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ABSTRACT

Many splicing factors interact with both mRNA and pre-mRNA. The identification of these interactions has been greatly
improved by the development of in vivo cross-linking immunoprecipitation. However, the output carries a strong sampling bias
in favor of RNPs that form on more abundant RNA species like mRNA. We have developed a novel in vitro approach for
surveying binding on pre-mRNA, without cross-linking or sampling bias. Briefly, this approach entails specifically designed
oligonucleotide pools that tile through a pre-mRNA sequence. The pool is then partitioned into bound and unbound fractions,
which are quantified by a two-color microarray. We applied this approach to locating splicing factor binding sites in and around
~4000 exons. We also quantified the effect of secondary structure on binding. The method is validated by the finding that
U1snRNP binds at the 5’ splice site (5’ss) with a specificity that is nearly identical to the splice donor motif. In agreement with
prior reports, we also show that U1snRNP appears to have some affinity for intronic G triplets that are proximal to the 5’ss. Both
U1snRNP and the polypyrimidine tract binding protein (PTB) avoid exonic binding, and the PTB binding map shows increased
enrichment at the polypyrimidine tract. For PTB, we confirm polypyrimidine specificity and are also able to identify structural
determinants of PTB binding. We detect multiple binding motifs enriched in the PTB bound fraction of oligonucleotides. These
motif combinations augment binding in vitro and are also enriched in the vicinity of exons that have been determined to be in
vivo targets of PTB.
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INTRODUCTION 1983), but there have also been reports of binding out-
side the 5'ss (Puig et al. 1999; McCullough and Berget
2000), and also reports of UlsnRNP performing non-
splicing functions (Furth et al. 1994; Abad et al. 2008).
In addition to cooperation between the factors that rec-
ognize these core elements, there are a variety of other
factors that act as splicing activators and repressors by
binding pre-mRNA to recruit or to modulate the recruit-
ment of other components of the splicing machinery to the
splice sites.

One such repressor is the abundant polypyrimidine tract
binding protein (PTB), a well-studied member of the

Splice site selection occurs through the coordinated recog-
nition of multiple cis-elements: the branch point, the 5’
splice site (5'ss), the polypyrimidine tract, the 3’ splice site
(3'ss), and a variety of auxiliary elements (Fairbrother and
Chasin 2000; Fairbrother et al. 2002). The binding of some
factors such as the snRNPs is thought to be well under-
stood. Through a mechanism of RNA:RNA base-pairing,
UlsnRNP predominantly recognizes the 5'ss (Mount et al.
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hnRNP family (Perez et al. 1997a; Liu et al. 2002; Shen
et al. 2004; Wollerton et al. 2004; Amir-Ahmady et al. 2005;
Sharma et al. 2005; Spellman and Smith 2006; Boutz et al.
2007; Matlin et al. 2007; Sawicka et al. 2008). The simplest
model of PTB-mediated silencing is through competition
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with U2AF65 for the binding of the polypyrimidine tract
(Singh et al. 1995; Liu et al. 2002; Sauliere et al. 2006;
Matlin et al. 2007). As U2AF65 and PTB possess similar but
not identical binding specificities (Singh et al. 1995), and
U2AF binding is required for 3'ss recognition (Ruskin et al.
1988; Zamore and Green 1991), slight differences in
sequence could shift the balance toward or away from
PTB binding, perhaps explaining why only a subset of
exons is repressed by PTB. PTB binding sites are often
found flanking regulated exons, and the disruption of one
binding site has been shown to interfere with the binding of
PTB at distal sites, demonstrating the potential for more
complex interactions (Ruskin et al. 1988; Zamore and
Green 1991; Chou et al. 2000). Other models of PTB
repression propose exon looping (Wagner and Garcia-
Blanco 2001), interference with 5’'ss definition (Izquierdo
et al. 2005; Sharma et al. 2005), and participation of co-
repressors such as Raver1 (Huttelmaier et al. 2001; Gromak
et al. 2003; Spellman and Smith 2006; Auweter and Allain
2008; Fairbrother and Lipscombe 2008). As each of these
mechanisms is built from a relatively small number of
cases, it is clear that a global view of PTB binding specificity
will be necessary to allow a more comprehensive picture of
PTB function to emerge.

Various methods exist to discover the RNA binding
specificity of proteins. Systematic evolution of ligands by
exponential enrichment (SELEX) is an iterative selection
technique that selects high affinity ligands from a random
pool (Tuerk and Gold 1990). The number of SELEX cycles
needed varies depending on the study, sometimes greatly
affecting the consensus. Separate determinations of PTB
binding specificity identified G-rich sequences flanking
short runs of pyrimidines after seven rounds of SELEX
and the motif UCUUC after 11 rounds of SELEX (Singh
et al. 1995; Perez et al. 1997b). In light of early observations
that splicing factors that bind too tightly are inhibitive
(Staley and Guthrie 1999), it is not clear that the highest
affinity site is more biologically relevant than the more
moderately bound sites. It may also be true that the highest
affinity ligand has an even higher affinity for another factor,
as was the case with sequences identified by SF2/ASF
SELEX, which were found to be bound by tra2 8 in extract
(Tacke et al. 1998). This problem of physiological signif-
icance is compounded by the fact that many of the sequences
in the initial, random pool do not exist in the genome and so
oligonucleotides enriched in the bound fraction often do not
map back to genomic sequence. Finally, SELEX studies are
often performed with purified protein (PTB), thus neglect-
ing cofactors such as Raverl, and competitors, like U2AF65,
which are normally present in the cell (Singh et al. 1995;
Rideau et al. 2006; Sauliere et al. 2006; Sickmier et al. 2006;
Boutz et al. 2007; Matlin et al. 2007).

To determine global binding specificity in a more
physiological context, RNPs formed in vivo can be isolated
by immunoprecipitation (IP) for further analysis. In vivo
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location protocols to map RNPs vary from RNA adapta-
tions of DNA ChIP protocols to UV cross-linking coupled
to high throughput sequencing (cross-linking immunopre-
cipitation [CLIP]) (Niranjanakumari et al. 2002; Ule et al.
2003; Keene et al. 2006). CLIP has been very successful in
mapping the binding of pre-mRNA splicing factors, NOVA
and Fox, to intronic regions (Ule et al. 2003; Auweter et al.
2006; Yeo et al. 2009). However, all validated PTB and
U2AF65 enrichments from in vivo location studies were
shown to be occurring on mRNA and not pre-mRNA
(Gama-Carvalho et al. 2006). Both PTB and U2AF65 are
implicated in additional cellular functions that bring them
into contact with mRNA (Cote et al. 1999; Tillmar and
Welsh 2002; Tillmar et al. 2002; Zolotukhin et al. 2002;
Hamilton et al. 2003; Kosinski et al. 2003; Castelo-Branco
et al. 2004; Coles et al. 2004; Knoch et al. 2004; Le Sommer
et al. 2005; Pautz et al. 2006; Kuwahata et al. 2007; Ma et al.
2007; Xu and Hecht 2007). While CLIP obviously provides
invaluable insight into in vivo binding events, there exist
certain biases in CLIP output that may influence certain
downstream analysis. As the cellular level of mRNA is
a thousand times higher than pre-mRNA, it is reasonable
to expect CLIP studies to preferentially return mRNPs
because the RNA upon which these complexes form
persists longer in the cell than pre-mRNPs (Supplemental
Fig. S1, and citations within). While it is clear that CLIP
provides invaluable in vivo insight, subsequent analysis such
as motif finding may suffer from inappropriately weighted
input. In other words, binding sites on exons may be
sampled at a higher rate that sites on introns, not because
they are more tightly bound but because mRNA has a much
longer half-life in the cell and therefore RNPs persist longer
on mRNA.

To record the affinity of splicing factors for pre-mRNA
in a cellular extract in a manner that circumvents this bias,
we have adapted the MEGAshift protocol to identify RNA
binding events around alternatively spliced exons that have
been re-synthesized as a tiled oligonucleotide pool (Tantin
et al. 2008). Similar to SELEX, this approach partitions
complex oligonucleotide libraries into a bound and un-
bound fraction by utilizing gel shift and co-immunopre-
cipitation (co-IP). We follow the level of UlsnRNP and
then PTB occupancy on each oligonucleotide by two-color
microarray and use the resulting enrichments to guide
motif discovery. Importantly, unlike CLIP or SELEX, the
output is not a sample of “winners” but a measurement of
enrichment on a large set of potential ligands and so
downstream analysis can also incorporate information
from “losers” (i.e., sequences that do not bind well). We
discover multiple binding motifs after only a single round
of binding enrichment and find that particular combina-
tions of motifs are highly enriched in the PTB bound
fraction. The resulting enrichment values were also used to
discover a relationship between secondary structure and
PTB binding.
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RESULTS

Experimental design and synthesis of oligonucleotide
pool

To determine the pre-mRNA binding sites of splicing
factors such as UlsnRNP and PTB, we first assessed the
utility of the CLIP methodology. Our interest was to
incorporate secondary structure determinants into a model
of RNA/splicing factor interactions. However, concerns
arose about the expression bias of CLIP (Supplemental
Fig. S1; Yeo et al. 2009), cross-linking biases, and selecting
the appropriate folding window in pre-mRNA to predict
the secondary structure around binding elements (Supple-
mental Fig. S2). Therefore, we developed a SELEX-based
approach targeted to searching the pre-mRNA regions
around alternatively and constitutively spliced exons that
utilized oligonucleotides of a defined length. The exon set
included pre-mRNA that demonstrated alternative splicing
in both mouse and human (Holste et al. 2006), predicted
alternatively spliced exons (Yeo et al. 2005), and arbitrarily
chosen exons. The complete set is annotated in a custom
UCSC Genome Browser tract that is available to download
(http://fairbrother.biomed.brown.edu/data/SelexMap/).

These regions were resynthesized as an oligonucleotide
pool that tiled a sequence window of 30 nucleotides (nt) in
length by 10-nt increments through ~4000 genomic re-
gions centered around exons but encompassing 200 nt of
their intronic flanks (Fig. 1A). Universal primer binding
sites were appended to each end of this 30-nt window, and
the resulting 60-mer were synthesized as a probe feature
onto a custom oligonucleotide array.

The oligonucleotide library was commercially synthe-
sized as a custom oligonucleotide array, liberated from the
slide, and then amplified via the universal primer bind-
ing sites at low-cycle polymerase chain reaction (PCR).
PCR amplifications that exceeded the log linear range
were identified by the presence of a low-mobility smeared
product in the acrylamide gel (Fig. 1B, gel lanes 1-4). In
melting and re-annealing experiments, the common flanks
facilitated imperfect duplex formation between different
members of the pool, resulting in a diffuse product that
greatly resembled the smear observed from overamplifica-
tion (Fig. 1B, gel lanes 5,6). We conclude that this diffuse
product represented an imperfect duplex that formed from
heterogeneous single-stranded DNA that failed to extend in
the final PCR cycle. The oligonucleotide pool was tran-
scribed into internally radiolabeled RNA via the T7 RNA
polymerase promoter introduced into the forward primer.

This RNA pool was then subjected to gel shift, filter
binding assay or co-immunoprecipitation to isolated RNPs.
The RNA oligonucleotides upon which these complexes
form are extracted, reverse-transcribed, and labeled with
Cy3 or Cy5. The representation of each oligonucleotide in
the bound fraction was compared to its abundance in the
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FIGURE 1. Experimental scheme for mapping splicing factors to pre-
mRNA. (A) The oligonucleotide pool was designed by tiling a length
of 30 oligonucleotides in 10-nt increments across approximately 4000
genomic regions. A total of 241,347 experimental and 90 validation
sequences were flanked by common primers and ordered as features
on a custom microarray. Features were recovered from the array
surface by scouring (Materials and Methods) and PCR-amplified
using the common, T7-promoter-tailed primers. After T7 transcrip-
tion, the amplified pool was partitioned into bound and unbound
fractions by EMSA with UlsnRNP preparations (see Fig. 2) or by co-
immunoprecipitation from HeLa nuclear extract using oPTB mab
BB7 (Fig. 3). Next, the starting pool was internally labeled with Cy3
dye, and the bound fraction was labeled with Cy5. These two RNA
pools were mixed so oligonucleotides competed for binding on a two-
color microarray, resulting in enrichment data. The array data were
mapped to genomic coordinates, and the scores at each location were
averaged and converted to base-10 log. An illustration of this
averaging step is given for three theoretical overlapping 30-nt
oligonucleotides with scores of 2, 4, and 0.5, where the average
enrichment score for each 10-nt window is graphed above. (B) Pool
overamplification was checked by electrophoresis. Acrylamide gel
lanes 1—4 represent the PCR-amplified pool after an additional two,
four, six, and eight cycles of PCR beyond the optimal amplification.
Heteroduplexes composed of unextended template are presumed to
comprise the low mobiliy smear in lanes 3 and 4. The optimally
amplified starting material (S, lane 5) was melted and reannealed
creating a mixed population of heteroduplexes that migrates as
a similar low mobility smear (lane 6).
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starting pool by Cy labeling the starting pool and allowing
both sets of differentially labeled oligonucleotides to hy-
bridize to a detection array. Enrichment was then measured
as the ratio of oligonucleotide in the bound fraction versus
that in the starting pool. After this process, the resulting
red/green ratio for a particular oligonucleotide was then
proportional to the fraction of that oligonucleotide species
in bound state under experimental conditions. The degree of
binding is projected onto genomic coordinates by averaging
the red/green ratios of all probe features in each column of
the alignment (Fig. 1A). This averaged ratio is logged such
that a positive value indicates enrichment in the oligonucle-
otide’s representation in the bound fraction of the pool.

U1snRNP predominantly binds the 5’ss but also
contacts 5’ss proximal intronic regions and the 3'ss

To test the feasibility of mapping splicing factors within the
regions of alternative splicing in pre-mRNA, we initially
selected UlsnRNP and isolated the oligonucleotides that
were gel shifted upon incubation with purified UlsnRNP.
While not all splice sites may be dependant on UlsnRNP
(Crispino et al. 1996) and UlsnRNP has been shown to
function outside the splice sites (McCullough and Berget
2000), we reasoned that UlsnRNP was a good choice for
initial mapping because it binds annotated 5'ss and is
therefore one of the few splicing factors with a large set of
known ligands. Under experimental conditions, 63% of
5’ss that map to the central region of the oligonucleotide
are enriched in the UlsnRNP shifted fraction in this study.
To test the affinity of each RNA oligonucleotide for
UlsnRNP, we incubated the oligonucleotide pool with
a purified fraction of human UlsnRNP (Gunderson et al.
1998; Abad et al. 2008). After verifying that the UlsnRNP
prep was competent to bind the control BPV 5'ss probes, we
adjusted the ratio of probe to protein such that ~5% of the
oligonucleotide pool was shifted (Fig. 2A, lanes 2,4). In-
creasing amounts of unlabeled pool were used to establish
that UlsnRNP was not present in great excess—the shifted
band in lane 4 of Figure 2A could be competed away in lanes
5 and 6 by increasing amounts of unlabeled pool. The region
of the gel corresponding to the shifted UlsnRNP complexes
was excised, amplified, and analyzed via microarray.
Ranking the oligonucleotides by the array measurement
of enrichment in the UlsnRNP bound fraction led to the
identification of a UlsnRNP binding specificity that was
nearly identical to the canonical donor site (Fig. 2B).
Furthermore, plotting the average binding enrichment as
a function of distance from the splice site reveals a strong
peak at the 5'ss (Fig. 2C). This peak around the 5’ss was
asymmetric—falling sharply on the exonic side and more
gradually into the intron. To gain better resolution of
U1snRNP binding at the 5'ss, we re-graphed the average
enrichment in a manner that preserved the registry of the
oligonucleotide at the 5’ss. We reasoned that this analysis
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FIGURE 2. Annotating pre-mRNA with locations of UlsnRNP
binding. (A) The parameters of UlsnRNP gel shift were established
with radiolabeled BPV 5’ss positive control (lane 2) and radiolabeled
RNA oligonucleotide pool to achieve a 1:20 shifted-to-unshifted ratio
of labeled RNA oligonucleotide pool (cf. lane 3 and lane 4). An
additional 3 pg and 10 pg of cold RNA oligonucleotide pool
established that the probe was in excess (lanes 5,6). (B) Oligonucle-
otides were ranked according to their ability to bind UlsnRNP. (Left
panel) The motif returned from Gibbs sampling on the 5'ss; (right
panel) the motif returned from the top 100 UlsnRNP enriched
oligonucleotides. (C) A generalized RNA map for UlsnRNP enrich-
ment data was made by compiling the information from all ~4000
regions into one map. The enrichment scores for each oligonucleotide
were sorted based on their distance from splice sites (x-axis). An
average enrichment score (y-axis) was calculated for each position 200
bases into the intron and 100 bases into the exon from each splice site
and plotted, resulting in a single map encompassing the entire
enrichment data set. (D) Oligonucleotide enrichment in the UlsnRNP
fraction was compared to the 5'ss location. The registry of the 5'ss
with respect the 3'-end of the oligonucleotide (red bars in alignment)
is listed on the vertical axis. Enrichment was plotted as a histogram.
Oligonucleotides used to calculate cyan histogram bars were selected
for motif finding analysis.

would reveal whether any additional information that
UlsnRNP might require for robust binding would reside
predominantly on the exonic or intronic side of the 5’ss.
However, the location of the 5’ss within the oligonucleo-
tide did not seem to affect UlsnRNP binding—oligonu-
cleotides with a donor site and predominantly upstream
exonic flank appeared with the same average enrichment as
oligonucleotides with predominantly downstream intronic
flank (Fig. 2D). Oligonucleotides lacking the intronic
portion of the 5’ss were not enriched in the UlsnRNP
bound fraction, whereas oligonucleotides lacking the
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exonic portion were enriched, but to a lesser degree than
oligonucleotides with intact 5'ss.

While the average enrichment of purely exonic sequences
was negative in the UlsnRNP bound fraction, we observed
a residual level of UlsnRNP binding in the intronic regions
immediately downstream from the 5’ splice site (Fig. 2D).
Motif finding algorithms run on the top 100 most enriched
oligonucleotides extracted from these downstream re-
gions returned a G triplet motif that has been previously
identified as an intronic enhancer that was proposed to
directly bind UlsnRNP through base-pairing interactions
(McCullough and Berget 2000).

Analyzing the oligonucleotides that contain splice sites
with the RNA folding program, Sfold, reveals that the 5'ss
regions within the individual oligonucleotides are engaged
in RNA secondary structure to varying degrees. It appears
that UlsnRNP binds preferentially to single-stranded splice
sites. After ranking the oligonucleotides according to their
enrichment in the shifted fraction, we observe that the top
10% is 1.75 times more likely to be completely unpaired
than the pool-wide average (Fig. 3). Conversely, none of
oligonucleotides that contain 5’ss predicted to be com-
pletely sequestered by secondary structure fall within the
top 60% of the pool. This trend of favoring unstructured
splice sites in the shifted fraction and sequestered sites in
the unshifted fraction becomes less pronounced for in-
termediate degrees of structure (Fig. 3). The direct anno-
tation of UlsnRNP on pre-mRNA was written as a custom
annotation track for the UCSC Genome Browser and is
available to download (http://fairbrother.biomed.brown.
edu/data/SelexMap/).

Selection of high affinity PTB ligands

After concluding that the overlap between UlsnRNP-
enriched oligonucleotides and 5'ss supported the general
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FIGURE 3. Comparison of secondary structure with UlsnRNP
binding. Secondary structure was modeled using Sfold for each of
the 1744 oligonucleotides that contained an annotated 5" splice site
(Ding et al. 2005). The structures are classified according to the degree
of predicted base-pairing over the windows that encompass the 9-nt
5’ss. The y-axis plots the average number of predicted structures in
each category for the particular bin of oligonucleotides defined by the
x-axis. The x-axis defines the bins as top cumulative percentile ranks
where oligonucleotides are ranked according to their enrichment in
the UlsnRNP shifted fraction.

validity of the method, we applied this approach to
mapping the binding sites of PTB. While PTB has been
determined to bind short tracts of polypyrimidines, these
motifs are too numerous to be useful in describing the
specificity of PTB. PTB, unlike UlsnRNP, is not associated
with a large set of known ligands. In order to physically
isolate the PTB-bound fraction of the library, we co-
immunoprecipitated PTB ligands with PTB from HeLa
nuclear extract. To establish that the PTB immunoprecip-
itation was also precipitating PTB-bound RNA, we dem-
onstrated by semi-quantitative PCR that the partition of
the total oligonucleotide pool into the immunoprecipitated
fraction is dependent on both the HeLa nuclear extract and
the oPTB mabBB7 (Fig. 4A). The bound and starting
fraction were reverse transcribed, differentially labeled with
Cy5 and Cy3, and then hybridized to the detection array.
Enrichment was then measured as the ratio of oligonucle-
otide in the bound fraction versus that in the starting pool
as described above. While we utilize the term “PTB bound”
to describe the enriched fraction, the RNA is incubated in
extract so some cases of binding may be indirect.

In order to make a useful generalization about where
a splicing factor binds pre-mRNA, the distances of all
60,592 probes to the nearest splice sites were calculated, and
their genomic average enrichment values were plotted as
a function of distance to the splice site (Fig. 4B). The largest
region of enrichment was immediately upstream of the 3'ss
in the vicinity of the polypyrimidine tract. PTB sites could
also be seen as reduced in abundance around the 5’ss and
occurred less frequently in exons than introns (Fig. 4B).

We used Gibbs sampling to discover sequence motifs
overrepresented within the PTB-enriched pool of our
experiment. As in previous studies (Tantin et al. 2008),
ranking the oligonucleotides by enrichment score and then
analyzing the top 1% of the data set resulted in the
identification of the motif CUCUC, similar to the in vivo
identified UCUCU motif enriched upstream of regulated
cassette exons (Fig. 4B; Castle et al. 2008) and more
importantly, identical to the oligonucleotide ligands used
in the PTB-ligand co-crystal structure (Oberstrass et al.
2005).

Biochemical validation of array data

To confirm array predictions and assess how well RNA
oligonucleotides that correspond to natural genomic se-
quence bind PTB, we selected several oligonucleotides for
UV cross-linking analysis. Two oligonucleotides selected
from the PTB-enriched fraction both cross-linked to a 58-
kDa protein (data not shown). As the efficiency of UV
cross-linking can vary with sequence, these measurements
were not considered quantitative. To better quantify PTB
binding, we established a standard UV cross-linking
reaction on a well-studied ligand and assayed oligonucle-
otides for their ability to compete in trans. The radiolabeled
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FIGURE 4. Discovering and validating PTB binding specificity. (A, lanes I-5) A Western blot of PTB immunoprecipitated from HeLa nuclear
extract (N.E.) with (lanes 4,5) or without (lanes 2,3) mab BB7. (sup) Lanes containing IP or mock IP supernatant. (Lanes 6-8) Semi-quantitative
PCR of oligonucleotides from the pool that co-immunoprecipitated with PTB. (Lanes 7,8) Oligonucleotides co-IP’ed in the absence of mab BB7
antibody or HeLa nuclear extract, respectively. (B) Motif finding on the top 1% of enriched oligonucleotides, using Gibbs sampling (Materials
and Methods), resulted in a PTB consensus motif. (C, lane 1) UV-cross-linking to a high affinity ligand isolated from 11 rounds of SELEX (S'")
was performed on HeLa extract (Perez et al. 1997b). (Lane 2) The cross-linked extract was then immunoprecipitated using mab BB7 aPTB
antibody. Samples were separated by PAGE. (Lanes 3-18) UV-crosslinking was performed using radiolabeled S'' as a probe in the presence of
increasing amounts (0-, 5-, or 50-fold molar excess) of unlabeled competitors as indicated. S7 is a PTB ligand isolated from seven rounds of
SELEX (Singh et al. 1995). (E and Ejp,) Oligonucleotides associated with high enrichment scores; (Epjo) also enriched for the motif described

above; (Pool) the unenriched oligonucleotide pool.

PTB ligand isolated from 11 rounds of SELEX (Fig. 4C, Sth
bound efficiently to a 58-kDa protein in HeLa nuclear
extract (Fig. 4C, lane 1). This product efficiently immuno-
precipitated with the PTB monoclonal antibody, mab BB7
(Fig. 4C, lane 2; Perez et al. 1997b). This interaction was
decreased and then lost upon addition of an increasing
molar excess of unlabeled S'' ligand (Fig. 4C, lanes 3-5).

2390 RNA, Vol. 15, No. 12

Using S'" as a standard, we shifted our analysis to repeating
a single cross-linking assay in the presence of a series of
unlabeled competitors (Fig. 4C, lanes 3-18).

With this approach, we find that the PTB aptamer
selected after 11 rounds of SELEX (S'') bound better than
the aptamer selected after seven rounds (S”) (Fig. 4C, lanes
4-6 vs. lanes 7-9). The natural sequences enriched in the
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PTB bound fraction of our pool were scored for their
similarity to the CUCUC motif returned from the Gibbs
sampling of the enriched set (Fig. 4B). Two oligonucleo-
tides from the top 1% of array enrichment data were
compared for their ability to bind PTB. Considering the top
five match windows, one oligonucleotide (Eno) was
enriched for the PTB binding motif relative to a second
oligonucleotide (E) that was not enriched for the PTB
binding motif (Fig. 4C). While both these sequences bound
PTB with a higher affinity than the unselected pool (Fig.
4C, lanes 16-18), the natural oligonucleotide that also
contained high scoring matches to the enriched motif
appeared stronger (Fig. 4C, cf. lanes 10-12 and lanes 13—
15). Targets of PTB defined in this manner appeared to
share a similar level of affinity for PTB as the aptamer
selected after seven rounds of SELEX. This set of sequences
that both fell within the enriched set and contained high
scoring PTB motifs is listed in Supplemental Table S1.

The role of secondary structure in PTB binding

While the experimental validation and the general agree-
ment between array-derived and published motifs suggests
that the co-IP approach largely selects for PTB ligands, we
considered the scenario in which secondary structure
influences PTB binding its ligand. Crystallographic and
SELEX studies have not detected a structural component to
PTB binding; however, there have been reports of PTB
binding structured regions of IRES (Kolupaeva et al. 1996;
Song et al. 2005).

To test whether predicted RNA secondary structure
significantly affected PTB binding, we used the RNA
structure prediction program Sfold to fold all 60,592
oligonucleotides (Ding et al. 2005). Unlike lowest free
energy prediction, Sfold returns an ensemble of 1000
structures that were sampled with replacement from all
possible structures with probabilities derived from their
predicted energies. In this way, lower-energy structures are
more likely to be included, possibly multiple times. We
ranked the oligonucleotides according to their binding
enrichment and then separated the 60 million predicted
structures into six categories according to their degree of
predicted secondary structure. If PTB binding was signif-
icantly affected by secondary structure, we hypothesized
that the highly enriched (PTB bound) set would have less
secondary structure. Indeed, an increasing fraction of
oligonucleotides fell into the unstructured category as
enrichment in the PTB bound set increased (Supplemental
Fig. S3). In addition, the more structured oligonucleotides
appeared to occur less frequently in the PTB-enriched set
(blue and cyan lines curve down in Supplemental Fig. S3).
As we have determined a PTB binding motif that is over-
represented in the enriched set, we repeated this analysis
considering only the 6-nt window that best fit the PTB
binding model. In other words, we limited our analysis to

the set of 2879 oligonucleotides that contained CUCUCU
and examined their predicted structures as a function of
array enrichment (Fig. 5A). When we considered only the
predicted binding site, we observed a more pronounced
association between enrichment and an open structure over
the spectrum of PTB oligonucleotide enrichment—there
was a twofold increase in completely unstructured PTB
motifs in the PTB-enriched set (Fig. 5A).

Finally, we sought a qualitative description of the
structure predicted on these oligonucleotides. Referring to
the primer binding regions as “primer,” we classified
predicted base pairs in the oligonucleotide pool into three
similarly sized groups: pre-mRNA/pre-mRNA (30.4%),
primer/pre-mRNA (34.5%), and primer/primer (35.1%)
(Fig. 5B). By comparing the top and bottom 1% of
oligonucleotide enrichment, we determined that primer/
primer base-pairing had a negligible effect on PTB enrich-
ment (Fig. 5B, right pair, similar bars). A lack of inhibitory
primer/pre-mRNA interactions also did not seem to
explain the top 1% of PTB enrichment (Fig. 5B, middle
pair, pink bar is similar to average), although this pairing
did explain a few cases of poor PTB enrichment (Fig. 5B,
middle pair, blue bar). The category of structure that best
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FIGURE 5. Comparison of secondary structure with PTB binding.
Secondary structure was modeled using Sfold for each of the 2879
oligonucleotides that contained CUCUCU, the highest possible
scoring match to the PTB motif (Ding et al. 2005). (A) The predicted
structures are classified according to the degree of predicted base-
pairing over the windows that encompass the 6-nt PTB motif,
CUCUCU. The y-axis plots the average number of predicted struc-
tures in each category for the particular bin of oligonucleotides
defined by the x-axis. The x-axis represents 10-nt bins of percentile
ranks (100-91, 90-89, ...), where oligonucleotides are ranked
according to enrichment in the PTB bound fraction. (B) Compares
types of base-pairing observed. Predicted base pairs were grouped into
three categories: pre-mRNA/pre-mRNA, primer/pre-mRNA, and
primer/primer. For each category, the number of predicted base pairs
in the (pink bar) top and (blue bar) bottom 1% of oligonucleotides
ranked by array enrichment was normalized to the pool-wide average
and plotted as a histogram.
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discriminates the enriched class from the background was
the pre-mRNA/pre-mRNA structure. In the top 1% there is
20% less pre-mRNA/pre-mRNA structure than observed in
the overall pool. These results demonstrate PTB’s strong
preference for single-stranded occurrences of the poly-
pyrimidine motifs. High affinity binding sites appear
to contain less pre-mRNA/pre-mRNA structure than
expected. This structure is not an artifact of the oligonu-
cleotide design but rather comes entirely from endogenous
sequence. In the Discussion section, we formalize how this
structural element can be incorporated into a predictive
model for detecting PTB binding sites in RNA. However,
the utility of such a predictive scheme will be limited by our
ability to accurately predict secondary structure in pre-
mRNAs—a task that is considerably more challenging in
longer sequences.

Modeling PTB binding with multiple motifs

Another aspect of PTB binding that emerged from struc-
tural studies was the possibility that PTB binds RNA semi-
independently with its four RRMs (Conte et al. 2000;
Simpson et al. 2004; Oberstrass et al. 2005; Petoukhov
et al. 2006). In order to explore the possibility of multiple
binding models, we reanalyzed the oligonucleotide pool by
Gibbs sampling, allowing up to four binding motifs, which
we labeled motifs A-D (Fig. 6A). The CU repeats identified
as the dominant motif were returned (Fig. 6A, motif C) as
well as a UUUCU motif (Fig. 6A, motif B) similar to the
pattern discovered in previous SELEX results (Perez et al.
1997b) and two novel CTG motifs (Fig. 6A, motifs A,D).
Annotating the entire oligonucleotide set with these four
motifs allowed us to compare the distribution of PTB
motifs in the set of oligonucleotides with the highest
enrichment scores versus the set with the lowest. All four
motifs were over-represented in the top 1% of oligonucle-
otides ranked by enrichment score and under-represented
in the bottom 1% (Fig. 6A). The pyrimidine motifs
associated more with highly enriched oligonucleotides than
the g-rich motif. Interestingly, the motif returned from 11
rounds of SELEX and presumed to be the strongest PTB
binder has the largest (sevenfold) over-representation in
the top 1% of oligonucleotides ranked by enrichment. We
also considered a scenario in which certain combinations of
motifs co-occurring within a single oligonucleotide func-
tioned synergistically. While multiple motifs frequently co-
occurred in the top 1% of oligonucleotides ranked by
enrichment, there were no cases of co-occurrence in the
bottom 1% (data not shown). Particular combinations of
motifs were observed more frequently in highly enriched
oligonucleotides than in the entire pool (P-value = 0.004),
indicating that it was not just the number but the identity
and order of the motifs that influenced PTB binding (Fig.
6B). One such combination was a motif B pair, which
occurred 169 times in the entire oligonucleotide pool, with
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FIGURE 6. Particular multi-motif combinations enhance PTB bind-
ing. PTB contains four RRMs that have been shown to interact with
RNA semi-independently. (A) Motif finding was repeated allowing up
to four binding models. The resulting motifs (A-D) were used to
annotate the pool. The average number of annotated sites was used to
calculate the over- or under-representation of motifs in the top and
bottom 1% of oligonucleotides ranked by enrichment (histogram bars
over each motif). (B) Co-occurrences of motifs were analyzed in the
top 1% of oligonucleotides ranked by enrichment. The number of
pairs that occur in the specified order were counted in the top 1% of
the data. The value in parentheses represents the number of co-
occurrences expected in the top 1% under a null model of no motif
enrichment. (C) Oligonucleotides containing motif combinations
were selected from the top one percentile for validation. UV-cross-
linking was performed as before using radiolabeled S'! as a probe in
the presence of increasing amounts (0-, 5-, or 50-fold molar excess) of
unlabeled competitors as indicated.

17% of these occurrences concentrated within the top 1%
of oligonucleotides ranked by enrichment (Fig. 6B).

To test potential synergy between co-occurrences of
motifs, we selected five additional oligonucleotides that
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represented examples of multiple motif combinations. As
has been observed in previous studies, bona fide PTB
targets contain multiple clustered PTB sites (Chou et al.
2000; Amir-Ahmady et al. 2005; Matlin et al. 2007). To
compare B-B and D-C motif combinations to the PTB
ligands established by SELEX, we repeated the UV cross-
linking/competition assay with increasing concentrations of
motif competitor (Fig. 6C). The combinations of B-B
bound PTB with an affinity comparable to the S'' substrate
that was produced after 11 rounds of SELEX. All tested
D-C motif combinations bind PTB with an affinity com-
parable to seven rounds of SELEX (Fig. 6C). The 29
oligonucleotides that contain multiple matches to motif B
and fell within the top 1% of oligonucleotides ranked by
PTB enrichment score are listed in Supplemental Table S2.

PTB motifs (pairs) are enriched around in vivo targets
of PTB regulation

To determine if the binding model developed with the high
throughput oligonucleotide binding assay accurately re-
flects in vivo binding, we analyzed a set of PTB regulated
exons for overrepresentation of PTB motifs. These 11
exon—intron regions were identified by the Smith lab on
the basis of their significant difference in splicing following
dual PTB/nPTB RNAi knockdown (Spellman et al. 2007).
To compare the number of PTB motifs in this set of in vivo
targets to a baseline value, we employed a sampling ap-
proach. Briefly, we compared the number of annotated
motifs in the set of PTB targets to the number of annotated
motifs in randomly selected sets of 11 exon—intron regions.
We performed this analysis with 1000 trials, where the
random sets were selected to preserve the size characteris-
tics of the set of PTB targets. Motifs B and C were both
enriched (both P-values = 0); however, motifs A and D
were not enriched (P-value = 0.81 and 0.57) (Fig. 7A).
Motif C was the dominant motif in the in vivo targets of
PTB (Fig. 7A). Motif combinations were scored in 30-nt
windows and, again, compared to random draws of 11
exon—intron regions. Motifs B-B and D-C were both over-
represented in the in vivo target set; however, the over-
representation of motif BB was significantly higher than D-
C, again consistent with the oligonucleotide binding study
(Figs. 7B, 6C). Motif C and motif pair C-C predominated
in the set of in vivo targets (Fig. 7B).

DISCUSSION

We used Gibbs sampling to identify CUCUC and UUUCU
and two CUG-type motifs as the most commonly occurring
motifs within the set of PTB-bound sequences (Figs. 4B,
6A). Previous SELEX experiments identified UCUUC,
similar to our motif B, as the highest affinity PTB binding
site after 11 rounds of selection (Perez et al. 1997b). It is
interesting to note that motif B, which is present in the
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FIGURE 7. The distribution of PTB motifs in endogenous PTB pre-
mRNA targets. A set of exons regulated by PTB in HelLa cells was
obtained from the literature (Spellman et al. 2007) . Motifs A—D were
annotated in the intronic and exonic regions around PTB regulated
splice sites. The number of sites found around splice sites that were
targets of PTB regulation was compared to the number of sites found
around randomly selected splice sites. A sampling strategy was utilized
to make this comparison. Control data sets were constructed by
drawing randomly selected pre-mRNA regions from refseq pre-
mRNAs such that each control set was equal in number and size
and arrangement (exonic and intronic portions) to the PTB regulated
set. (A) Histogram bars record the fold over-representation of each
motif to the average counted in the 1000 control sets. (B) Pairs of
motifs were searched with a 30-nt window as in Figure 6B. A heat map
conveys the over-representation of each combination in the PTB
targets relative to the average tallied over 1000 control sets.

strongest ligand, enjoys the highest fold enrichment in our
experiment, about a sevenfold over-representation in the
top-scoring enrichment set (Fig. 6A). A similar SELEX
experiment performed with fewer (seven) rounds of en-
richment identified a more degenerate short run of pyrim-
idines flanked by a G-rich sequence (similar to our motifs
A, D), and structural studies of PTB in complex with RNA
were solved using poly(CU) (Fig. 6A, motif C) (Singh et al.
1995; Oberstrass et al. 2005). Indeed, these results are
supported by our cross-linking experiments in which an
oligonucleotide enriched for PTB binding and also con-
taining the CUCUC motif competed for PTB binding as
well as the seven-round SELEX result (Fig. 4C).

In addition, we investigated the role of secondary
structure in UlsnRNP and PTB binding RNA. Both factors
demonstrate a clear preference for a single-stranded sub-
strate and a clear avoidance of a site completely sequestered
in secondary structure. Perhaps against expectation, PTB
binding appears slightly more affected by predicted sec-
ondary structure. PTB is a single-stranded RNA binding
protein that binds CU repeats. We observe that oligonu-
cleotides that bind PTB strongly tend to be unpaired in the
window that encompasses the best match to the CU motif.
The best relationship between binding and reduced struc-
ture appears to be found in the structure that is confined
entirely to the pre-mRNA region and does not include the
primer binding site. While a SELEX study revealed NOVA-
1 bound preferentially to single-stranded motifs within
hairpin structures, to our knowledge this study is the first
attempt to incorporate structure into a binding model for
a splicing factor (Song et al. 2005). Our future efforts will
be to extend this analysis incorporating structure and motif
combinations into a predictive model. One form that such
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a predictive model could take is to extend the model used
by pattern search programs such as Patser (Hertz and
Stormo 1999) with an additional scoring component re-
lated to the degree of single strandedness of the target site.
While the implementation of such a model awaits im-
provements in RNA structural prediction of long pre-
mRNAs, the model and relevant data are included in
Supplemental Table S3. To our knowledge, this represents
the first binding model that incorporates both sequence
and structural parameters.

In closing, this method is similar to SELEX performed on
a subset of sequences selected by the researcher. In this case,
we utilized real pre-mRNA sequences around alternatively
spliced exons; however, mutations or polymorphisms or
random sequences could be used. As high affinity binding
sites are not always the physiological ligand of an RNA
binding protein, there is an inherent advantage to restrict-
ing the search to real sequences. Furthermore, such an
approach does not sample enriched oligos but returns data
for each oligonucleotide allowing for information to be
gleaned from poorly binding sequences as well as highly
bound sequences. One potential drawback is a failure to
distinguish between direct and indirect binding events and
the possibility of false negatives on cooperative binding
events that depend upon long-range combinations of cis
elements that exceed the oligo window size. It is unclear
whether this is an issue with PTB, as modules were dis-
covered and validated with the oligonucleotide widths used
in this study. However, both these issues can be remedied
by repeating the method with recombinant PTB on longer
oligonucleotides.

MATERIALS AND METHODS

Design of the array library and pool recovery

The total library consisted of 241,347 oligonucleotides tiled
through ~4000 exons downloaded from the UCSC Genome
Browser. Tiling of the 30-mers by 10-nt increments extends 100
nt into the exonic and 200 nt into the intronic region. DNA was
recovered from synthesis arrays by adding 500 L of dH,O to the
surface of the array, thoroughly scouring and resuspending using
a 25-gauge needle, sonicating, and PCR amplifying.

U1snRNP EMSA

Electrophoretic mobility shift assay (EMSA) was done as pre-
viously described (Gunderson et al. 1998) and contained either 20
ng (0.03 wM final) of 100-nt 32p_labeled BPV1-RNA derived from
BPV1 that contains a 9-nt UlsnRNP binding site (Gunderson
et al. 1998) or 1 pg (3 uM) of **P-labeled RNA oligonucleotide
pool. Two samples also contained 9 pg and 30 pg of unlabeled
oligonucleotide pool as a competitor. Binding reactions (final
volume of 20 L) contained 1 mM MgCl,, 60 mM KCl, 0.1%
Triton X-100, 8% glycerol, 1 g of total yeast tRNA, 10 mM DTT,
20 mM Tris-HCI (pH 7.5), 3 units of RNasin (Promega), 0.1 mM
EDTA, and 3 pg of bovine serum albumin. Two micrograms of
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UlsnRNP was added last (final concentration of 0.3 wM), and the
reaction was incubated for 5 min at room temperature prior to
loading a 6% (60:1) polyacrylamide gel run in Tris-Borate-EDTA
buffer. The amount of UlsnRNP was varied across a 20-fold range
to ensure the linear range of the assay and to maintain specificity
of binding as defined by use of a BPV1-RNA containing a mutated
Ul1snRNP binding site (Gunderson et al. 1998). Electrophoresis
was for 3 h at 20 V/cm. The purification of UlsnRNP (judged to
be >98% pure) from HeLa cells is described in Abad et al. (2008).

After autoradiography and phosphoimage analysis, the
UlsnRNP bound-RNA was excised from the gel, passively eluted
in SDS buffer overnight, and the RNA was collected by phenol-
chloroform extraction and ethanol precipitation and subjected to
microarray analysis as described below.

Array hybridization

RNA that precipitated with ASF/SF2 as well as the pre-enrichment
starting pool was transcribed from the cDNA using the common
flanking primers containing a T7 polymerase promoter.

The oligonucleotides were labeled with Cy5 and Cy3 dyes,
respectively. The MEGAshortscript transcription kit was used
(Ambion), using 1 pL of 5-(3-aminoallyl)-UTP (Ambion) and
no regular UTP. Monoreactive Cy3 and Cy5 dyes (GE Healthcare)
were prepared by mixing them with 45 wL of DMSO. To the RNA
product, 4.5 pL of Coupling Buffer (0.1 M Na,CO3), 2.5 pL of
H,O, and 3 pL of prepared dye were added. The mixture was
incubated for 1 h at room temperature; the reaction was
terminated by incubating it with 6 pL of 4 M hydroxylamine
for 15 min. The RNA was then extracted by phenol-chloroform
and ethanol precipitation. The following was used as a hybridiza-
tion solution: 50 wL of blocking buffer, 30 pL of starting RNA/45
pL of elution RNA (corresponding to 750 ng of RNA), 10 wL of
25X fragmentation buffer, 250 wL of 2X hybridization buffer, and
H,0 up to 500 pL (all buffers by Agilent). This was then injected
in the array chamber and incubated for 3 h at 50°C. The array was
then gridded and subjected to signal-to-noise filter—only data
points that, in the starting pool, scored higher than 2.6 standard
deviations above background were analyzed.

PTB binding and protein analysis

A 1:1 mixture of magnetic Protein A and Protein G Dynabeads
(Invitrogen) was incubated with 5 wL of mab BB7 hybridoma
supernatant (ATCC# CRL-2501). Fifty microliters of this slurry
were added to 120 g of HeLa nuclear extract and 200 ng of RNA
pool (4°C, 1 h). RNA was recovered by boiling in 1% SDS.
Enrichment was quantified by two-color microarray analysis using
standard protocols. For Western blotting, 15 L of mab BB7 were
incubated overnight on the membrane and imaged with HRP-
conjugated anti-mouse secondary.

UV-cross-linking

Unlabeled cold competitors were prepared following standard
protocols. Radiolabeled probe was prepared using **P-UTP to
a final concentration of 10 wCi. All samples were visualized on
7 M urea polyacrylamide gels and quantified via RiboGreen
(Invitrogen), phosphorimaging (ImageQuant; GE Healthcare),
and/or UV spectrometry (Nanodrop).
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For each reaction, 200 ng (0.01 nM) of radiolabeled probe were
added to 30 g of HeLa cell nuclear extract and an increasing
amount (0-, 5-, or 50-fold molar excess) of competitor RNA and
incubated for 30 min at 25°C. Reactions were exposed to UV for
15 min at 120 mJ/cm® 5 cm from the source. RNA was digested
using RNAse A/T1 mix for 1 h at 37°C. For cross-linking-IP,
a portion of the reaction was incubated with the bead mixture
prepared above for 1 h at 4°C. All samples were separated by SDS-
PAGE and imaged.

Data visualization

The enrichment values were visualized using the UCSC Genome
Browser. A wiggle-format custom track calculates the logged
average enrichment score for overlapping oligonucleotides. The
data, scripts, and documentation for this project are available for
download (http://fairbrother.biomed.brown.edu/data/SelexMap/).

Genomic intron and exon positions were obtained using the
Known Genes track from the UCSC Genome Browser (Karolchik
et al. 2008). BLAST (Altschul et al. 1997) was used to map each
oligonucleotide to its nearest splice site. An average enrichment
score was calculated from overlapping oligonucleotides for each of
the 100 exonic and 200 intronic bases.

Motif finding, annotation, and secondary structure
prediction

Binding motifs were identified in the top 1% of oligonucleotides
ranked by enrichment using the Gibbs sampler (V 3.04.006)
(Thompson et al. 2007). For multiple motifs, oligonucleotides
containing splice sites were omitted. Oligonucleotides were
annotated using Patser v3e (Hertz and Stormo 1999). Patser was
used to obtain and sum the scores of the top five CUCUC
(Supplemental Table S1, Eyy) or UUUCU (Supplemental Table
S2) motifs per oligonucleotide. Motifs were visualized using
SeqLogo (Schneider and Stephens 1990). Structures were sampled
using Sfold 2.0 (Ding et al. 2005). The top scoring motif site in
each oligonucleotide (Fig. 4A) was determined using Patser v3e
(Hertz and Stormo 1999). The number of nonpaired positions in
each of the top scoring sites was plotted against the oligo’s
enrichment score. The P-value for the enrichment of pairs in
the top 1% versus the entire pool (Fig. 6B) was calculated by
simulating 1,000,000 draws from the null distribution.

Motif analysis in in vivo targets of PTB

For the 11 intron—exon regions identified by the Smith lab, Patser
v3e (GZ Hertz and GD Stormo, unpubl.) was used to determine
the top-scoring motif sites in these sequences, for each of the four
motifs. Score cutoffs for each motif were determined by selecting
the top 2% of scores. To determine the distribution of motif
counts in the rest of the genome, 1000 random sets of 11 intron—
exon pairs from the genome were also run through Patser v3e
using each of the four motifs, and scores above the aforemen-
tioned cutoffs were recorded, yielding a distribution for each
motif, from which means were calculated. A fold-enrichment
score was then calculated as the ratio of the number of motif
scores in the top 2% of the Smith data to the mean number of
motif scores above that 2% cutoff in the randomly sampled data.

To examine motif combinations, two motifs were considered to
be a pair if their first positions were within 30 nt of each other.

Pairs were considered only when both of the annotated motifs had
scores falling above the 2% cutoff. For each of the 16 ordered
pairs, counts of the pairs were tabulated for both the Smith
sequences and the 1000 random sets of sequences, and a mean
count value for the random data was calculated. A fold-enrich-
ment score was calculated in the same way as above, as the ratio of
the number of pairs in the Smith data to the mean number of
pairs in the randomly sampled data.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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