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ABSTRACT

Tissue- and stage-specific alternative splicing events are widespread in mammals, yet the factors and mechanisms
that direct these important posttranscriptional events are poorly understood. In this study, we focus on the 24-nt exon
of the GABA, receptor y2 pre-mRNA, which is subject to neuron-specific and developmental splicing regulation in the
rat cerebellum. Here we show biochemical evidence for a mechanism that directs the selective repression of the
neuron-specific exon in non-neuronal splicing extracts derived from HelLa cells. Key evidence includes the discovery
that the pathway of y2 pre-mRNA splicing switches from exon skipping to exon selection in splicing reactions with
a short RNA competitor containing the 3’ splice site region upstream of the 24-nt exon. In this assay, exon selection
results from the coordinate activation of both flanking introns. A detailed dissection of this pre-mRNA region shows
that it contains four repressor sites clustered around the branch site and extending into the 24-nt exon. These
repressor sites are pyrimidine rich and bind avidly to the polypyrimidine tract binding protein (PTB) in HeLa nuclear
extracts as determined by UV crosslinking/competition assays. Repression of the exon selection pathway is closely
associated with the appearance of a specific RNA-protein complex, indicative of an inhibitor complex, that assembles
on the repressor array. Upon the switch to the exon selection pathway, a substantial decrease in the inhibitor complex
and a reciprocal increase in spliceosome complex A is observed. Excess recombinant PTB squelches the splicing
switch and reestablishes exon skipping as the predominant splicing pathway. Extracts prepared from rat brain nuclei
show reduced levels of conventional PTB compared to other splicing factors. Nonetheless, the rat brain nuclear
extracts contain an activity that assembles an analogous inhibitor complex efficiently. We report a 59-kDa protein,
p59, which has an electrophoretic mobility distinct from HeLa and rat kidney PTB, and which behaves in RNA binding
assays as if it is the PTB counterpart in rat brain. Evidence that rat brain p59 is structurally related to PTB stems from
western blot and immunoprecipitation analysis with a monoclonal antibody specific for the hnRNP | isoform of PTB.
A model describing how the repressor array directs coordinate splicing regulation of flanking introns in the context
of overlapping positive regulatory elements is discussed. The sequence, (5') UUCUCU (3'), in a pyrimidine context is
associated with one class of intron splicing repressor sites that binds PTB in a variety of pre-mRNAs that are
regulated by tissue-specific programs.

Keywords: alternative splicing; hnRNP I; PTB; splicing regulation; splicing repression

INTRODUCTION eukaryotes. Yet the identities of the molecular machin-
eries and how these regulators modulate complex splic-
ing decisions are largely unknown. In theory, the
selective expression of splicing regulatory machineries
in some tissues relative to others could account for the
appearance of unique spliced mRNAs.

The regulation of alternative pre-mRNA splicing by
tissue-specific and developmental programs is a char-
acteristic feature of gene control employed by higher
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1996). The relative level of ASF/SF2 and hnRNP Al,
for example, modulates the choice between proximal
and distal alternative 5' splice sites in a variety of
pre-mRNAs in HeLa nuclear extracts and in cell lines
(Mayeda & Krainer, 1992; Caceres et al., 1994). Al-
though multiple SR proteins exhibit similar effects on
splice site utilization or alternative splicing, differen-
tial effects have also been observed (Fu et al., 1992; Fu,
1993; Ramchatesingh et al., 1995; Screaton et al., 1995;
Wang & Manley, 1995). Furthermore, the relative lev-
els of some SR and hnRNP proteins have been shown
to vary in different tissues, or cell lines, suggestive of
the idea that these differences might contribute to splic-
ing regulation (Zahler et al., 1993; Kamma et al., 1995).
The extent to which tissue-specific splicing events are
modulated by changes in the relative levels of general
splicing factors, compared to the selective expression
of designated splicing regulators, is a major unresolved
question.

A striking variety of RNA binding proteins that fall
outside of the SR protein family have been shown to
modulate splicing decisions in response to specific RNA
signals in the target pre-mRNA. P-element somatic in-
hibitor (PSI) functions to repress the splicing of the
third intron of Drosophila P element transposase pre-
mRNA in response to specific RNA signals in the sec-
ond exon (Siebel et al., 1995). PSI functions together
with hrp48 and U1 snRNP to mediate splicing repres-
sion in the context of a multicomponent complex (Sie-
bel et al., 1992). Drosophila Transformer (Tra) is involved
in the positive regulation of 3" splice site selection in
doublesex pre-mRNA, in response to prototypical exon
enhancer RNA signals and in the context of a multi-
component complex containing SR protems (Than &
Maniatis, 1992, 1993). Sex-Lethal (SxI), another regula-
tor of the sex determination pathway of Drosophila,
functions as a splicing repressor. SxI binds to specific
polypyrimidine tracts in transformer pre-mRNA and in
its own transcript, resulting in 3’ splice site inhibition
due to the absence of a required effector domain in the
sxl protein (Horabin & Schedl, 1993; Valcarcel et al.,
1993). Even the single splicing regulatory event known
to occur in Saccharomyces cerevisiae is dependent on
Merl, a meiosis-specific RNA binding protein. Merl
positively regulates the splicing of the Mer2 pre-mRNA
in response to specific sequences in the exon, appar-
ently by relieving a defect in U1 snRNP binding to the
5’ splice site (Nandabalan & Roeder, 1995).

The 60-kDa polypyrimidine tract binding protein
(PTB) is emerging as a potent splicing repressor and
alternative splicing modulator in mammalian systems.
PTB was identified initially as a protein involved in 3’
splice site recognition, and later as a structural com-
ponent of hnRNP and spliceosome complexes, al-
though a requirement for PTB in splicing has not been
demonstrated (Garcia-Blanco etal., 1989; Gil et al., 1991;
Patton et al., 1991; Ghetti et al., 1992). Nonetheless, a
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growing body of evidence shows that PTB binds to
negative regulatory elements in 3’ splice site regions of
a- and B-tropomyosin pre-mRNAs (Guo et al., 1991;
Mullen et al., 1991; Patton et al., 1991; Mulligan et al.,
1992; Gooding et al., 1994). PTB recognizes distinct
polypyrimidine tract sequences, compared to sx/ and
U2AF%, and has been shown to function as a sequence-
specific repressor of 3’ splice site activity (Singh et al.,
1995).

PTB is an atypical member of the large family of
RNA binding proteins containing RN A recognition mo-
tifs, because the four RNA binding domains in the
protein conform to general structural features but dif-
fer from the canonical RNP1 and RNP2 sequences
(Ghetti et al., 1992; Dreyfuss et al., 1993). Sequence
information from PTB ¢cDNAs indicates that hnRNP I
and three additional PTB isoforms are generated by
alternative splicing (Gil et al., 1991; Patton et al., 1991;
Ghetti et al., 1992).

From the collective evidence, PTB behaves in the
nucleus as a remarkably versatile and multifunctional
RNA binding protein, acting as a structural compo-
nent of hnRNP complexes, and playing the role of a
splicing repressor/alternative splicing modulator for
certain pre-mRNAs. To what extent PTB represses, or
modulates alternative splicing events is poorly under-
stood, and additional functions of PTB cannot be ex-
cluded. Recent evidence indicates that PTB has at least
two additional roles in the cell as a sequence-specific
RNA binding protein. In one case, PTB binds to an
intron enhancer element in calcitonin CGRP pre-mRNA,
where it is involved in a mechanism that activates
polyadenylation and terminal exon selection (Lou
ot al., 1996). Furthermore, PTB recognizes multiple re-
gions of an RNA stem loop structure characteristic of
internal ribosome entry sites in picornavirus RNAs
and their associated pyrimidine tracts (Belsham &
Sonenberg, 1996). Functional evidence demonstrating
a requirement for PTB in one internal translation ini-
tiation event, presumably occurring in the cytosol, is
derived from in vitro depletion/reconstitution assays
(Kaminski et al., 1995).

Here we report evidence for the involvement of PTB
as a trans-acting repressor of a neuron-specific splicing
event in non-neuronal nuclear extracts. Although
neuron-specific splicing events abound in mammalian
systems, the nature of the regulatory molecules and
mechanisms represent significant gaps. Alternative
splicing of the 24-nt exon of the y2 subunit of the
GABA, receptor, y2 pre-mRNA, is subject to cell-
specific and developmental regulation in defined neu-
rons of the rat cerebellum (Wang & Grabowski, 1996).
In this previous study, y2 pre-mRNA behaves as if it is
coordinately regulated with several other neuron-
specific exons in cerebellum tissue during postnatal
development. However, resolution at the single neu-
ron level reveals significant differences even in the
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extent and timing of the y2 pre-mRNA splicing event
in cerebellar Purkinje and Granule neurons, indicative
of cell-specific differences in the splicing regulatory
machinery. Recently, we have identified two novel RNA
elements that are essential for selection of the 24-nt
exon, based upon the expression of y2 mini genes in a
cerebellar cell line (Zhang et al., 1996). The essential
RNA elements comprise a noncanonical 9-nt sequence
between the 3’ splice site/polypyrimidine tract and
AG dinucleotide, as well as a 3-nt segment within the
24-nt exon.

Stemming from recent efforts to devise an in vitro-
regulated splicing assay for the identification of the
activities that recognize these positive regulatory ele-
ments, we now document biochemical evidence for
the involvement of PTB in a complex mechanism re-
sponsible for the repression of neuron-specific exon
selection. An array of repressor sites surrounding the
branch site, adjacent to the 24-nt exon, is a key feature
of this alternative splicing event due to its ability to
bind PTB selectively at multiple sites and assemble a
specific inhibitory complex. We propose that the in-
volvement of PTB in the inhibition of neuron-specific
exon selection, which is documented here in HeLa cell
nuclear extracts, is representative of similar events that
occur in non-neuronal cells of mammalian brain in
which y2 pre-mRNA is spliced by predominant exon
skipping (Bovolin et al., 1992). Interestingly, nuclear
extracts prepared from rat brain nuclei assemble an
analogous inhibitory complex on the repressor array,
but contain significantly less of the standard PTB dou-
blet. Nonetheless, a protein, p59, with an electropho-
retic mobility distinct from the HeLa and rat kidney
PTB, appears to be the predominant form of PTB in rat
brain based upon its RNA binding specificity and re-
activity with a monoclonal antibody specific for
hnRNP 1.

RESULTS

Switch to the neuron-specific splicing
pathway is triggered, in vitro, by

a short RNA competitor containing
an inhibitory intron sequence

In a recent study, cell and substrate-specific splicing
regulation of y2 pre-mRNA was recapitulated in a cer-
ebellar cell line, and essential RNA elements defined
for the minimal substrate, rGy25 (Zhang et al., 1996).
To address the biochemical mechanism of regulation,
we have used the essentially identical rGy25 Xho 1
substrate as a starting point for in vitro studies
(Fig. 1C). In a HeLa nuclear extract, rGy25 Xho I un-
dergoes efficient splicing by exon-skipping, whereas
little or no splicing is observed between the regulated
exon and either its upstream or downstream exon part-
ner (Fig. 1A, lane 2). These results are consistent with
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the hypothesis that HeLa extracts lack neuronal fac-
tors that positively regulate exon selection. Alterna-
tively, HeLa extracts might contain a characteristic
inhibitory activity that represses exon selection in non-
neuronal cell types.

The involvement of splicing inhibition in the y2 mech-
anism was indicated initially by the observation that
the neuron-specific exon is spliced to its downstream
partner when the 3’ splice site region adjacent to the
regulated exon is replaced by another weak 3’ splice
site. For example, intron b, the intron b lariat 3’ exon
intermediate, and the linear product of the intron b
splicing event are reproducibly increased for rGy83
Xho 1, compared to rGy25 Xho I (Fig. 1A, lanes 5 and 6).
These results suggested that a sequence involved in
splicing inhibition might be contained within the 3’
splice site region of the y2 intron a. To test this idea, we
constructed the 57B RNA competitor with the 3’ splice
site region of intron a, the 24-nt exon, and a short
segment of the downstream intron. When the 57B RNA
competitor is added to the splicing reaction at a 50-
fold molar excess compared to the **P-labeled sub-
strate RNA, a switch from exon skipping to exon
selection results (Fig. 1A, lane 3). The alternate splic-
ing pathways are shown schematically (Fig. 1B). In
particular, the lariat intron-3’ exon intermediates for
the splicing of intron a first, and intron b first, and the
intron b product accumulate at the expense of the in-
termediate and products for the exon skipping path-
way. The asterisk denotes the lariat intron-3" exon
intermediate for the first step of intron a splicing.
Whereas excised intron a is masked by pre-mRNA in
the experiment of Figure 1A, it is clearly resolved on
5.5% polyacrylamide/7 M urea gels. A similar splicing
switch is observed for the 63B RNA competitor, which
lacks the essential 9-nt element defined previously
(lane 4). The predominant RNA signal responsible for
inducing the splicing switch is located just upstream
of the branch site in intron a (see below, Fig. 3).

The results shown above are consistent with the hy-
pothesis that the RNA competitors sequester, by mass
action, one or more factors required for splicing re-
pression in a manner that is independent of the essen-
tial 9-nt element. In this assay, a 1-h splicing reaction is
chosen to maximize lariat RNA intermediates, rather
than the exon-selected mRNA product. The identities
of the mRNA products and intermediates are inferred
from the kinetics and ATP dependence of their appear-
ance during the splicing reaction, their electrophoretic
mobility on 4% and 7% polyacrylamide/7 M urea gels,
the effect of incubation in an 5100 extract under de-
branching conditions, and by comparison to the splic-
ing of RNA variants, including an artificially generated
transcript containing the 5’ exon, intron a, followed by
the fused middle and 3’ exons (not shown). In addi-
tion, the accuracy of splicing was demonstrated for the
exon-skipped mRNA product by reverse transcription,
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FIGURE 1. An alternative splicing switch induced by a short RNA competitor. A: HeLa nuclear extract was incubated
with *2P-labeled pre-mRNA substrate under splicing conditions for 0 (lane 1), 60 min (lanes 2, 3, 4), or 120 min (lanes 5,
6). Unlabeled RNA competitors, at 50-fold molar excess over substrate RNA, were preincubated with the nuclear extract
for 5 min on ice before addition of the substrate (lanes 3, 4). Schematic of intermediate and product RNAs are shown at
right. Lariat intron-3' exon intermediate (asterisk, *) (see Fig. 1B). Samples were separated by electrophoresis in 4%
polyacrylamide/7 M urea gels, followed by autoradiography of the dried gel. Substrate rGy83 is identical to rGy25 except
that the region between —227 and —3 nucleotides upstream of the intron a 3’ splice site is replaced with the equivalent
region of rat preprotachykinin intron 3 (Zhang et al., 1996). B: Schematic of the neuronal and non-neuronal splicing
pathways. Exons and introns are denoted by boxes and lines, respectively. The alternative exon is shaded. C: Schematic of
RNA substrates and competitors. Exon and intron lengths are indicated in nucleotides. The 63B RNA competitor is
identical to 57B, except for deletion of the 9-nt essential element separating the polypyrimidine tract from the AG
dinucleotide (diamond). D: Splicing reactions with the indicated substrate RNAs were incubated for 0 (lanes 1, 4, 7), 60
(lanes 2, 5, 8), and 120 min (lanes 3, 6, 9) with HeLa nuclear extract and the RNA products resolved on a 4% polyacrylamide/
7 M urea gel. RNA intermediates and products are indicated schematically.
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PCR amplification, and sequencing of the cloned prod-
ucts. The accuracy of the exon-selected RNA product
was determined by primer extension analysis.

When introns a and b are tested individually in the
context of the two exon substrates, rGy25 BamH 1 and
rGy46 EcoR 1, it is evident that intron a splicing is
extremely inefficient, whereas intron b splicing is highly
active (Fig. 1D, lanes 4-9). Thus, there is no intrinsic
block to the splicing of intron b upon the deletion of
intron a sequences. A schematic of the RNA substrates
is shown (Fig. 1C). Only two nucleotides of intron a
are present in the rGy46 EcoR 1 substrate. These results
suggest that, for the wild-type substrate, rGy25 Xho I,
a sequence located in intron a might be responsible for
splicing inhibition of both introns a and b.

PTB binds selectively to an intron a RNA
sequence associated with the inhibition
of intron a and b splicing

To identify candidate proteins involved in the mecha-
nism of inhibition of intron a and b splicing in the HeLa
extract, we employed a UV crosslinking/competition
scheme. Reactions are incubated under binding condi-
tions, followed by UV crosslinking, ribonuclease diges-
tion, and SDS-PAGE analysis. In the absence of RNA
competitor, the 57B RNA substrate crosslinks predom-
inantly to a protein doublet with an apparent molecu-
lar weight of approximately 60 kDa (Fig. 2, lane 3). In
the presence of increasing amounts of the 57A RNA
competitor, which contains only the 3’ region of in-
tron a, crosslinking to the 60-kDa protein doublet de-
creases substantially, indicative of specific binding
(lanes 4 and 5). In the presence of the 74B competitor,
there is only a small reduction in the crosslinking of the
60-kDa protein doublet (lanes 6 and 7). These results
show that the predominant binding site of the 60-kDa
protein must be the pyrimidine-rich region that is
present in 57A RNA, but absent in 74B RN A (Fig. 2, bot-
tom). The molecular weight and pyrimidine-rich bind-
ing characteristics suggested that the 60-kDa protein
doublet might be the polypyrimidine tract binding pro-
tein, PTB. For this reason, we tested the ability of a
polyclonal PTB-specific antibody obtained from J. Pat-
ton (Vanderbilt University) to immunoprecipitate the
60-kDa protein doublet from UV crosslinking reac-
tions similar to that shown in Figure 2, lane 3. As
expected, the 60-kDa protein doublet was immunopre-
cipitated selectively with the anti-PTB antibody (data
not shown; see also Fig. 9D).

To further assess the binding characteristics of the
intron a 3’ splice site region, phosphorimager analysis
was used to estimate the change in protein crosslink-
ing upon the addition of RNA competitor. At the max-
imum level of 57A RNA competitor, there is a fourfold
reduction in PTB binding, compared to a twofold re-
duction in U2AF® binding (Fig. 2, lanes 3 and 5). Thus,
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FIGURE 2. Selective binding of PTB to the polypyrimidine tract
upstream of the branch site in intron a. Schematic of the region
flanking the regulated 24-nt exon is shown below with the salient
sequence features indicated: U/C, a 28-nt pyrimidine-rich stretch;
A-rich, a 23-nt A-rich element including the branch site; BP, branch
point present 33 nt upstream of the 3’ splice junction; PY, 15-nt long
polypyrimidine tract; 9 nt, essential regulatory element separating
the polypyrimidine tract from the AG dinucleotide. 5" and 3" splice
sites (5" ss; 3' ss). Sequences contained in the RNA substrates and
competitors are indicated by the lines at bottom. Reactions shown
contain RNA substrate and HeLa nuclear extract incubated in the
absence (lanes 1, 2, 3) or presence of the indicated competitor
(lanes 4, 5, 6, 7) for 5 min on ice immediately prior to UV treatment.
RNA competitor is present in the indicated reactions at 2- and 12-
fold molar excess compared to substrate RNA (increase indicated by
wedge). Following UV irradiation and RNase digestion, proteins are
resolved on a 12.5% polyacrylamide gel. Molecular weight markers
are indicated at right. Crosslinking of the polypyrimidine tract
binding protein, PTB, is indicated by the double arrow. Identifica-
tion of PTB is provided by immunoprecipitation. U2AF® is visual-
ized as the protein immediately above the PTB doublet. A protein of
apparent molecular weight 100 kDa, which shows a reproducible
increase in UV crosslinking upon addition of 57A RNA competitor,
is indicated.

the 66-nt 3' splice site region of intron a (57A) binds
preferentially to PTB.

In agreement with the above results, the 57A RNA
competitor induces the switch to the exon selection
pathway, whereas the RNA competitor, 74A, has little
or no effect on splicing of rGy25 Xho I (Fig. 3, lanes 1-3).
These results are also consistent with previous reports
that establish a role for PTB as a splicing repressor in



A splicing switch mediated by a repressor array and PTB

rGy25 Xhol substrate

71°

- .

- -‘\b‘?‘ Q;\Y.————i-

PTB add back

competitor

L D

—
- - - "

- am e a ==

» . QO
I <
- [ 2

1 2 3 4 5 6

FIGURE 3. GST-PTB suppresses the splicing switch induced by the
57A RN A competitor. Splicing reactions containing rGy25 Xho I sub-
strate were incubated for 60 min in HeLa nuclear extract in the
presence and absence of RNA competitor and GST-PTB as specified,
and the RNA products were resolved on a 4% polyacrylamide/7 M
urea gel. GST-PTB was purified from 1 L of Escherichia coli strain
XA90 by sonication and affinity selection on glutathione-agarose
exactly as described previously (Lin & Green, 1991). RNA compet-
itor, 9 pmol, is present at a 75-fold molar excess compared to RNA
substrate, 0.12 pmol, for reactions shown in lanes 2-6. GST-PTB is
added to reactions at 0 (lane 3), 10 (lane 4), and 15 (lane 5) pmol.
Intermediates and product RNAs are indicated at right. A mock
reaction, containing 13 pmol of bovine serum albumin added in-
stead of PTB, is shown (lane 6). Asterisk (*) denotes the lariat intron-3"
exon intermediate resulting from the first step of intron a splicing
(see Fig. 1B).

other systems. Under the same conditions, the 57A
RNA competitor has no effect on the splicing of a con-
trol RN A substrate derived from adenovirus (data not
shown). The 57A RNA competitor contains a 28-nt,
pyrimidine-rich sequence upstream of the intron a
branch site region that is lacking in the 74A competi-
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tor. Otherwise, these two RNAs are identical. A con-
venient Acc I restriction site located between the 3’
splice site/polypyrimidine tract and 9-nt element rep-
resents the 3’ end of both RNA competitors. The loca-
tion of the branch site in intron a was mapped to
position —33 relative to the 24-nt exon by primer ex-
tension analysis of debranched and mock-treated re-
actions (Fig. 2, bottom; and data not shown). The RNA
substrate used for the branch site mapping experi-
ments is active for intron a splicing, and contains the
5’ exon, intron a, followed by the fused middle and 3’
exons.

Further evidence that the 57A RNA competitor in-
duces the splicing switch by activating intron a and b
splicing is derived from a quantitative analysis of the
in vitro splicing results (Table 1). Whereas the product
and intermediate RNAs of the exon-skipping pathway
decrease, there is a corresponding increase in the in-
termediate and product RNAs of the exon selection
pathway. Although the splicing of introns a and b are
induced coordinately by the 57A RNA competitor, in-
tron b splicing shows the most pronounced effect.

PTB is responsible for the inhibition
of intron a and b splicing

To test directly the role of PTB as a trans-acting repres-
sor of the splicing of introns a and b, we purified the
recombinant protein, GST-PTB, and asked if its addi-
tion to splicing reactions in excess would squelch the
splicing switch induced by the 57A RNA competitor.
GST-PTB, which was obtained from M. Garcia-Blanco
(Duke University), has a structure in which glutathione-

TABLE 1. Relative change in RNA intermediates and products upon
addition of the 57A RNA competitor.”

Lane 2 Lane 3 Fold change
Exon skipping
386.4 155.2 2.5 decrease
=1D) 515.4 2252 2.3 decrease
EEEE] 185.5 715 2.6X decrease
Exon selection
@D_E[j 102.2 181.3 1.8 increase
Q_m 101.4 389.2 3.8 increase
Intron b 40.3 271.9 6.7 X increase
O—0 277.9 661.4 2.4% increase

*Data were quantified by phosphorimager analysis of the bands
visualized in lanes 2 and 3 of Figure 3. Columns 2 and 3 represent
raw scores for the RNA species diagrammed at left. Far right col-
umn provides an estimate of the fold change in columns 2 and 3,
and is representative of multiple trials. Bands in high background
regions of the gel were not quantified.



1002

S-transferase (GST) is fused to the amino terminus of
human PTB. If the addition of the 57A RNA compet-
itor induces exon selection by shifting the equilibrium
from the free to the RNA competitor-bound form of
PTB, we would expect the addition of excess GST-PTB
to favor the free form of the protein and thereby sup-
press the splicing switch. The experiment was per-
formed by preincubating the nuclear extract in order
with the 57A RNA competitor, followed by GST-PTB
and RNA substrate with a subsequent incubation un-
der splicing conditions for 1 h. RNA competitor is
present at a 75-fold molar excess, and PTB is added at
0, 83, or 125-fold molar excess, compared to RNA sub-
strate (Fig. 3, lanes 3, 4, and 5, respectively). These
results show that the 57A RNA competitor-induced
splicing switch is suppressed in a dose-dependent man-
ner by the addition of GST-PTB. Control reactions show
no effect on the splicing of rGy25 Xho I when purified
GST protein alone is added back at 83 and 125 molar
excess compared to RNA substrate (data not shown).
Furthermore, when GST-PTB is added at 83- or 125-
fold molar excess to splicing reactions containing con-
trol RNAs, rGy46 EcoR |, or adenovirus L1-L2, there is
no effect on splicing (data not shown). Collectively
these results show that PTB is involved in a mecha-
nism that represses splicing of the y2 neuron-specific
exon in a HeLa nuclear extract in response to an in-
hibitory sequence located in the 3’ splice site region of
intron a.

Reciprocal assembly of an inhibitor complex
and spliceosome complex A on

the intron a repressor region in HeLa

and rat brain nuclear extracts

A gel mobility shift approach was used to test the
possibility that splicing inhibition is mediated through
the formation of a specific RNA-protein complex. Ra-
diolabeled 57B RNA was incubated in a HeLa nuclear
extract at 4 °C, in the presence and absence of the 57A
RNA competitor, and the complexes were resolved on
Tris-glycine gels. Whereas a slowly migrating complex
is assembled on the RNA substrate in the absence of
RNA competitor, this complex is reduced significantly
in the presence of the 57A RNA (Fig. 4, top, lanes 1 and
2). Furthermore, complex assembly does not require
ATP (lanes 5 and 6). The shifted complexes are desta-
bilized when half of these reactions are resolved at
room temperature (Fig. 4, bottom). The RNA compet-
itor, 74A, which lacks the pyrimidine tract upstream of
the branch site, has little or no effect on reducing the
level of the shifted complex (data not shown).
Compared to the inhibitor complex, spliceosome com-
plex A shows the opposite behavior during assembly
in a HeLa nuclear extract followed by separation in
Tris-glycine gels at room temperature. Complex A is
assembled efficiently at 30 °C in the presence, but not
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FIGURE 4. Evidence for a specific inhibitor complex that assembles
on the intron a repressor region in Hela and rat brain nuclear ex-
tracts. Substrate RN A was incubated for 5 min on ice with HelLa or
rat brain nuclear extract, followed by separation of the assembled
complexes on 3.75% native gels run at 4 °C (top) or room tempera-
ture, RT (bottom). RNA competitor, present at a 55-fold molar excess
over substrate RNA, was preincubated with nuclear extract for
5 min on ice prior to addition of substrate RNA (lanes 2, 4, 6).
Essentially identical results are obtained when the complete reac-
tions are incubated at 30°C for 5-15 min without ATP (data not
shown). RNA-protein complexes are indicated by the arrow. The
Hela and rat brain nuclear extracts were adjusted to the same pro-
tein concentration for each binding reaction.

the absence, of the 57A RNA competitor (Fig. 5, lanes 1
and 2). Evidence that the shifted complex observed in
the experiment of Figure 5 is complex A includes the
requirement for ATP, as well as the 5" end of U2 snRNA
(lane 10). In contrast to 57A, the 74A RNA competitor,
which lacks the polypyrimidine tract upstream of the
branch site in intron a, has only a small effect in pro-
moting the assembly of complex A on the 57B RNA
substrate (lane 3). It is important to note that com-
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FIGURE 5. RNA competitor-induced switch to the exon selection
pathway is closely associated with the assembly of U2 snRNT and
the intron a branch site region. Mobility shift analysis in native gels
was used to assess the efficiency of U2 snRNP complex assembly in
the presence and absence of the 57A RNA competitor. Splicing re-
actions containing RNA substrate and HelLa or rat brain nuclear
extract were incubated at 30 °C for 5 min with ATP to assemble U2
snRNP (complex A). RNA competitor, which is present at 55-fold
molar excess compared to substrate RNA, was preincubated with
Hela (lanes 2, 3), or rat brain (lanes 5, 6), nuclear extract for 5 min
on ice prior to the addition of substrate RNA. Model RNA substrate,
L2P (lanes 7, 8), assembles complex A efficiently, as demonstrated
previously (Wang et al., 1995). Control reactions are identical to that
shown in lane 2, except that the nuclear extract was mock treated
(lane 9), or subjected to quantitative U2 snRNP cleavage, as de-

scribed (Wang et al., 1995). Samples were resolved on a 3.75% native
gel run at room temperature.

plex A cannot be contaminated with the inhibitor com-
plex because the latter, but not the former, is destabilized
in Tris-glycine gels resolved at room temperature. These
results are consistent with a model in which PTB is
involved in promoting the assembly of an inhibitor
complex on intron a, at an early step in spliceosome
assembly that precludes the formation of complex A.

Because y2 pre-mRNA is subject to splicing regula-
tion in rat brain tissue, it is of interest to ask similar
questions in a more biologically relevant system. For
this reason, we prepared nuclear extracts from rat brain
tissue by purification of nuclei through a 2 M sucrose
cushion (see Materials and Methods). The purified brain
nuclei are then extracted with KCl similar to the method
of Dignam et al. (1983). The rat brain nuclear extracts
contain spliceosomal snRNAs, but lack sufficient ac-
tivity to splice on their own. When the rat brain nu-
clear extract is incubated with radiolabeled 57B RNA
substrate, similar levels of an inhibitor complex are
observed in the absence, but not the presence, of the
57A RNA competitor (Fig. 4 top, lanes 3 and 4). The
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characteristics of mobility, ATP-independence, and in-
stability in Tris-glycine gels separated at room temper-
ature are similar to that observed in the HeLa nuclear
extract (compare lanes 1 and 3). In addition, the recip-
rocal behavior of complex A, compared to the inhibi-
tor complex, is also observed in the rat brain nuclear
extract. Complex A increases in the presence of the
57A, but not 74A, RNA competitor (Fig. 5, lanes 4-6).
Control reactions performed under standard condi-
tions show that the rat brain nuclear extract promotes
complex A formation for a prototypical 3’ splice site,
L2P RNA, but at much reduced efficiency compared to
the HeLa extract (lanes 7 and 8). The same RNA com-
petitors tested above have no effect on complex A as-
sembly with the L2P substrate (data not shown).
Experiments that probe the level of PTB, and activities
that bind the intron a repressor sequences in the rat
brain nuclear extract are presented below (Fig. 9).

Mechanism of inhibition: Repression of
intron b splicing is largely dependent upon
competition with the intron ¢ splicing event

To investigate the extent to which the splicing of in-
trons a and b is coordinately or independently re-
pressed, we tested the effect of intron a sequences on
the splicing of intron b in the absence of the competing
intron c splicing event. For this purpose, we con-
structed an RNA substrate in which the 5" exon and
adjacent 5’ splice site is deleted, but the intron a 3’
splice site region is retained, rGy81 Xho I (Fig. 6, bot-
tom). When the splicing of rGy81 Xho I is compared to
rGy46 EcoR I RNA, which contains only the last two
nucleotides of intron a, both substrates are found to
exhibit strong splicing activity, even in the absence of
RNA competitor (Fig. 6, lanes 2 and 6). In the presence
of the 57A RNA competitor, rGy81 Xho I RNA shows a
modest increase in splicing activity, whereas no effect
is observed for rGy46 EcoR I RNA, which lacks the
intron a 3’ splice site (lanes 7 and 8, compared to
lanes 3 and 4). Furthermore, when GST-PTB is added
to splicing reactions lacking RNA competitor, a mod-
est level of inhibition is observed for rGy81 Xho I RNA,
but not rGy46 EcoR I RNA, at the highest level of
GST-PTB added (data not shown). Together, these re-
sults indicate that intron a sequences are required to
repress intron b splicing, but this inhibitory effect is
largely dependent upon competition with the intron c
splicing event.

PTB modulates exon selection from
an array of repressor sites within intron a

To more carefully localize the PTB binding site(s) in
the 57A RNA competitor, we constructed four mini
RNAs spanning the 3’ splice site region of intron a,
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FIGURE 6. Repression of intron b splicing is mediated by the intron
a repressor region, and is largely dependent upon competition with
the 5" splice site of intron a. Splicing reactions containing RNA
substrate were incubated for 60 min at 30 °C with HeLa nuclear
extract. RNA competitor, at 75-fold molar excess, was preincubated
with HeLa nuclear extract as indicated for 5 min on ice prior to the
addition of RNA substrate. Schematic of the RNA substrates and
competitors (bottom). Intron (lines) and exon (boxes) lengths are
indicated in nucleotides. Brackets denote features of the intron a
repressor region as described above (Fig. 2). RNA intermediates and
products of the reactions are labeled at left and right.

and tested their ability to bind PTB in the HeLa nu-
clear extract (Fig. 7A, bottom). RNA 171 competes ef-
ficiently for the binding of PTB to the radiolabeled 57B
RNA substrate (Fig. 7A, lane 4). In comparison to PTB,
RNA 171 competes poorly for binding to U2AF®, which
migrates just slower than PTB on these gels (lane 4).
RNA 171 contains two copies of a 19-nt pyrimidine-
rich sequence, which is located immediately upstream
of an adenosine-rich region containing the branch site.
Two additional pyrimidine-rich RNAs, 170 and 172,
compete preferentially for PTB compared to U2AF®
binding (compare lane 1 to lanes 3 and 5). Of the RNAs
tested, the RNA 171 region clearly represents the most
efficient PTB binding site. In contrast to the pyrimidine-
rich RNAs, RNA 173, which contains four copies of the

M. Ashiya and P.]. Grabowski

9-nt essential RNA element, fails to compete for PTB
binding (lane 6). Together these results indicate that
there are, at minimum, three PTB binding sites in the
3’ splice site region of intron a, represented by the
sequences contained in the 170, 171, and 172 RNA
competitors (see below, Fig. 10).

The efficiencies with which the mini RNAs bind PTB
correlate well with their ability to induce the switch to
the exon selection pathway for the rGy25 Xho I sub-
strate. RNA 171, which is the most efficient competitor
for PTB binding, is most efficient in promoting intron
a and b splicing at the expense of intron ¢ splicing
(Fig. 7B, lane 4). At the same molar excess, RNAs 170
and 172 promote a less complete switch to the exon
selection pathway, coincident with their moderate ef-
fects as competitors for PTB in the UV crosslinking
assay (lanes 3 and 5). Finally, RNA 173, which does not
compete for PTB binding, does not promote the switch
to exon selection (lane 6). Similar to the experiments
shown above, the exon-selected mRNA product does
not accumulate appreciably during the 1-h reaction
time.

Differential binding of PTB in the vicinity of
competing 5’ splice sites: Evidence for a
repressor site within the neuron-specific
exon that overlaps with a positive
regulatory element

Because intron b splicing inhibition is largely depen-
dent upon competition with the intron ¢ splicing event,
we next looked for PTB binding sites in close proxim-
ity to these two 5’ splice sites. The intron b and ¢
splicing events can be viewed as a competition of these
two 5’ splice sites for a common 3’ splice site (Fig. 10,
top). PTB may be involved in a mechanism that dis-
favors the intron b splicing event, for example, by de-
creasing the rate of U1 snRNP binding to the 5’ splice
site of intron b, relative to that of intron c. If the former
is true, we would expect to see differential binding of
PTB in the vicinity of these two sites. For this reason,
RNA competitors spanning the neuron-specific exon
and a short region of intron b were constructed and
their ability to compete for PTB binding assessed
(Fig. 8). Crosslinking of PTB to the radiolabeled sub-
strate 57B RNA is diminished in the presence of the
175 and 177 RNA competitors, both of which contain
the neuron-specific exon sequence (lanes 2 and 4). De-
letion of the 5" half of the neuron-specific exon, RNA
176, results in a loss of competition, indicating that this
pyrimidine-rich region of the exon functions as a PTB
binding site (lane 3). In contrast, RNA 178, which en-
compasses an analogous region of the 5’ exon and a
portion of the adjoining intron a, fails to compete ef-
ficiently for PTB crosslinking (lane 5). These results
show that PTB binds preferentially to the neuron-
specific exon in a region that overlaps with a positive
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FIGURE 7. Multiple PTB binding sites flanking the branch site region of intron a function to coordinately repress the
splicing of introns a and b: Evidence for an RNA repressor array. Mini RNAs spanning the 3’ splice site region of intron
a were used as competitors in the UV crosslinking/competition (A) and RNA splicing (B) assays in order to dissect the
location of additional PTB binding sites. A: The 57B RNA substrate was incubated with HeLa nuclear extract for 5 min at
30°C in the absence (lane 1) or presence (lanes 2, 3, 4, 5, 6) of unlabeled RNA competitor before UV crosslinking. RNA
competitor present at 12-fold molar excess over substrate RNA for 57A, and 30-fold molar excess for the remaining RNA
competitors. Otherwise, experimental conditions are as described in the legend to Figure 2. PTB, U2AF*, and 100-kDa
proteins are indicated. Sequences are present in two (170, 171, 172) or four (173) copies, whereas sequences in parentheses
are present in one copy in the mini RNAs. B: Splicing reactions containing RNA substrate were incubated at 30 °C for 0
(lane 1) and 60 min (lanes 2-6) with HeLa nuclear extract and the products resolved on a 4% polyacrylamide /7 M urea gel.
Unlabeled RNA competitor was preincubated for 5 min on ice with the nuclear extract in reactions as indicated at a
250-fold molar excess over substrate RNA. RNA intermediates and products of the reactions are indicated. Asterisk
signifies the lariat intermediate resulting from the first step of intron a splicing.

regulatory element defined previously (see below, Evidence for a reduced level of conventional

Fig. 10). The presence of a positive element might ac- ~ PTB in rat brain nuclear extracts and

count for the observation that the 175 RNA competitor ~ a 59-kDa brain-specific PTB counterpart

is inhibitory when added to in vitro splicing reactions

containing y2 pre-mRNA, in contrast to the effect of ~ Given the fact that y2 pre-mRNA is subject to splicing
mini RNAs containing portions of the intron a repres-  regulation in rat brain, it is relevant to characterize
sor array. PTB and any activity that recognizes the RNA repres-
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FIGURE 8. Differential PTB binding to competing 5’ splice site regions. UV crosslinking /competition assay was used to
assess the relative binding of PTB to the intron a and intron b 5' splice site regions. Experimental conditions are the same
as described for Figure 2, except that the RNA competitors are present at 30-fold molar excess. The sequence of the intron
a and intron b 5’ splice site region is shown (bottom); upper-case letters (exon); lower-case letters (intron). The sequence

contained in each RNA competitor is underscored.

sor array in rat brain nuclei. An in vitro-regulated splic-
ing assay utilizing the rat brain nuclear extract is cur-
rently under development, and, consequently, will not
be presented in this paper. It is evident, however, that
the rat brain nuclear extract contains an activity that
efficiently assembles a specific complex on the repres-
sor array indicative of an inhibitor complex (Fig. 4,
lanes 3 and 4). Furthermore, complex A assembly in
the rat brain nuclear extract is completely blocked un-
der conditions permissive for the assembly of the in-
hibitor complex, whereas, a low level of complex A
accumulates in the presence of the 57A RNA compet-
itor (Fig. 5, lanes 4 and 5).

It is reported that a lower level of PTB mRNA is
expressed in rat brain, compared to other tissues, as
determined by northern blot analysis (Patton et al.,
1991). Thus, in light of this published study and the
experiments shown above, it is of interest to ask di-
rectly how much PTB protein is present in the rat brain
nuclear extracts, compared to other splicing factors.
Tissue-specific differences in PTB levels might contrib-
ute to the mechanism of splicing regulation. To ad-
dress this question directly, we prepared nuclear extracts
from rat brain, rat kidney, and HeLa cells for western
blot analysis. At equal levels of protein loaded, there is
a significant reduction in the level of the 60-kDa PTB
doublet in the rat brain nuclear extract, compared to

the analogous rat kidney and HeLa nuclear extracts
(Fig. 9A, center panel). The reduced level of PTB in the
rat brain nuclear extract cannot be explained by deg-
radation, or loss, of the protein sample because PTB-
associated splicing factor (PSF), with an apparent
molecular weight of 100 kDa, is intact in the same lane
(Fig. 9A, top panel). Furthermore, a duplicate blot dem-
onstrates similar levels of the splicing factor U2AF®*,
in all three protein samples (Fig. 9A, bottom panel).
The antibody used to detect PTB in the experiment of
Figure 9A is a rabbit polyclonal antiserum raised against
human recombinant PTB (]. Patton, pers. comm.). It is
established that the human and rat PTB genes are 97%
identical at the protein level (Brunel et al., 1991).

If PTB is present at a characteristically lower level in
the rat brain nuclear extracts, then what is the activity
responsible for the efficient assembly of the apparent
inhibitor complex observed in the experiment of Fig-
ure 4? To probe this question, we used the UV cross-
linking /competition assay to ask if there is a protein in
the rat brain nuclear extract that interacts with the
RNA repressor array. Similar to the experiments shown
above, the 57B RNA, which contains the entire repres-
sor array, was used as the *P-labeled substrate for UV
crosslinking in the presence and absence of specific
RNA competitors (Fig. 9B). In the rat brain nuclear
extract, a protein with an apparent molecular weight
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FIGURE 9. Characterization of PTB and p59 in rat brain nuclear
extracts. A: Western blot analysis of 100 ug samples of HeLa, rat
brain, and rat kidney nuclear extracts with antibodies specific for
PTB (rabbit polyclonal), PTB associated splicing factor (PSF), and
U2AF®. See text for additional details. B: Left: The rat brain nuclear
extract was tested in the UV crosslinking/competition analysis as
described above for the experiment of Figure 2. Right: Mini RNA
substrates were used directly for UV crosslinking to the nuclear
extract samples. RNA substrate and competitors are shown sche-
matically. The arrowhead indicates the position of p59 in lanes 4,
6, and 9. Lane 7 is a duplicate of the reaction shown in lane 1.
C: Comparison of HelLa, rat brain, and rat kidney nuclear extracts
in the UV crosslinking /competition assay. D: Western blot (top) and
immunoprecipitation (bottom) analysis with PTB-specific mono-
clonal antibody 7G12. Western blot analysis was performed as
described above for A. Immunoprecipitation of UV crosslinking
reactions, with (+) or without (=) 7G12 antibody, contained P-
labeled 57B substrate, as shown in Figure 9B, lanes 1 and 4. The
autoradiograph of the dried gel is shown.
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of 59 kDa, p59, interacts specifically with the repressor
array, because the crosslinking signal is eliminated with
the 57A, but not 74B, RNA competitor (lanes 4-6). The
p59 protein also interacts specifically with the mini
RNA 171 competitor (Fig. 9C, lanes 3 and 4).

The difference in electrophoretic mobility of rat brain
p59 and HeLa PTB observed in the experiment of Fig-
ure 9B could be explained by a species difference in
the rat and human PTB isoforms. Alternatively, p59
could represent an RNA binding activity that is ex-
pressed selectively in brain tissue. To distinguish these
possibilities, we prepared and tested nuclear extracts
from rat kidney in the UV crosslinking/competition
assay. RNA 171, which represents the high-affinity PTB
binding site, was employed as the radiolabeled sub-
strate RNA, as well as the unlabeled competitor. These
results show that the rat kidney extract contains an
RNA binding activity that selectively recognizes the
RNA 171 site, and that comigrates with the character-
istic 60-kDa PTB doublet observed in the Hela reac-
tions (Fig. 9C). Thus, the appearance of p59 in the rat
brain nuclear extracts cannot be explained by a species-
specific difference in PTB isoforms between human
and rat.

To further explore the possibility that rat brain p59 is
structurally related to PTB, we obtained monoclonal
antibody 7G12, which is specific for the hnRNP I iso-
form of PTB (Ghetti et al., 1992). When the 7G12 anti-
body is used in a western blot analysis, a protein in the
rat brain nuclear extract that migrates in the vicinity of
p59 is clearly reactive, whereas the 60-kDa doublet is
reactive in the HeLa and rat kidney nuclear extracts
(Fig. 9D, western blot, right three lanes). When the rat
brain nuclei are extracted with higher salt (0.42 M KCl,
following the initial 0.23 M extraction), more of the
p59 reactive band, but not the 60-kDa doublet, is re-
leased from the nuclei (far left lane).

If rat brain p59 is an isoform of PTB, we would
expect the 7G12 antibody to immunoprecipitate this
protein from UV crosslinking reactions containing the
rat brain nuclear extract. For this purpose, reactions
equivalent to those shown in Figure 9B, lanes 1 and 4,
were immunoprecipitated with the 7G12 antibody. In
agreement with this expectation, rat brain p59 and the
HeLa 60-kDa doublet are immunoprecipitated (Fig. 9D,
bottom). Thus, we conclude that p59 is the predomi-
nant form of PTB in rat brain nuclear extracts.

DISCUSSION

An array of pre-mRNA repressor sites
directs the coordinate regulation of
adjacent introns in a HeLa nuclear extract

Here we show biochemical evidence for a model in
which PTB functions as a trans-acting repressor of a

neuron-specific splicing event in Hela nuclear ex-

M. Ashiya and P]J. Grabowski

tracts. In theory, the unique appearance, in neurons, of
the y2L spliced mRNA isoform, which retains the 24-nt
exon, could be explained by the selective expression of
a positive-acting splicing regulatory machinery in neu-
rons but not non-neuronal cells. Alternatively, the ex-
pression of a ubiquitous splicing repressor, which is
excluded or inactive in neuronal cells, could account
for the neuron-specific spliced mRNA. The mecha-
nism documented here in HeLa nuclear extracts may
be representative of events that ensure skipping of the
24-nt exon in non-neuronal cells of mammalian brain
(Bovolin et al., 1992).

In this study, novel features of a mechanism involv-
ing PTB as a modulator of an alternative pre-mRNA
splicing event, in vitro, are established. A key feature
of this mechanism involves an array of intronic re-
pressor sites, just upstream of the 24-nt exon, which
bind selectively to PTB and which repress exon selec-
tion in splicing reactions with radiolabeled pre-mRNA
(Fig. 10). An additional PTB binding site in the 24-nt
exon has been identified, which overlaps with a pos-
itive regulatory element defined previously (Zhang
et al., 1996). When a short RNA competitor containing
the 3’ splice site repressor array, 57A, is added in ex-
cess compared to the radiolabeled pre-mRNA, the splic-
ing pathway switches from exclusive exon skipping to
predominant exon selection. These results are consis-
tent with the prediction that the latter conditions shift
the binding equilibrium toward the RNA competitor-
bound form of PTB, thereby releasing PTB from the
four pre-mRNA repressor sites. Further evidence for
the involvement of PTB in the mechanism of repres-
sion stems from experiments that are predicted to shift
the binding equilibrium in the opposite direction. That
is, exon skipping is re-established as the dominant splic-
ing pathway when purified GST-PTB is added back to
in vitro splicing reactions in excess of the 57A RNA
competitor. Importantly, GST-PTB has no effect when
added to splicing reactions with control pre-mRNAs
that lack RNA repressor sites.

A limitation of this experimental approach is that a
loss of function results from the sequestration, rather
than depletion, of PTB. A more rigorous approach in-
volving quantitative depletion of PTB from nuclear
extracts is not successful in our hands using immobi-
lized RNA 171 ligand, because a significant amount of
the protein remains in the unbound fraction (M. Ashiya
& PJ. Grabowski, unpubl.). Thus, we cannot rule out
the involvement of other factors in addition to PTB
that may play a role in splicing repression.

A second characteristic feature of the y2 mechanism
involves the coordinate activation of both flanking in-
trons by the RNA competitor-induced splicing switch.
That is, the RNA competitor activates both of the char-
acteristic lariat intron-3’ exon intermediates of the in-

tron a first, or intron b first (neuronal) splicing pathways
(Fig. 1B, right columns). Thus, a strict sequential acti-
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vation mechanism can be ruled out, in which the ac-
tivation of one splicing event is required to stimulate
the second. Nonetheless, introns a and b differ in the
sensitivity by which they are activated by the RNA
competitor. At every concentration of the 57A RNA
competitor tested so far, intron b is activated to a greater
extent than intron a, as judged in each case by the
proportion of excised lariat intron product compared
to lariat intron-3' exon intermediate. This differential
sensitivity is most likely explained by the concen-
trated array of repressor sites surrounding the branch
site of intron a. By comparison, the repressor array is
located upstream, but not downstream, of the 5" splice
site adjacent to the 24-nt exon.

A model for neuron-specific splicing regulation
mediated by overlapping positive
and negative RNA elements

Collectively, the results shown here support a model
in which interactions between the repressor array and
PTB suppress intron a splicing by interfering with the
base pairing of U2 snRNP at the branch site, which is
embedded within the repressor array. We have shown
that a specific RNA-protein complex assembles on the
intron a repressor array, indicative of an inhibitor com-
plex (Fig. 4). Under conditions permissive for the as-
sembly of the inhibitor complex, very low levels of U2
snRNP complex formation (complex A) are observed.

5]

FIGURE 10. Arrangement of RNA
regulatory elements in the y2 pre-
mRNA. Top: The model y2 pre-mRNA
substrate, rGy25, with positions of the
repressor sites (rs1-4) is shown sche-
matically. The splicing hierarchy, in
which intron ¢ splicing predominates
almost exclusively, is inferred from the
in vitro splicing experiments shown
in Figures 1, 3, and 7B. Bottom: Se-
quences and arrangement of repressor
sites relative to the branch site (BP) and

rs3 (-31,-13)

24-nt exon (boxed). Positive elements
identified previously are indicated in
bold type. Commas in sequence repre-
sent individual repressor sites; within
parentheses, commas signify nucleo-
tide range. The involvement of rs1-3
in the repression of intron b splicing is
symbolized by the dotted line.

172

intron b

When the switch to the exon selection pathway is in-
duced by the addition of RNA competitor, U2 snRNP
complex formation increases substantially, whereas the
inhibitor complex decreases (Fig. 5). Although our data
demonstrate that PTB is required for the assembly of
the inhibitor complex, and is a likely component of
this complex, further studies will demand purification
of the complex and its complete characterization.
The finding that the intron a branch site is embed-
ded within the repressor array suggests that a mech-
anism has evolved to ensure strong repression of intron
a splicing in non-neuronal cells. Previous work has
established that the RNA duplex formed between the
pre-mRNA branch site and the branchpoint comple-
mentary region of U2 snRNA is required for splicing
(Parker et al., 1987; Wu & Manley, 1989; Zhuang &
Weiner, 1989). Accessory factors that mediate this cru-
cial base pairing event have been identified. The bind-
ing of U2AF to the 3’ splice site/polypyrimidine tract
is required for proper U2 snRNP binding at the branch
site (Ruskin et al., 1988). Moreover, it has been shown
that the binding of U2 snRNP-associated protein com-
plexes, SF3a and SF3b, just upstream of the branch
site, are also required for the U2 snRNP binding event
(Gozani et al., 1996). We note that the polypyrimidine
tract located upstream of the 2 intron a branch site is
a particularly potent repressor site (rs2). Intimate pro-
tein contacts in the close vicinity of the branch site,
some of which change during spliceosome assembly,
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have also been reported (MacMillan et al., 1994; Stak-
nis & Reed, 1994; Gaur et al., 1995). Based upon these
lines of evidence, we predict that the activation of in-
tron a splicing would require the complete disassem-
bly of the inhibitor complex from the repressor array
in order to clear the pre-mRNA for U2 snRNP binding.
Of possible relevance to this model, we observe in-
creased crosslinking of a 100-kDa protein to the 3’
splice site region of intron a upon the addition of the
specific 57A RNA competitor (Fig. 2). The 100-kDa pro-
tein might be a factor that participates in branch site
selection, which gains access to the pre-mRNA when
PTB is released from the RNA repressor sites. Further
work will be required to identify the 100-kDa protein
and determine its functional significance.

In the case of intron b, 5’ splice site activity is mod-
ulated by a more subtle mechanism that is largely de-
pendent upon the competing upstream 5’ splice site.
That is, the strong splicing inhibition of intron b in the
full-length substrate, rGy25 Xho I, is largely relieved in
a substrate, rGy81 Xho I, which lacks the 5’ exon but
retains the intron a repressor region (Fig. 6). Even when
recombinant PTB is added in excess over endogenous
levels, only partial intron b inhibition is observed for
the rGy81 Xho I substrate at the highest level of protein
added (data not shown). Thus, a model in which the
intron a repressor array envelopes the 5’ splice site of
intron b in an inhibitory complex does not account
fully for these results. Instead, a differential effect on
the diffusion of U1 snRNP to competing 5’ splice sites
is a more plausible model. We have looked carefully
for PTB binding sites near the 5’ splice sites of intron
a and b using the UV crosslinking/competition assay.
These results show that, although PTB binds selec-
tively to the 24-nt exon, little or no PTB binding is
found in the analogous region of the 5" splice site of
intron a (Fig. 8). We propose that the proximity of the
entire repressor array, including the most proximal PTB
binding site, rs4, functions to decrease the rate of col-
lision of Ul snRNP with the 5 splice site of intron b,
under conditions in which the repressor sites are fully
occupied. This latter model can be viewed as an effect
on three-dimensional diffusion, but may also involve
the one-dimensional diffusion of U1l snRNP along the
pre-mRNA chain. In the presence of RNA competitor,
which sequesters PTB, splicing to the 5' splice site of
intron b is then favored due to the proximity of its 3’
splice site partner. The results shown here provide in-
direct support for such a model.

The results shown here do not exclude the possibil-
ity that other splicing factors may be required for the
complete regulation of y2 pre-mRNA splicing. The lo-
cation of the recently identified positive regulatory el-
ements, which overlap with the repressor array, is
intriguing (Fig. 10). This arrangement of RNA signals
suggests that exon selection may predominate in neu-
rons because these cells express specialized factors that
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recognize the positive signals and engage them rap-
idly in spliceosome assembly with a commitment to
neuron-specific exon selection. Once U2 snRNP is base
paired to the intron a branch site, the repressor sites
may be incapable of recognition by existing repressor
molecules. Alternatively, neurons may express lower
levels or less active forms of the inhibitory factors. The
finding that the extent and developmental timing of
2 splicing regulation differs in two types of cerebellar
neurons invites additional speculation (Wang & Gra-
bowski, 1996). Such an arrangement of overlapping
positive and negative regulatory elements may allow
each neuron the ability to tune the level of regulated
spliced product according to developmental cues, or
in response to electrical or chemical signals from other
cells. Previous studies have demonstrated, at the level
of protein function, the significance of site-specific phos-
phorylation of the y2L (exon selected) subunit, as well
as physiological differences of GABA , chloride chan-
nels in distinct cerebellar neurons (Puia et al., 1994;
Harris et al., 1995). These studies provide a biological
framework for the idea that pre-mRNA splicing regu-
lation contributes to mechanisms that establish the in-
tricate functional differences of heterogeneous GABA 4
receptors.

The sequence, (5') UUCUCU (3'), in a
pyrimidine context is a common feature
of one class of intron splicing repressor sites

To evaluate the relationship of the intron repressor sites
identified in this study to those reported in other sys-
tems, we performed a sequence alignment (Table 2).
Sequences were selected for comparison based upon
their location in an intron, and their demonstrated abil-
ity to bind PTB and repress splicing activity. Interest-
ingly, five of the five pre-mRNAs contain one or more
copies of a short consensus sequence, (5') UUCUCU
(3"), which is embedded in a pyrimidine context. In
the case of fibronectin pre-mRNA, there are two hexa-
nucleotide sequences with an imperfect match to the
consensus. It is interesting that the sequences of five
pre-mRNAs compared in Table 2 are derived from
mammalian examples that are subject to tissue-specific
splicing, even though this was not used as a criterion
for their selection. When the y2 repressor sites are used
in a Blast N search of the available databases, no ad-
ditional information is revealed because the >300 se-
quence matches are mostly from uncharacterized
genomic regions.

We note that the (5') UUCUCU (3") sequence is not
present in each of the repressor sites identified in this
study, in particular, the most potent site, rs2. Thus, this
sequence alone cannot be required strictly for PTB bind-
ing and splicing repression. The structural features of
the rs2 region that confer its superior PTB binding and
repressor function are not yet established. Based upon
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TABLE 2. Sequence alignment of intron splicing repressor sites with an affinity for PTB.?

Site Sequence

Reference

B-TM

CUUUGCUCUUCUCUUUUCUCCUCCUCCCCUCCUCCACUGUGCCA

Mulligan et al. (1992); Singh et al. (1995)

ao-TM L. UUUCUCUUUCUCUCUCCCUCCCUGUCUUUCCCUCU. . Mullen et al. (1991); Patton et al. (1991)
y2r812 0 e UGUUUCUCUUUCUCUCCUUUCCUUUUCCUUCUUCUUA. . This study

¥2, 1s3 e« + - GCAAUUCUCUUUUCUGUCT . v i v v awvcsvnn sunenan This study

Fibronectin UUAUUUUUUcCUCUUUUUUUGCUCUACUUUUCCUUUG. . ... .. Norton (1994)

c-src . .CUCUCCUUCUCUCUGCUUCUCUCUCGCUGGCCCUU. .. .... Chan and Black (1995; pers. comm.)
Y2, 158 e CUUCUUCG. ... This study

Consensus ~ ........ UOCUCH . vacwnran wa UuccuU. . .CUUCUUC. . ...

*Intron sequences associated with splicing repression and with an affinity for PTB were selected from the literature and this study, and
aligned using MacVector version 5.0 sequence software. Sequences are indicated in the 5’ to 3’ direction. Only the sequences near the
consensus are shown. Sites with a match to one of three consensus sequences are underscored; mismatches are indicated in lower case.

the function and architecture of this pre-mRNA re-
gion, we favor the hypothesis that the array of y2 re-
pressor sites identified here represents a functional unit.
For example, rs4 fails to repress splicing without the
upstream repressor sites (rGy46, Fig. 6).

The role of PTB shown here as a modulator of y2
pre-mRNA splicing differs in several respects from re-
sults shown previously for mutually exclusive exons
of the muscle-specific a- and B-tropomyosin pre-
mRNAs. For g-tropomyosin, PTB binds selectively to
pyrimidine-rich intron regions downstream of the
branch site and near the skeletal muscle-specific exon
7, resulting in 3’ splice site inhibition (Mulligan et al.,
1992; Singh et al., 1995). It has also been reported that
the upstream pyrimidine-rich region is important for
long-distance branch site selection, which suggests that
this region may have multiple functions in splicing
(Mulligan et al., 1992). For a-tropomyosin pre-mRNA,
PTB binding appears to modulate alternative 3’ splice
site selection by a similar mechanism. In this case, PTB
blocks the binding of U2AF to the 3’ splice site/
polypyrimidine tract because the addition of U2AF
partially reverses the inhibitory effect induced by PTB
(Lin & Patton, 1995). Although less extensively char-
acterized, a pyrimidine-rich region in fibronectin pre-
mRNA upstream of the EIIIB exon has been shown to
bind PTB and to repress single intron splicing (Norton,
1994). Here we show that the arrangement of positive
and negative elements in y2 pre-mRNA is distinct from
examples noted above. This arrangement also differs
from the splicing repressor sites found upstream and
downstream of the c-src N1 exon (Chan & Black, 1995).

Other examples of splicing regulation are mediated
by distinct inhibitory RNA elements, but the sequences
of these inhibitory elements bear no resemblance to
those reported in Table 2. A sequence localized to the
alternative K-SAM exon of the fibroblast growth factor
receptor 2 pre-mRNA is associated with the repression
of the K-SAM exon (Del Gatto & Breathnach, 1995;
Del Gatto et al., 1996). Additional exonic inhibitory
sequences have been defined in HIV1 tat and the SK
exon 5 of the a-tropomyosin pre-mRNA (Graham

et al,, 1992; Amendt et al., 1994; Si et al., 1997). Fur-
thermore, when a purine-rich exon enhancer is repo-
sitioned to the 3’ splice site region of an adenovirus
pre-mRNA, splicing is inhibited and this effect is ap-
parently mediated by SR proteins (Kanopka et al., 1996).
Thus, the position of the regulatory element in the
pre-mRNA may be paramount in determining whether
it stimulates or inhibits splicing. Specific RNA second-
ary structures have also been shown to mediate splic-
ing repression for chicken B-tropomyosin, adenovirus
E1A and E3, immunoglobulin u heavy chain, and hu-
man growth hormone pre-mRNAs (Chebli et al., 1989;
Watakabe et al., 1989; Domenjoud et al., 1991; D’Orval
etal, 1991; Libri et al., 1991; Estes et al., 1992). Finally,
in the case of influenza virus NS1 pre-mRNA, splicing
repression is associated with the assembly of aberrant
spliceosomes and with a specific disruption of the re-
quired U6-U2 snRNP base pairing event (Nemeroff
et al., 1992; Qiu et al., 1995). Thus, it appears that a
variety of mechanisms have evolved to regulate spe-
cific pre-mRNA splicing events by a repression scheme.

p59, the predominant form of PTB
in rat brain nuclear extracts

A novel aspect of the present study includes the find-
ing of a protein, p59, which is abundant in rat brain,
but not rat kidney or HeLa nuclear extracts, and which
binds selectively to the RNA repressor array (Fig. 9).
This protein is of interest because the rat brain nuclear
extracts contain significantly lower levels of the con-
ventional PTB doublet, and because these extracts as-
semble a specific RNA-protein complex efficiently,
indicative of an inhibitor complex. Based upon its RNA
binding characteristics and reactivity with the PTB-
specific monoclonal antibody 7G12, it is likely that p59
is the predominant form of PTB in rat brain. p59 may
be a specific isoform, or a covalently modified form of
PTB. Exactly how the structure of rat brain p59 differs
from other forms of PTB, and whether or not this struc-
tural form has functional consequences, remains to be
established.
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The involvement of other RNA binding proteins in
neuron-specific splicing regulation have been demon-
strated. Both hnRNP F and a novel splicing regulator,
KSRP, have been identified based upon their associa-
tion with specific RNA-protein complexes containing
c-src pre-mRNA (Min et al,, 1995, 1997). Although
hnRNP F is ubiquitous, KSRP is more abundant in a
neuronal, compared to a HeLa, nuclear extract. Several
neuron-specific RNA binding proteins of the ELAV fam-
ily have also been demonstrated to bind selectively to
AU-rich 3’ untranslated mRNAs, indicating their pos-
sible roles in regulating posttranscriptional gene con-
trol (Levine et al., 1993; King et al., 1994). In addition,
there is one report in which a disruption in the splicing
of Drosophila Nrg'® correlates with mutations in ELAV
(Koushika et al., 1996). In spite of these and many
other advances in the field, the extent to which tissue-
specific splicing events are dominated by differences
in the levels of general splicing components, such as
SR proteins, in contrast to the selective expression of
tissue, or stage-specific RNA binding proteins, re-
mains a major unresolved question.

MATERIALS AND METHODS

Construction of plasmids

Substrates used for splicing, UV crosslinking, and complex
formation are derived from the parent substrate, rGy25
(Zhang et al., 1996). Plasmid rGy81 was generated by delet-
ing the Not I-Bgl II segment from rGy25, followed by treat-
ment with Klenow enzyme (Promega) and:ligation to reclose
the plasmid. Plasmid rGy46 was generated by PCR using
rGy25 as template with an upstream primer complementary
to the regulated exon, including a Hind III site at the end of
the primer, together with a downstream primer complemen-
tary to the a region of the vector downstream of the insert.
The PCR product was gel purified and inserted into a pBS
vector (Stratagene) as a Hind Il and EcoR 1 fragment. RNA
competitors, 57B and 74B, were generated by PCR using
rGy25 as template. RNA competitor, 63B, was generated in a
similar manner using rGy49 (Zhang et al., 1996) as template.
PCR products were gel purified and cleaved with EcoR 1 and
BamH 1 at sites present at the ends of the primers and cloned
into pBS. The identity of each clone was verified by DNA
sequence analysis.

Transcription and in vitro splicing reactions
Templates for transcription were generated by digestion of
the plasmid with Xho I, BamH 1, or Acc I. Labeled substrate
RNAs, rGy25 Xho 1, rGy25 BamH 1, rGy46 EcoR 1, rGy81 Xho
1, rGy83 Xho 1, L2P, 57B, 74B, and 57A were synthesized
from linearized plasmid template present at 40 ug/mL in a
25-uL reaction containing 0.4 mM each of ATP, CTP, and
GTP, 0.3 mM UTP, 2.5 uL of [**P]JUTP (NEN 007H), 0.5 mM
diguanosine triphosphate and T3, or T7 RNA polymerase
(Stratagene). Reactions were incubated at 37 °C for 30 min
followed by digestion with DNase I (Promega) for 10 min at
room temperature. Unincorporated nucleotides were re-
moved by Sephadex G50 or G25 chromatography.
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RNA competitors were transcribed in a 200-uL reaction
volume in the absence of diguanosine triphosphate and
[*?’P]JUTP. RNA concentrations were determined by absor-
bance at 260 nm after removal of unincorporated nucleo-
tides, and the integrity of the RNAs was checked on a 15%
polyacrylamide/7 M urea gel stained with ethidium bro-
mide. RNA competitors, 170-178, were synthesized by T7
RNA polymerase as described by Milligan and Uhlenbeck
(1989). Briefly, a template DNA strand, containing the com-
plementary sequence of the desired RNA followed by a se-
quence complementary to the T7 RNA polymerase promoter,
was synthesized for each RNA competitor (Bottom strand).
Sequences of Bottom strand deoxyoligonucleotides (oligos)
are available upon request. For each transcription reaction, a
Bottom strand oligo was hybridized to a Top strand oligo
containing the T7 RNA polymerase promoter sequence, (5'-
TAATACGACTCACTATAG-3'), followed by transcription
and workup as described above.

In vitro splicing reactions contained 44% (v/v) HeLa nu-
clear extract, 1 mM MgCl,, 1.5 mM ATP, 5 mM creatine
phosphate, 60 mM KCl, 20 mM Hepes, pH 7.4, 120,000 cpm
of substrate RNA in a 25-uL reaction volume. Reactions were
incubated at 30°C for the indicated times followed by di-
gestion with proteinase K (100 units/mL for 10 min at 30°C),
phenol/chloroform extraction, and ethanol precipitation. In
reactions containing RNA competitor, RNA competitor was
preincubated with nuclear extract for 5 min on ice prior to
addition of the labeled substrate RNA.

Nuclear extract preparation

HeLa nuclear extract was prepared as described by Dignam
et al. (1983). Rat whole brain and kidney nuclear extract
protocols were adapted from Sierra et al. (1993). Briefly, fresh
tissue was obtained from six 28-day Sprague-Dawley rats
(Zivic-Miller, Pennsylvania), rinsed in cold PBS, and minced.
The minced tissue, in 30 mL of homogenization buffer cooled
to —=20°C (10 mM Hepes, pH 7.6, 15 mM KCl, 0.15 mM
spermine, 0.5 mM spermidine, 1 mM EDTA, 2.2 M sucrose,
5% glycerol, 0.5 mM DTT), was homogenized in a pre-
cooled, 55-mL Teflon-glass homogenizer at 400 rpm for
5-7 min. The homogenate was diluted to 50 mL with ho-
mogenization buffer, layered over a 10-mL sucrose cushion
(homogenization buffer plus 2 M sucrose and 10% glycerol,
cooled to —20°C), and centrifuged in a SW28 rotor, at 27,000
rpm, for 1 h at 4 °C. The nuclear pellets were rinsed in Buffer
C with 20 mM KCl1 (20 mM Hepes, pH 7.6, 25% glycerol,
1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT) briefly and
resuspended in 0.5 mL Buffer C containing 0.23 M KCl. After
a 30-min incubation on ice, the resuspended nuclei were
spun at 16,000 X g for 10 min in a microcentrifuge and the
supernatant dialyzed for 4 h against 2 L of Buffer D (20 mM
Hepes, pH 7.6, 20% glycerol, 0.1 M KCI, 0.2 mM EDTA,
0.5 mM DTT) with one change of buffer. Nuclear extracts
were flash frozen in liquid nitrogen and stored in aliquots at
—80°C. Protease inhibitors were added to Homogenization
buffer, sucrose cushion, and Buffer C plus 0.23 M KCL

UV crosslinking

Nuclear extracts were adjusted to 4 mg/mL protein concen-
tration as measured by the standard Bradford assay. Splicing
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reactions were assembled as described above with 36% (v /v)
HeLa nuclear extract or rat brain nuclear extract, 300,000
cpm of **P-labeled substrate RNA and incubated for 5 min
on ice or at 30 °C as indicated. RNA competitor was preincu-
bated with nuclear extract for 5 min on ice prior to addition
of labeled substrate RNA. Samples were then irradiated (in
open 1.5-mL Eppendorf tubes) on ice with 1.2 ] using a Strata-
linker (Stratagene) at a distance of 6.5 cm from the UV source.
Following irradiation, samples were digested with 1 mg/mL
Ribonuclease IA (Pharmacia) for 20 min at 30 °C, electropho-
resis sample buffer was added, the samples boiled for 5 min,
and loaded on a 12.5% polyacrylamide gel. Gels were run at
30 mA for approximately 4.5 h, fixed in 45% methanol, 9%
acetic acid for 1-12 h, and then dried. Crosslinked proteins
were detected by autoradiography.

Mobility shift analysis

Scaled down splicing reactions were assembled (10 uL total
volume) with 44% (v/v) HeLa or Brain nuclear extract (each
at 4 mg/mL) and 30,000 cpm of >2P-labeled substrate RNA
and incubated for 5 min on ice or at 30°C as indicated.
Heparin was then added (2 mg/mL final concentration) fol-
lowed by a 3-min incubation at 30 °C. Samples were placed
on ice immediately following the heparin treatment and half
the sample was loaded on a 3.75% polyacrylamide gel con-
taining 50 mM Tris-Glycine, pH 8.8, and 10% glycerol, elec-
trophoresed at 4 W at 4°C, or room temperature for 3.5 h,
and dried onto Whatman paper. Complexes were visualized
by autoradiography. Assembly reactions containing RNA
competitors were preincubated with nuclear extract for
5 min prior to addition of labeled substrate RNA.

Western blot and immunoprecipitation analysis

After separation on 12.5% SDS-polyacrylamide gels, pro-
teins were transferred to Immobilon (Millipore) by electro-
blotting. Blocking was performed in 3% gelatin and primary
antibodies were used at a dilution of 1:10,000 for PTB, 1:2,500
for PSE, 1:2,900 for PepA (U2AF® specific), and 1:250 for 7G12.
Goat anti-rabbit IgG conjugated to alkaline phosphatase was
used as the secondary antibody at a dilution of 1:2,900. Anti-
mouse IgG conjugated to alkaline phosphatase was used at a
dilution of 1:3,000 for the 7G12 antibody. NBT and BCIP (Pro-
mega) were used for color development. For immunoprecip-
itation analysis, UV crosslinking reactions were incubated with
5 pL of the 7G12 antibody and 1.5 uL anti-mouse IgG, fol-
lowed by precipitation with an equal volume of Protein A
beads (Pharmacia) in 1X NET buffer: 50 mM Tris, pH 7.5,
150 mM NaCl, 5 mM EDTA. Immunoprecipitates were washed
4% in 1x NET + 0.5% NP40, boiled in SDS sample buffer, and
resolved on 12.5% SDS-polyacrylamide gels.

NOTE ADDED IN PROOF

A related study by R.C. Chan and D.L. Black is in press, to
appear in Mol Cell Biol.
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