested with EcoRI and BamHI to be
subcloned into the pUC19 plasmid.

Determination of the minimum length of RNA required for efficient binding by
vigilin. HBT7 RNA was end labeled at the 5’ end with [y->*P]ATP by using T4
polynucleotide kinase, gel purified, and partially digested under mild alkaline
conditions. To obtain an RNA ladder, the end-labeled RNA was incubated in 25
mM sodium bicarbonate for 20 min at 90°C. The digestion products were incu-
bated for 1 h on ice with or without vigilin as described above for the RNA gel
mobility shift. The reaction mixtures contained 50 pg of yeast tRNA and 50 pg
of heparin in 50-ul volumes. The reaction mixture was filtered onto nitrocellu-
lose, and RNAs retained with the protein on the filter were recovered as de-
scribed previously (65). Briefly, the RNAs were incubated at 65°C in 0.2 ml of 7
M urea-3 mM EDTA-100 mM sodium citrate (pH 5.0) for 5 min, and RNAs
were recovered by phenol-chloroform extraction and ethanol precipitation. The
RNAs were then dissolved in gel loading buffer (8 M urea, 20 mM Tris [pH 7.9],
1 mM EDTA), boiled for 90 s, chilled on ice, and loaded on an 8% polyacryl-
amide gel containing 7 M urea next to RNA sequencing ladders made by
chemical modification (diethyl pyrocarbonate and hydrazine-chloride).

HBT7/83 RNA (HBT7 RNA lacking nucleotides 84 to 116) was synthesized by
in vitro transcription from a template DNA PCR amplified from HBT7 template
by using the PR1 primer and HBT7/83 primer (5'-TATATTGGGTTTGACAT
TGA-3"). The HBT7/83 RNA was 3’ end labeled with 5'->?P-labeled cytidine
3',5’'-bisphosphate by using RNA ligase and subjected to the same analysis as the
5'-end-labeled HBT7 RNA.

RNA footprinting. End-labeled RNAs were incubated for 1 h on ice either with
extract containing vigilin (3 pg) or with buffer as described above, except a
reaction volume of 30 pl and 30 wg of tRNA plus 30 wg of heparin were used.
The incubation mixtures were then digested with a-sarcin. a-Sarcin was ex-
pressed and purified from E. coli and was a kind gift from A. Martinez del Pozo,
Universidad Complutense de Madrid, Madrid, Spain (37). a-Sarcin was added to
a final concentration of 5 wM, and the mixture was incubated for 15 min at 30°C,
phenol-chloroform extracted, and ethanol precipitated. The a-sarcin digestion
products were dissolved in the gel loading buffer described above and resolved by
electrophoresis on 8% polyacrylamide gels containing 7 M urea.

In vitro transcription and translation and purification of human vigilin. PCRs
were performed to amplify a region of the human vigilin cDNA spanning nu-
cleotides 73 to 3947 (GenBank accession no. M64098). The 5’ primer (5'-AAG
CTTTAATACGACTCACTATAGGGAGGCGGCCTCAGGACGG-3') was de-
signed to incorporate a T7 promoter (boldface) upstream of the start codon. The
3" primer (5'-GGGAAGCTTATTTATCGTCATCGTCTTTGTAGTCCCAAG
GGAGGGTCTTGG-3") was designed to incorporate an in-frame FLAG pep-
tide sequence and a stop codon (underlined) on the 3’ end of the coding se-
quence of human vigilin at amino acid residue 1264. The vigilin-FLAG cDNA
was amplified by using the LA PCR kit (Takara) from the plasmid pM306N
containing a full-length human vigilin clone (43).

In vitro transcription-translation was performed according to the supplier’s
instructions for a 1.4-ml reaction mixture by using a T7 coupled reticulocyte
Iysate system (TnT; Promega). The PCR-amplified vigilin-FLAG cDNA was
used as the template. The in vitro-translated FLAG-tagged product was dialyzed
against BC100 (20 mM Tris-HCI [pH 7.9], 20% glycerol, 0.2 mM EDTA, 100 mM
KCI, 1 mM dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride), purified
by binding to anti-FLAG M2 agarose (Eastman Kodak Co.), and eluted by using
the FLAG peptide (final volume, 200 wl) as described previously (20).

RNA gel mobility shift assays were carried out under the same conditions
described above for assays with crude vigilin-containing extracts. One to two
microliters of the elutant from the FLAG affinity purification was added to each
reaction mixture. In the antibody supershift experiments, 1 pg of anti-FLAG M2
monoclonal antibody (Eastman Kodak Co.) or 1 pg of anti-human estrogen
receptor H222 antibody (41) was added to the mixture in the absence of RNA
probe, and the reaction mixture was incubated for 30 min on ice. The RNA probe
was then added, and the reaction mixture was incubated for an additional 45 min
before gel analysis.

Analysis of human mRNA 3’ UTR binding to vigilin. The human dystrophin
¢DNA clone p9-13, which contains the dystrophin 3" UTR, was a kind gift from
L. M. Kunkel. A portion of the 3’ UTR was amplified by PCR with 5'-DYS1
(5'-GAATTCATTTAGGTGACACTATAGAACATTTACGAATTATTT-3")
and 3'-DYS2 (5'-AGTAAAGCAGTACTATAA-3") primers to obtain a dystro-
phin 3" UTR template (DYS). A 106-mer oligonucleotide (5'-AACATTTACA
AATTATTTTTGTAAACTTCAGTTTTACTGCATTTTCGCAACATATCAT
ACTTCACCAAGTATATGCCTTACTATTATATTATAGTACTGCTTTAC
T-3") was synthesized and amplified by PCR with 5'-mDYS (5'-GAATTAATT
TAGGTGACACTATAGAACATTTACAAATTATTT-3') and 3'-DYS2 prim-
ers to obtain a template for mutated dystrophin 3’ UTR (mDYS) (mutated
nucleotides from dystrophin ¢cDNA are shown in boldface). DYS and mDYS
templates were in vitro transcribed with SP6 RNA polymerase (the SP6 promot-
er is underlined) and used in RNA gel shift assays. The 107-nucleotide tran-
scripts contain 106 nucleotides of human dystrophin mRNA 3’ UTR (GenBank
accession no. M18533; nucleotides 13820 to 13925) plus one extra G residue at
the 5" end.

Similarly, the human estrogen receptor cDNA 3" UTR (30) and human trans-
ferrin receptor cDNA 3" UTR (36) were PCR amplified to obtain templates for
in vitro transcription with 5’-ER primer (5'-GAATTCATTTAGGTGACACTA
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FIG. 1. Scheme for the in vitro genetic selection of RNAs with altered affinity
for vigilin. The 6-kb Xenopus laevis vitellogenin B mRNA consists of a very short
5" UTR (12 nucleotides [nt]), an approximately 6-kb coding region, and a 146-
nucleotide 3" UTR which contains a vigilin binding site (top). For the selection
of up-binding mutants (left), we mutated the central 70 nucleotides of a 116-
nucleotide 3' UTR region (see Fig. 3 for the RNA sequence). After selection by
RNA gel mobility shift assay for 3 and 10 cycles, individual clones were isolated,
sequenced, and assayed for binding. For the selection of mutants exhibiting
reduced binding to vigilin (right), mutagenic PCR was used to introduce point
mutations into DNA encoding the highest-affinity up-binding mutant, HBT7.
After four cycles of selection, individual clones were sequenced and analyzed.
RT, reverse transcription.

TAGCAGCTTTGCTTTGTTTA-3") and 3'-ER primer (5'-AATAGGTTGAG
AAAATTG-3') for human estrogen receptor and 5'-TfR primer (5'-GAATTC
ATTTAGGTGACACTATAGTCACAATGGTAACACATTA-3") and 3'-TfR
primer (5'-CATATGGAGATCACTGTCTC-3") for human transferrin receptor.
PCR templates were in vitro transcribed with SP6 polymerase (the SP6 promoter
is underlined) to generate the 106-nucleotide human estrogen receptor 3' UTR
RNA (GenBank accession no. X03635, nucleotides 6320 to 6425) and the 108-
nucleotide human transferrin receptor 3’ UTR RNA (GenBank accession no.
X01060, nucleotides 3869 to 3976), respectively. The labeled human estrogen
receptor and human transferrin receptor RNAs were used as probes in RNA gel
mobility shift assays carried out with purified recombinant vigilin as described
above.

Computer analysis. Computer programs used for the nucleotide sequence
database search and RNA secondary structure analysis were from the University
of Wisconsin Genetics Computer Group package. The GenBank (release 91.0)
and EMBL (release 42.0) nucleotide sequence databases were scanned with the
program FASTA for nucleotide sequences homologous to HBT7 RNA. RNA
secondary structures at 37°C were calculated by using the MFOLD program (70)
and drawn by means of the loopDloop program of D. G. Gilbert (a Macintosh
program for visualizing RNA secondary structure, published electronically on the
Internet and available via anonymous ftp to ftp.bio.indiana.edu). The free energy
of each RNA mutant at 4°C was calculated by using the MFOLD program.

RESULTS

Selection and identification of mutant RNAs exhibiting en-
hanced binding to vigilin. Mutagenesis and in vitro genetic
selections were carried out on a 116-nucleotide mRNA seg-
ment which contains the vigilin binding site (25). This RNA
sequence ends 2 nucleotides upstream of the vitellogenin
mRNA polyadenylation signal (Fig. 1, top). A pool of variants
was generated by using doped oligonucleotides to mutate the
central section at a frequency of approximately 36%. This level
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of mutation allows for the generation of a large mutant pool, in
which the mutants retain some resemblance to the wild-type
sequence (3). Sequencing of 10 of the resulting pool 0 mutants
showed that they exhibited an overall mutation rate of 35%,
which is very close to the predicted rate of 36%. The overall
base composition of the 10 pool 0 mutants was very similar to
that predicted for this mutation frequency (Table 1).

The scheme for in vitro genetic selection of RNAs binding to
vigilin is shown schematically in Fig. 1. The pool of RNAs used
in the initial selection (pool 0) contained approximately 10°
independent mutant RNAs. RNAs in the original pool which
bound to vigilin were recovered from a narrow gel-shifted band
with the same mobility as the original vitellogenin mRNA
binding site-vigilin complex (Fig. 2A). The gel-shifted band
was reverse transcribed, amplified by PCR, and in vitro tran-
scribed to generate a new pool of RNAs, pool 1. To select
RNA sequences binding to vigilin and not to other RNA bind-
ing proteins in the relatively crude polysomal salt wash, we
carried out the RNA gel shift assays under stringent conditions
favoring vigilin-RNA complexes. To suppress binding to the
mutant RNAs by other proteins, all of the selections contained
at least a 100,000-fold excess of tRNA. Selection cycles 4 and
5 contained a 500,000-fold excess of tRNA, while cycles 6 to 10
contained a 100,000-fold excess of tRNA plus an increasing
amount of rRNA.

Figure 2A demonstrates the progressive enrichment of up-
binding RNAs in the pools as the result of the selection. After
three selection cycles, the gel-shifted band showed a significant
increase in intensity relative to wild-type RNA. The use of
even more stringent selection conditions in cycles 4 to 10 (see
above) resulted in an additional and progressive increase in the
intensity of the gel-shifted band through 10 selection cycles
(data not shown).

Fifty-eight clones were isolated from pools 3 and 10, sub-
cloned, sequenced, and analyzed for RNA binding under strin-
gent binding conditions (see Materials and Methods). The
RNA sequences of the 10 mutants with the highest relative
affinities for vigilin are presented in Fig. 3. It is striking that
one of the mutants (HBT7) shows a 136-fold increase in bind-
ing compared to the wild-type RNA. The subset of mutants
with the highest affinities for vigilin is a representative sample,
since essentially the same conclusions are reached by analyzing
the data from these mutants and from the entire data set of 58
mutant RNAs.

Sequence and structural features of the RNA binding site.
Analysis of the nucleotide compositions of the up-binding mu-
tants indicated hypermutation of Gs and mutation of other

TABLE 1. Nucleotide compositions of the up-binding RNAs

No. of nucleotides”

RNA
G A U C
Wild type 8 29 23 10
Mutants
Predicted 13 23 20 14
Actual
Pool 0 (n = 10) 12 24 21 13
Pool 3 (n = 38) 9 24 21 16
Pool 10 (n = 20) 5 23 20 20

“ The average number of times that each nucleotide occurs in the 70-nucleo-
tide sequence is indicated. To generate the starting pool (pool 0), at each
nucleotide there was a 12% probability of mutation to each of the other three
nucleotides (a total mutation rate of 36% was predicted, and a 35% rate was
obtained in pool 0). The nucleotide composition of pool 0 therefore differs from
the wild type.
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FIG. 2. In vitro genetic selection of RNAs exhibiting increased (A) and
reduced (B) binding to vigilin. RNA gel mobility shift assays were performed
with different pools of RNAs. (A) Selection cycles 0, 1, 2, and 3 for up-binding
mutants or wild-type (WT) RNA with (+) or without (—) vigilin-containing
polysome extracts. The upper arrow indicates the RNA-vigilin complex. (B) The
DNA encoding the most efficient up-binder (HBT7) was subjected to two mu-
tational PCR cycles to generate the starting pool (cycle 0) for selection of
down-binding mutants. Unshifted RNAs from selection cycles 0, 2, 3, and 4 as
well as HBT7 RNA after incubation with (+) or without (=) extracts are

indicated by an arrow.

nucleotides to C, with no change in the proportion of A and U
(Table 1). There was a general correlation between the loss of
G residues, increased free energy of the RNA secondary struc-
tures, and increased vigilin binding (Fig. 4). This suggests that
efficient binding of vigilin to RNA might require a relatively
flexible stretch of single-stranded RNA.

An important sequence feature evident in the up-binding

WT AUG
HBT7 CGA
HBT26 CC
HBT8 C U
HBT23 CUG
HBT25 U C]
HBT29 CC
HBT9 -C
HBM18 CGU
HBT3 C C
HBT15 CC C|
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mutants is the mutation of specific Gs to create a largely G-free
stretch of RNA (Fig. 3). In the 10 mutants exhibiting the
highest-affinity binding, the four Gs (G46, G49, G52, and G60)
in the center of the wild-type vitellogenin mRNA binding site
as well as G32 are either mutated to other nucleotides or
deleted 94% of the time (47 of 50 possible cases). In contrast,
the mutation frequency for the other three Gs at the periphery
of the binding site (G26, G35, and G81) was only 47% (Fig. 3).
As a result of hypermutation of Gs to other nucleotides, the
mutant RNAs contain G-free regions up to 61 nucleotides in
length (Fig. 3, HBT29).

While alignment of the sequences of the up-binders does not
reveal a clear consensus sequence, both individual nucleotides
and short nucleotide sequences are undermutated in the up-
binding mutants (Fig. 3). The undermutated sequences clus-
ter between positions 56 and 76 in the G-free region (Fig. 3).
Several copies of the sequences (A),CU and UC(A),, are
found in this region (at positions 55 to 59, 64 to 67, and 70 to
74) and are therefore candidate sequences for interaction with
vigilin.

Identification of nucleotides critical for vigilin binding by
using down-binding mutants. To more directly identify nucle-
otides important in creating a strong binding site, we carried
out a selection for mutants with reduced ability to bind vigilin
(Fig. 1, right). In this selection, we recovered unshifted bands
from the RNA gel mobility shift assay. Since mutants exhibit-
ing reduced binding and other RNAs which had simply failed
to bind vigilin are both represented in this band, it was impor-
tant to use conditions in which essentially all of the labeled
RNA probe interacted with the binding protein. To achieve
maximal interaction of the RNA with the binding protein, we
used HBT7 RNA, the mutant RNA with the highest affinity for
the binding protein (Fig. 2B). We used mutagenic PCR to
generate an RNA pool with mutations in the central 70 nucle-
otides of the HBT7 template. With increasing cycles of selec-
tion, there was a progressive increase in the intensity of the
unshifted band (Fig. 2B). After four selection cycles, RNA in
the unshifted band was recovered, reverse transcribed, PCR
amplified, subcloned, sequenced, transcribed into RNA, and
analyzed for vigilin binding.

Mutants obtained after four cycles of selection showed re-
duced binding compared to the starting HBT7 up-binding
RNA (Fig. 5). The mutagenesis was carried out under condi-
tions in which the predicted mutation frequency was only 0.8
mutation per 70-nucleotide RNA, and only a small fraction of

RELATIVE
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A C uc U Ul AA Uy cc CCG C 95
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GCc Cc cA Auch bcc auc A C UCc -C - ucc 75
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FIG. 3. Mutation of specific Gs is common in up-binding mutants. The mutations in 70 nucleotides of the 10 strongest up-binders are shown. HBM18 is from pool
3, and the other nine mutants are from pool 10. Highly mutated nucleotides (>80%) are boxed. Gs in the wild-type (WT) sequence are shown in boldface. Two filled
circles are over each strongly conserved nucleotide (more than 90% conservation), and one filled circle is above each conserved nucleotide (more than 80%
conservation). G-free tracts are underlined. Wild-type RNA relative binding was set equal to 1. Relative binding is the ratio of binding of the mutant to that of the
wild-type RNA. Numbers indicate the nucleotide position (the transcription start site is set to 1).
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FIG. 4. The free energy of RNA structures is increased for RNAs with
enhanced binding to vigilin. Relative binding versus free energy was plotted for
mutant RNAs which were assayed in each selection cycle (cycle 0, 3, or 10), as
well as for wild-type RNA. Binding was plotted relative to that of wild-type RNA,
which was set equal to 1. The free energy of each RNA was calculated by using
the MFOLD program.

the RNAs contained multiple mutations. Nevertheless, all of
the mutants selected contained at least two mutations. This
suggests that no single point mutation was sufficient to abolish
binding by vigilin, a relatively large polypeptide with a mass of
approximately 155 kDa. Most, and perhaps all, of the muta-
tions identified in the mutants shown in Fig. 5 contribute to the
down-binding phenotype. All of the down-binders which had
three or fewer mutations are shown in Fig. 5. Although the
conditions for the mutagenesis do not show a strong bias with
respect to the type of base substitution (16), approximately half
(13 of 23) of the mutations in the down-binders were to G. This
is consistent with our finding that mutation of Gs to other
nucleotides is characteristic of up-binding mutants.

Both RNA sequence and structure are important in estab-
lishing a binding site. Three clustered point mutations (G55,
G57, and U60) in the DB7 mutant are sufficient to virtually
abolish vigilin binding (Fig. 5). A model of the secondary
structure of DB7 RNA suggests that the mutations create a
small stem-loop structure in the long 33-nucleotide single-
stranded region near the center of the HBT7 up-binding mu-
tant (Fig. 6A). Although the mutations in the other down-
binding mutants were more dispersed than those in DB7, the
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importance of the central region of the RNA mutated in DB7
was shown by the fact that every other down-binding mutant
contains a mutation in the A tract of the (A),CU sequence
(nucleotides 52 to 59) (Fig. 5).

The down-binding mutants provide additional support for a
role in vigilin binding for the (A),CU and UC(A),, sequences
conserved in the up-binding mutants. The mutations in DB7
disrupt the (A),,CU sequence, and the small stem-loop struc-
ture created in DB7 moves a UC(A),, sequence from a single-
stranded region of the RNA to a double-stranded region (Fig.
6, boldface). In addition, four of the eight down-binding mu-
tants showed mutations in a nearby UC(A),, sequence (nucle-
otides 70 to 74).

The mutation data were compatible with the view that the
oligo(A) tract plays a largely structural role, facilitating forma-
tion of a single-stranded region of the RNA. However, these
data did not exclude the possibility that vigilin binds to the
oligo(A) tract. We therefore used competition gel mobility
shift assays to test the ability of poly(A) to compete for binding
to vigilin. A 10,000-fold excess of poly(A) was unable to com-
pete for binding to vigilin. These data indicate that vigilin is not
a poly(A) binding protein.

Determination of the 3’ and 5’ boundaries of the RNA bind-
ing site. The in vitro genetic analysis suggested that the RNA
segment containing the (A),,CU and UC(A),, motifs in a sin-
gle-stranded region of the RNA played an important role in
vigilin binding. However, vigilin is a large, approximately 155-
kDa protein (26) with 14 KH domains. We therefore deter-
mined the minimal length of the sequence required for effi-
cient vigilin binding.

An RNA ladder was prepared by mild alkaline hydrolysis of
a 116-nucleotide 5'-end-labeled HBT7 RNA (Fig. 7A, lane 4).
The RNAs were incubated with vigilin, and protein-RNA com-
plexes were isolated on a nitrocellulose filter and fractionated
on a denaturing polyacrylamide gel (Fig. 7A, lane 5). Bands for
RNAs smaller than 55 nucleotides (Fig. 7A, lane 5) or for
RNAs incubated in the absence of the binding protein (Fig.
7A, lane 6) were undetectable. Quantitation of band intensities
of both the ladder and recovered RNA revealed that binding
was unimpaired with RNAs as short as 80 nucleotides (Fig.
7C). Binding then declined to undetectable levels for RNAs
shorter than 55 nucleotides (Fig. 7C). Since binding was un-
impaired for an 80-nucleotide RNA, in which the 3’-terminal
36 nucleotides were deleted, nucleotides 81 to 116 are not
essential for binding (Fig. 6A, boxed area at the 3’ end). Our
conclusion that this RNA segment is not important for vigilin
binding is supported by our observations that it has the poten-

RELATIVE

70 80 90

100
<1
A

9
12
16
21
33

FIG. 5. Sequences of RNAs selected for reduced binding to vigilin. The mutated nucleotides in all of the selected RNAs containing three or fewer point mutations
are shown. The boxed region delineates an A tract which was mutated (usually to G) in each of the mutant RNAs. Relative binding by HBT7 RNA was set equal to
100. The wild-type vitellogenin (WT) and HBT7 RNA sequences are shown for comparison.
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FIG. 6. Predicted secondary structures of RNAs exhibiting very strong or very weak binding to vigilin. (A) One of the predicted secondary structures for the
highest-affinity RNA, HBT7 RNA (left), and for one of the down-binding mutants, DB7 RNA (right). Mutations at A55, A57, and A60 are in the single-stranded region
of HBT7 RNA and are indicated by filled circles near each mutated nucleotide in HBT7 and DB7. The boxed regions delineate nucleotides in the HBT7 sequence that
were determined to be nonessential for binding. (B) One of the predicted secondary structures of the segment of the 3’ UTR of human dystrophin mRNA (left) and
of mutated dystrophin mRNA (right). Mutations were introduced in the six nucleotides G11, U22, A48, G59, A70, and G87 (denoted by filled circles) to obtain the
mutated dystrophin RNA whose secondary structure is shown on the right. The (A), CU and UC(A),, motifs in the central single-stranded areas of HBT7 and dystrophin
RNAs and the corresponding nucleotides in the mutants are shown in boldface. Numbers are the positions of the nucleotides (the transcription start site is set to 1 for

HBT7 and DB7).
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FIG. 7. Determination of the minimum RNA length for efficient vigilin binding. (A) The 5’-end-labeled HBT7 RNA (lane 1 [T7]) was partially hydrolyzed with mild
alkaline treatment to obtain an RNA ladder (lane 4). The RNA ladder was incubated either with (lane 5) or without (lane 6) vigilin-containing polysome extract. The
RNAs bound to the protein were recovered and gel electrophoresed. To identify the sizes of the RNA bands, RNA sequence ladders were made by chemical
modification (diethyl pyrocarbonate [A+G] in lane 2 and hydrazine-NaCl [C+U] in lane 3). Numbers indicate the lengths of the RNAs. (C) Band intensities were
quantitated and plotted. RNA LADDER and BOUND are scans from lanes 4 and 5 of the gel in panel A, respectively. To compare the relative intensities of each band,
the band intensities were corrected at nucleotide 116. (B and D) HBT7/83 RNA with the 3’ end deleted was synthesized, and a similar analysis was carried out with

a 3'-end-labeled RNA.

tial to form a secondary structure and is not well conserved
among up-binding variants (Fig. 3). The highly conserved re-
gion lies immediately upstream of the nonessential RNA seg-
ment (Fig. 3). Deletions in this region (nucleotides 79 to 55)
exhibited a progressive decline in binding to vigilin (Fig. 7C).

To determine the 5’ boundary of the RNA sequence re-
quired for vigilin binding, we deleted the nonessential portion
of the 3’ end of the RNA, labeled the 3’ end of the RNA, and
analyzed the 5’ boundary of the RNA binding site (Fig. 7B).
Binding began to decline after deletion of 10 nucleotides from
the 5’ end of the RNA (Fig. 7B, lane 4). The first 10 nucleo-
tides (Fig. 6A, boxed area at the 5" end) were nonessential for
binding, and 73 nucleotides were required for full binding.
Both the 5’-end deletions and the 3’-end deletions exhibited
unimpaired binding to RNAs 73 to 80 nucleotides in length,
followed by a progressive decline in binding as the RNA length
decreased, to no binding when the RNA length was <55 nu-
cleotides (Fig. 7C and D). Since binding declined before de-
letions from the 5" end reached the conserved sequence, we
conclude that there is a sequence-independent length require-
ment for efficient binding to vigilin.

Analysis of RNA-protein contacts by RNA footprinting. Our
observation that maximal binding of vigilin required RNAs at
least 73 to 80 nucleotides long suggested either that the large,
approximately 155-kDa vigilin protein exhibits multiple con-
tacts with the RNA over a stretch of 70 to 80 nucleotides or
that a long unstructured RNA is required to make a short
RNA binding sequence available for binding. To distinguish
between these possibilities, we performed an RNA footprint-
ing analysis with the up-binding RNA HBT7 and the down-

binding mutant RNA DB7. The end-labeled RNA was incu-
bated with (Fig. 8A, lanes 2 and 4, and B, lane 2) or without
(Fig. 8A, lanes 1 and 3, and B, lane 1) the vigilin-containing
polysome extract and digested with a-sarcin. a-Sarcin digests
RNAs at the 3’ side of purines, independent of RNA second-
ary structure. Since the experiments were carried out in the
presence of a large excess of tRNA, protection is due to spe-
cific interaction of vigilin with the RNA. We digested HBT7
RNA labeled either at the 5’ or 3’ end, and 5’-end-labeled
nonbinding DB7 RNA in parallel, using a-sarcin (Fig. 8). Since
the digestion patterns of DB7 in the presence and absence of
vigilin are identical (Fig. 8A, lanes 1 and 2), the vigilin-con-
taining extract neither protects DB7 RNA against degradation
nor inhibits the activity of a-sarcin. In contrast, HBT7 RNA
was partially protected from digestion from positions 18 to 87
(Fig. 8A, lanes 3 and 4, and B). The A tract of the (A),CU
sequence (nucleotides 52 to 57) shown to be important for
binding by in vitro selection of down-binding mutants was also
in a highly protected region of the RNA (Fig. 8A, lane 4).

A strong vigilin binding site is located near the 3’ end of
human dystrophin mRNA. If the in vitro genetic selections
truly created an artificial phylogeny of vigilin binding sites, it
should be possible to use the RNA sequence and structure
information obtained by in vitro genetic analysis to predict the
occurrence of mRNA binding sites. The HBT7 sequence was
used to screen the EMBL and GenBank databases of human
DNA sequences by using the program FASTA from the Uni-
versity of Wisconsin Genetics Computer Group package (23).
Since the natural vitellogenin binding site was in the 3" UTR
and this region has often been implicated in control of mRNA
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FIG. 8. RNA footprinting with a-sarcin. (A) HBT7 RNA (lanes 3 and 4) or
DB7 RNA (lanes 1 and 2) was 5’ end labeled, incubated with (+) or without (—)
vigilin-containing polysome extract, and digested with 5 M a-sarcin. (B) 3'-
end-labeled HBT7 RNA was incubated with (+) or without (=) extract and
digested with 5 uM a-sarcin. Digested RNAs were analyzed by gel electrophore-
sis. Numbers are the positions of the nucleotides, as indicated in Fig. 3.

degradation, we selected sequences only from mRNA 3" UTRs
to examine. The 3" UTR with the highest homology to HBT7
was located at the 3’ end of the human dystrophin gene. Ho-
mology between HBT7 and this region of the dystrophin 3’
UTR extended over a 69-nucleotide region (HBT7 nucleotides
30 to 98), with a 71% sequence identity over nucleotides 56 to
76, which the in vitro selections identified as the conserved
region, important for vigilin binding. Subsequent sequence
analysis and secondary structure modeling of the dystrophin
mRNA 3’ UTR region revealed a long, largely single-stranded,
G-free region (Fig. 6B) containing some of the ACU and UCA
motifs (Fig. 6B, boldface) found in HBT7 and other strong
up-binding mutants. Dystrophin mRNA was therefore tested
for binding to vigilin, and it represents the only mRNA from
the database search that we analyzed for vigilin binding.

We synthesized a 107-nucleotide RNA from a cDNA tem-
plate derived from the 2.7-kb 3" UTR of dystrophin mRNA.
This RNA terminates 10 nucleotides upstream of the AAUA
AA polyadenylation signal. In RNA gel shift assays, vigilin in
Xenopus polysome extracts bound effectively to the human
dystrophin RNA sequence (Fig. 9A, lanes 3 and 4). In addition
to a gel-shifted band with the same mobility as the vitellogenin
RNA-vigilin complex (Fig. 9A, lane 2), two faster-migrating
bands were observed. Since only the band with the same elec-
trophoretic mobility as the vitellogenin RNA-vigilin complex is
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competed by unlabeled HBT7 RNA (data not shown) and the
additional bands are not seen in binding studies carried out
with purified recombinant vigilin (see below), the more rapidly
migrating bands represent interactions with other proteins in
the extract.

If the same type of sequence and structural information is
required for interaction of vigilin with dystrophin RNA, vitel-
logenin RNA, and the up-binding mutants, mutations similar
to those selected in the down-binding mutants should abolish
binding. To test this, we replaced two As with Gs and one G
with U in the single-stranded region of the dystrophin RNA
predicted to be critical for binding (Fig. 6B). This not only
introduced an additional stem-loop structure into the single-
stranded region but also moved all the ACU and UCA motifs
(Fig. 6, boldface) in the single-stranded area into RNA seg-
ments exhibiting substantial secondary structure (Fig. 6B).
This mutated dystrophin RNA did not show the characteristic
up-shifted band in a gel shift assay, indicating that it had lost
the ability to specifically bind to vigilin (Fig. 9A, lanes 5 and 6).

To directly demonstrate that the same protein was binding
to human dystrophin RNA and Xenopus vitellogenin mRNA,
we did a competition gel mobility shift assay (Fig. 9B). The
up-binding HBT7 mutant (lane 5) and the dystrophin RNA
(lane 3) effectively blocked binding to the vitellogenin RNA.
This suggests that the in vitro-selected HBT7 RNA and the
dystrophin RNA use the same general RNA binding mecha-
nism to interact with vigilin. The mutated dystrophin sequence
(lane 4) was unable to compete even at a much higher con-
centration (HBT7 and dystrophin, 333-fold, compared to mu-
tated dystrophin, 8,300-fold molar excess relative to the labeled
vitellogenin probe). These data demonstrate that an RNA seg-
ment near the 3’ end of dystrophin mRNA contains a strong
vigilin binding site.

Recombinant human vigilin binds to the HBT7 and dystro-
phin RNAs. We had previously demonstrated that Xenopus
vigilin was the protein binding to the vitellogenin mRNA 3’
UTR sequence (26). While the HBT7, dystrophin, and vitel-
logenin RNA-protein complexes exhibit the same mobility in
gel shift assays and the HBT7 and dystrophin RNAs effectively
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FIG. 9. The 3" UTR of dystrophin mRNA contains a strong vigilin binding
site. (A) RNA gel shift assays of the labeled vitellogenin mRNA 3" UTR (WT-
VIT) (lanes 1 and 2), 107-nucleotides human dystrophin mRNA 3’ UTR (DYS)
(lanes 3 and 4), and mutated dystrophin mRNA (mDYS) (lanes 5 and 6) with
(+) and without (—) vigilin-containing polysome extract. (B) Competition gel
shift assays with unlabeled dystrophin (lane 3), mutated dystrophin (lane 4), and
HBT?7 (lane 5) RNAs. The vigilin binding region in the vitellogenin mRNA 3’
UTR was *°P labeled, and 0.3 ng of probe was incubated with vigilin in the
absence of competitor (—) or in the presence of the unlabeled competitors (DYS
[100 ng], HBT7 [100 ng], or mDYS [2.5 pg]). The arrows indicate the RNA-
vigilin complex. RNA probes are also indicated.
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competed out binding to the vitellogenin RNA (Fig. 9B), it was
still important to confirm that vigilin, and not other proteins
in the polysome extracts, was binding to the RNAs. We also
wished to determine whether human vigilin bound the human
dystrophin RNA sequence. We therefore tested the ability of
purified, recombinant human vigilin to bind to in vitro-selected
RNAs and the vitellogenin and dystrophin RNAs. We intro-
duced the FLAG epitope at the C terminus of a full-length
human vigilin cDNA (43), expressed the vigilin by in vitro
transcription-translation in the rabbit reticulocyte lysate cell-
free protein synthesis system, and isolated the epitope-tagged
vigilin by anti-FLAG immunoaffinity chromatography. SDS-
polyacrylamide gel analysis demonstrated that a protein of the
expected 155-kDa size was purified from the lysate containing
the in vitro-translated vigilin but not from the mock-purified
control reticulocyte lysate (Fig. 10A). In gel mobility shift as-
says, the mock-purified product from the rabbit reticulocyte
lysate did not bind HBT7 RNA, while the purified protein did
bind the HBT7 RNA (Fig. 10B, lanes 3 and 4), confirming that
vigilin is the protein purified from the lysate which is respon-
sible for formation of the RNA-protein complex. Confirmation
that the RNA-protein complexes represent binding of recom-
binant vigilin to the RNAs comes from an antibody supershift
experiment. Antibody to the FLAG epitope, present in the
recombinant vigilin, supershifted the RNA-protein complex
(Fig. 10C, lanes 2 and 3). The same amount (1 pg) of anti-
estrogen receptor monoclonal antibody had no effect on mi-
gration of the RNA-protein complex (Fig. 10C, lane 4). Addi-
tion of either the FLAG antibody or the estrogen receptor
antibody did not alter migration of the probe (Fig. 10C, lanes
5 and 6).

The RNA-protein complexes formed with purified recombi-
nant vigilin or with the protein in the polysome extracts exhib-
ited the same electrophoretic mobility with the vitellogenin
(Fig. 10D, lanes 2 and 3), HBT7 (Fig. 10B, lanes 2 and 3), and
dystrophin (Fig. 11A, lanes 2 and 3) RNAs. The failure of the
mutated dystrophin and DB7 down-binding RNAs, which do
not bind the protein in the polysome extract (Fig. 5 and 9), to
bind to purified recombinant vigilin (Fig. 10B, lane 6, and 11A,
lane 5) provides additional evidence that vigilin is the protein
in the polysome extracts binding both to the selected RNAs
and to the dystrophin and vitellogenin RNAs. Taken together,
these data demonstrate that the RNAs generated by the in
vitro selection did indeed select for higher binding to vigilin.

While purified recombinant vigilin and vigilin in the poly-
some extracts form complexes with the dystrophin mRNA 3’
UTR exhibiting identical electrophoretic mobility, the two fast-
er-migrating complexes are not seen with purified vigilin (Fig.
11A, lanes 2 and 3), suggesting that these bands are due to
binding of other proteins in the polysome extract.

The sequence criteria for vigilin binding identified through
the in vitro genetic selections were used successfully to predict
a binding site in the 3" UTR of dystrophin RNA, and this site
can be destroyed by inserting only three point mutations. To
further examine the specificity of vigilin binding, we investi-
gated the ability of vigilin to bind to segments of the 3" UTRs
of two additional RNAs, which were chosen without use of a
database search. We chose a segment of human transferrin
receptor mRNA because it contains iron response elements
which bind a cellular protein important in regulating the sta-
bility of human transferrin receptor mRNA (17, 44). We also
tested a segment close to the 3’ end of human estrogen recep-
tor mRNA because this is the same relative position as the
vitellogenin and dystrophin mRNA 3’-UTR binding sites.
While several studies have reported that the stability of human
estrogen receptor mRNA is regulated (51, 53), RNA se-
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FIG. 10. HBT7 up-binding RNA binds to purified recombinant human vigilin.
(A) FLAG-tagged human vigilin was produced by in vitro transcription-transla-
tion, purified by antibody affinity chromatography, and analyzed by SDS-poly-
acrylamide gel electrophoresis. The in vitro transcription-translation reaction
was carried out in the presence (lane 1) (Vigilin-FLAG) or in the absence (lane
2) (Mock) of PCR-generated FLAG-tagged human vigilin DNA template. In
vitro-translated FLAG-tagged products were affinity purified by using the FLAG
epitope. Samples were separated on an SDS-7.2% polyacrylamide gel and silver
stained. The sizes of molecular mass markers are indicated at the right. (B) RNA
gel shift assays of the 3?P-labeled HBT7 up-binding RNA (lanes 1 to 4) and DB7
down-binding RNA (lanes 5 and 6) with Xenopus vigilin-containing polysome
extract (SEP) (lane 2), with purified human vigilin (lanes 3 and 6), or with
mock-purified extract (lane 4). (C) Supershift of the vigilin RNA complex by
anti-FLAG antibody. The RNA gel shift assay was performed with 32P-labeled
HBT7 up-binding RNA and FLAG-tagged vigilin in the presence of anti-FLAG
M2 antibody (1 pg) (lane 3) or anti-human estrogen receptor (anti-ER) mono-
clonal antibody H222 (1 wg) (lane 4) or without antibody (lane 2). HBT7 RNA
was also incubated with 1 pg of the antibodies alone (anti-FLAG [lane 5] or
anti-ER [lane 6]). The RNA-vigilin complex and supershifted RNA-vigilin-anti-
body complex are indicated by an arrow and an arrowhead, respectively. (D)
RNA gel shift assays of the 3?P-labeled vitellogenin mRNA 3" UTR (WT) with
Xenopus vigilin-containing polysome extract (SEP) (lane 2) or with purified re-
combinant human vigilin (lane 3).

quences important in human estrogen receptor mRNA degra-
dation have not been identified. The RNAs were designed so
that transcription would yield labeled probes whose lengths
(106 to 108 nucleotides) were similar to those of the selected
RNAs and the natural RNAs. Neither the human estrogen
receptor RNA nor the human transferrin receptor RNA ex-
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FIG. 11. Purified human vigilin binds to the human dystrophin mRNA 3’
UTR but not to the human estrogen receptor or transferrin receptor mRNA 3’
UTR. (A) RNA gel shift assays of the labeled dystrophin mRNA 3’ UTR (DYS)
(lanes 1 to 3) and mutated dystrophin mRNA (mDYS) (lanes 4 and 5) with (+)
and without (—) affinity-purified FLAG-tagged human vigilin or with (+) and
without (—) Xenopus vigilin-containing polysome extract (SEP). (B) RNA gel
mobility shift assays with 3?P-labeled 107-nucleotide human dystrophin mRNA
3" UTR (lanes 1 and 2), 106-nucleotide human estrogen receptor mRNA 3’ UTR
(ER) (lanes 3 and 4), and 108-nucleotide human transferrin receptor mRNA 3’
UTR (TfR) (lanes 5 and 6) with (lanes 2, 4, and 6) and without (lanes 1, 3, and
5) human vigilin. RNA-vigilin complexes are indicated by arrows. Uncomplexed
RNA probes are also indicated.
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hibited detectable binding to purified recombinant vigilin (Fig.
11B).

DISCUSSION

In vitro genetic analysis for up-binding and down-binding
mutants. The structural and functional diversity of RNA mol-
ecules has been elegantly exploited by the development of in
vitro genetic methods for screening large populations of RNAs
(15, 28, 29, 62). We have successfully adapted this technology
to identify the RNA binding site of the multi-KH-domain pro-
tein vigilin before the protein was purified. To carry out this
selection, we separated the RNA-vigilin complexes from other
RNA-protein complexes by using an RNA gel mobility shift
assay carried out under unusually stringent conditions and
selecting a very narrow upshifted band. To confirm that this
strategy was successful in that vigilin was the protein in the
extracts binding to the RNAs, we showed that the RNA-pro-
tein complexes formed by purified recombinant vigilin and by
the protein in the polysome extract exhibit the same electro-
phoretic mobility. Additionally, we confirmed that purified re-
combinant vigilin and the binding protein in the polysome
extracts display similar binding preferences with five in vitro-
selected and natural RNAs. Most compelling was our finding
that the RNA binding protein we identified as vigilin in the
polysome extract and purified recombinant vigilin both bind
effectively to the selected HBT7 RNA (Fig. 10B) and do not
bind to the very similar selected down-binding mutant DB7;
both bind to the RNA segment at the 3’ end of dystrophin
RNA and do not exhibit binding to the very similar mutated
dystrophin RNA (Fig. 9A and 11A). This methodology may be
useful for characterizing the binding sites of nucleic acid bind-
ing proteins which are difficult to purify and express or which
require protein cofactors or multiprotein complexes to bind
DNA or RNA.
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One unusual feature of our approach is that we were able to
obtain additional important information about the RNA bind-
ing site by first isolating high-affinity binding sites and then
mutating a high-affinity site. This enabled us to carry out a
novel genetic selection for down-binding RNA mutants. This
type of selection had not been previously reported, presumably
because of the high background produced by RNAs which
failed to bind the protein of interest. By using our most effec-
tive up-binding mutant (HBT7), we were able to develop con-
ditions under which all of the HBT7 RNA probe was bound to
vigilin and shifted up the gel. After only four selection cycles,
we did not observe a background of nonmutated HBT7 RNA
sequences which had simply failed to bind the protein. One
problem which did emerge was that while the mutation rate in
the original pool of RNAs was less than one mutation per
RNA molecule, the powerful selective pressure for isolation
of nonbinding RNAs led to the selection of rare RNAs with
numerous mutations. Nevertheless, the information provided
by the down-binding mutants was important to the identifica-
tion of binding motifs.

Vigilin exhibits strong preferences for binding to specific
RNAs. The in vitro selections reported here demonstrate that
vigilin shows strong sequence preferences for binding to spe-
cific RNAs and does not simply bind RNA nonspecifically. This
conclusion is supported by several lines of evidence. (i) After
10 selection cycles in the presence of high concentrations of
nonspecific RNAs, 2 of the 20 selected up-binding mutants
were identical and 2 others differed by only 2 nucleotides.
From these data we calculate that there are no more than a few
hundred RNAs which exhibit strong binding to vigilin in the
original pool of 10° mutants. Since <1 in 10° RNAs exhibits
high-affinity binding, the length, sequence, and structural re-
quirements for high-affinity binding to vigilin are quite strin-
gent. (ii) All of our RNA gel mobility shift assays (and the
footprinting studies) were carried out in the presence of a
100,000-fold excess of tRNA. This is a significantly higher level
of tRNA than was used in several other studies demonstrating
sequence-specific binding to RNAs (13, 18, 22, 33). While we
have not carried out detailed kinetic measurements, we used
purified vigilin and the above-described RNA binding condi-
tions to carry out a preliminary assessment of the binding of
several concentrations of vigilin to the HBT7 RNA. The re-
combinant vigilin exhibited an approximate K, for HBT7 of
~1 nM (data not shown), which is in the same of order of
magnitude as the K,s of many sequence-specific RNA and
DNA binding proteins. (iii) When we searched the human
sequence database for sequences in the 3’ UTRs of mRNAs
homologous to HBT7, the sequence with the highest homol-
ogy, which was located at the 3’ end of human dystrophin
RNA, exhibited strong binding to vigilin (Fig. 9A and 11A).
We did not explore the possibility that other 3 UTR RNAs
with lower but still significant homology to HBT7 would still
bind to vigilin. However, two additional 3’ UTR RNAs, the hu-
man transferrin receptor and human estrogen receptor RNAs,
chosen without reference to a database search, did not bind
vigilin (Fig. 11B). (iv) Probably the most direct demonstration
that vigilin exhibits sequence-specific binding to RNAs is the
demonstration that the selected DB7 RNA, which differs by
only 3 nucleotides (of 116) from the strong binder HBT7,
exhibits no binding to either crude or recombinant vigilin (Fig.
5 and 10B). Similarly, using the information obtained in the in
vitro selections for up- and down-binding RNAs, we found that
mutating only three widely spaced nucleotides (with three
compensatory changes outside the core binding region to
maintain the identical RNA base composition) abolished vigi-
lin binding to the dystrophin RNA (Fig. 9A and 11A, mDYS).
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Taken together, these data provide clear evidence that vigilin
exhibits strong sequence preferences for binding to specific
RNAs.

The in vitro-selected RNAs and the natural RNAs appear to
bind to vigilin in a similar fashion. By using large pools of
random RNA sequences, it is possible to select RNA receptors
(aptamers) that can bind to proteins which do not contain
known RNA binding motifs (7, 28, 32). However, in this work,
we created a mutant pool which retained some resemblance to
the natural vitellogenin RNA binding site, which may bias the
selection toward RNA sequences that bind to vigilin in a fash-
ion similar to that of the vitellogenin 3'-UTR RNA. Perhaps
the most direct evidence that the selected RNAs and the nat-
urally occurring RNAs bind vigilin through the same general
mechanism comes from the competition gel mobility shift as-
says. The in vitro-selected HBT7 RNA and the natural dystro-
phin RNA sequence, but not the mutated dystrophin RNA,
effectively compete with the labeled vitellogenin RNA for
binding to vigilin (Fig. 9B). These data support the view that
the vitellogenin RNA 3’ UTR sequence and the selected
HBT7 RNA use similar mechanisms and either share the same
binding site on vigilin or use substantially overlapping binding
sites. Additional support for the view that the selected and
natural RNAs interact with vigilin through similar mechanisms
comes from our data indicating that the same types of muta-
tions which abolish binding in the selected DB7 RNA also
abolish binding in the naturally occurring dystrophin RNA.

While these data support the view that vigilin binding to the
selected and natural RNAs occurs by similar mechanisms, the
precise role of the 14 vigilin KH domains in RNA binding
remains to be established. Using the boundaries for the KH
domains described by Musco et al. (45), who solved the crystal
structure of a vigilin KH domain, the 14 KH domains of vigilin
represent approximately 80% of its 155-kDa mass, with the
remainder largely in linker regions between the KH domains.
The very large number of KH domains and the potential com-
plexity of their combinatorial interactions with the long RNA
binding site we describe will make it difficult to demonstrate an
explicit role for vigilin’s KH domains in RNA binding. We
therefore cannot exclude the formal possibility that vigilin
binds RNAs not through its 14 KH domains but by still-uni-
dentified RNA binding sequences or RNA binding domains.

The vigilin binding site. The RNA binding properties of
KH-domain proteins have often been assessed primarily by
binding to simple RNAs (1, 38, 42, 58, 59, 67, 68). While it had
been suggested that these proteins bind RNA nonspecifically
(27), several KH-domain proteins have been shown to bind to
specific RNAs (2, 13, 34, 46, 55, 60), but the precise nature of
these RNA binding sites, except in the case of the Nova-1 site
(12), has generally not been established.

Our data indicate that the length of the RNA, the absence of
secondary structure, and the presence of specific RNA se-
quence motifs all contribute to high-affinity vigilin binding.
While a specific binding motif has emerged for the a-globin
stability complex, binding involves several proteins which do
not all contain KH domains (68). However, the identical elec-
trophoretic mobility of the RNA-protein complexes formed by
crude vigilin and the purified recombinant vigilin indicates that
the vigilin-RNA complexes do not contain other tightly bound
proteins.

Perhaps because it contains 14 KH domains, the sequence
and structural requirements for vigilin binding to RNA are
different from those of many other RNA binding proteins
which bind short sequence motifs (15, 19, 29, 61, 64). In con-
trast, our observations from the minimum-size determination
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experiment (Fig. 7) indicate that an unusually long, 75-nucle-
otide RNA is required for efficient vigilin binding.

Our finding that efficient binding requires a long single-
stranded region of RNA suggests that interaction of the RNA
with vigilin may allow the protein to deform the RNA and
create specific contacts. A similar conclusion was reached from
interaction of the HIV Rev protein with its binding site (4).
Although both the HIV Rev protein and vigilin may deform
RNA on binding, the HIV Rev protein and the heavily studied
iron response element binding protein, which regulates trans-
ferrin receptor mRNA stability (17, 44), differ from vigilin in
that they both use RNA secondary structure in their recogni-
tion motifs.

The selection of strong up-binding mutants led to the iden-
tification of RNA sequence motifs which were candidate sites
for the interaction of vigilin with RNA. We identified an RNA
sequence containing several undermutated nucleotides, whose
deletion we previously showed to abolish binding (25). It
seemed probable that this region (nucleotides 53 to 76) played
an important role in generating a high-affinity binding site. The
undermutated sequences which were candidate vigilin binding
sites included (A),,CU and UC(A),,, which are clustered in this
area. The selection of mutant RNAs which had lost the ability
to bind effectively to vigilin strengthened this conclusion. All of
the eight down-binding mutants which had three or fewer
mutations contained mutations in an A tract in the (A),CU
sequence (Fig. 5). In the down-binding mutant DB7, the three
mutations altered the sequence of one (A),CU element to
(A),GCU and moved a UC(A), sequence into a double-
stranded stem. Analysis of the other down-binding mutants
confirmed that insertion of Gs into the central single-stranded
area can both destroy the (A),,CU and UC(A),, sequence mo-
tifs and eliminate the single-stranded structure of this region,
both of which appear to be important for vigilin binding. In-
terestingly, the Nova-1 protein, which contains three KH do-
mains, binds to multiple separated copies of the motif UCAU
in a single-stranded region (12). However, the UCAU motifs
recognized by Nova-1 are part of the loop of a stem-loop
structure, while the vigilin binding sites contain extended,
largely unstructured regions.

We conclude that in HBT7 RNA a 75-nucleotide RNA con-
taining multiple (A),CU and UC(A), motifs in a largely G-
free region of single-stranded RNA provides a strong binding
site. However, other vigilin binding motifs may be possible.
Indeed, the ability of vigilin to exhibit a range of affinities for
different RNAs may be functionally important. This spectrum
of RNA binding sites would allow for coordinate regulation of
diverse RNAs and for both regulated and constitutive binding
to mRNAs for which vigilin has different affinities.

The identification of a binding site in dystrophin mRNA by
homology to the HBT7 RNA site confirmed our prediction
that vigilin could bind other mRNAs. While the Becker form
of muscular dystrophy is characterized by a reduced level of
dystrophin, there is as yet no direct evidence for an in vivo role
for vigilin in the metabolism of dystrophin mRNA. The tight in
vitro binding of vigilin to the dystrophin mRNA binding site
raises the possibility that this is a biologically significant inter-
action, as does the presence of vigilin in muscle and the ability
of testosterone to induce vigilin binding activity in Xenopus
muscle (24). To directly assess the potential role of vigilin in
dystrophin mRNA metabolism will require technically difficult
studies with normal and dystrophic muscle.

In this work we describe an elaboration of in vitro genetic
analysis in which a relatively crude nucleic acid binding protein
was used to identify sequence and structural determinants im-
portant in the interaction of the multi-KH-domain protein
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vigilin with mRNA. The validity and utility of this analysis were
demonstrated by our ability to use information gained from
this study to successfully predict the presence of a strong bind-
ing site near the 3’ end of human dystrophin mRNA, while two
RNAs which were chosen by using other criteria did not bind
vigilin. These data provide an analysis of the interaction of this
large and complex KH-domain protein with RNA and describe
a strategy for the identification of the still-unknown binding
sites of other RNA binding proteins.
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