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A single polypyrimidine tract binding protein (PTB)
binding site mediates splicing inhibition at mouse
IgM exons M1 and M2
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Abstract

Splicing of mouse immunoglobulin (IgM) exons M1 and M2 is directed by two juxtaposed regulatory elements, an enhancer and
an inhibitor, located within the M2 exon. A primary function of the enhancer is to counteract the inhibitor, allowing splicing
to occur. Here we show that the inhibitor contains two binding sites for polypyrimidine tract binding protein (PTB). Mutational
analysis indicates that only one of these sites is necessary and sufficient to direct splicing inhibition both in vitro and in vivo.
We demonstrate that the difference in activity of the two sites is explained by proximity to the intron. We further show that the
presence of the enhancer results in the disruption of the PTB-inhibitor interaction, enabling splicing to occur. In the absence
of the enhancer, splicing can be artificially activated by immuno-inhibition of PTB. Collectively, our results indicate that a single
PTB binding site can function as an inhibitor that regulates alternative splicing both in vitro and in vivo.
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INTRODUCTION

In eukaryotes, gene expression is controlled at both the
transcriptional and post-transcriptional levels. An impor-
tant form of post-transcriptional control is alternative splic-
ing, which allows the generation of different proteins from
a single gene. Alternative splicing can occur constitutively
or can be regulated, for example, in a cell type or develop-
mental specific fashion. It has been estimated that 40%–
60% of all human genes undergo alternative splicing
(Modrek and Lee 2002).

The control of alternative splicing is mediated by the
binding of trans-acting protein factors to cis-acting se-
quences within the pre-mRNA leading to differential use of
splice sites. Cis-acting elements involved in alternative splice
site recognition include splicing signals, such as the 5� and
3� splice sites and the branchpoint, as well as separate posi-
tive or negative regulatory elements. The best-characterized

regulatory elements are splicing enhancers, which are typi-
cally purine-rich sequences located in exons (for review, see
Blencowe 2000; Bilbao and Valcarcel 2003). A variety of
RNA binding and in vitro genetic selection experiments
have shown that splicing enhancers function by providing
binding sites for serine-arginine (SR) proteins, a highly con-
served family of splicing factors that are present throughout
metazoans (Graveley 2000).

Splicing inhibitors (or silencers) are a class of negative
regulatory elements. The splicing inhibitors identified to
date appear remarkably diverse (Nemeroff et al. 1992; Siebel
et al. 1992; Amendt et al. 1995; Del Gatto and Breathnach
1995; Staffa and Cochrane 1995; Staffa et al. 1997; Valcarcel
and Gebauer 1997; Grabowski 1998; Zheng et al. 1998; Kan
and Green 1999; Chou et al. 2000; Le Guiner et al. 2001;
Wagner and Garcia-Blanco 2001). Several proteins with the
ability to inhibit splicing have been identified, including
two heterogeneous nuclear ribonucleoproteins (hnRNPs),
hnRNP A1 and polypyrimidine tract binding protein (PTB
or hnRNP I). The hnRNP A1 protein can antagonize the
function of SR proteins in certain types of alternative splic-
ing (Mayeda and Krainer 1992; Mayeda et al. 1993; Caceres
et al. 1994). PTB is a widely expressed 57-kDa hnRNP that
contains four RNA recognition motifs and binds to pyrimi-
dine-rich elements (for review, see Valcarcel and Gebauer
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1997; Wagner and Garcia-Blanco 2001), which are often
located in the 3� splice site region. Studies using RNA in-
terference (Wagner and Garcia-Blanco 2002) and domi-
nant-negative mutants (Charlet et al. 2002) have confirmed
that PTB can repress splicing in vivo. PTB has been impli-
cated in the regulation of tissue-specific alternative splicing
of several genes, including �- and �-tropomyosin (Mulligan
et al. 1992; Singh et al. 1995; Perez et al. 1997; Gooding et
al. 1998), fibronectin (Norton 1994), c-src (Chan and Black
1997; Chou et al. 2000), GABAA receptor �2 (Ashiya and
Grabowski 1997), and �-actinin (Southby et al. 1999).

We have been using the mouse immunoglobulin (IgM)
exon enhancer substrate as a model system to study alter-
native splicing (Kan and Green 1999). We have shown that
splicing of IgM exons M1 and M2 is directed by two jux-
taposed regulatory elements, an enhancer and an inhibitor,
located within the M2 exon. A primary function of the
enhancer is to counteract the inhibitor, enabling splicing to
occur. The IgM M2 splicing inhibitor is evolutionarily con-
served; can inhibit the activity of an unrelated, constitu-
tively spliced pre-mRNA; and acts by repressing splicing
complex assembly. Here we determine the basis for the
activity of the IgM M2 inhibitor.

RESULTS AND DISCUSSION

Binding of PTB to the IgM M2 splicing inhibitor and
disruption by the enhancer

We have previously shown that the IgM1–2 pre-mRNA
contains an ∼70-nt inhibitor region at the 3� end of exon 2
(Kan and Green 1999). Detailed inspection of this region
revealed two potential PTB binding sites (Fig. 1A). To de-
termine whether PTB binds to this region, we analyzed a
series of IgM1–2 pre-mRNA derivatives using an ultraviolet
(UV) light cross-linking assay that detects protein–RNA in-
teractions. A uniformly 32P-labeled RNA substrate was in-
cubated in nuclear extract in the presence or absence of
ATP, and the reaction mixture was irradiated with UV light
to induce RNA-protein cross-links. Following RNase A
treatment and immunoprecipitation with an anti-PTB an-
tibody, 32P-tagged polypeptides were fractionated by SDS-
polyacrylamide gel electrophoresis and detected by autora-
diography. Four RNA substrates were analyzed: the intact
IgM1–2 pre-mRNA (IgM1–2), an IgM1–2 pre-mRNA de-
rivative lacking the enhancer (IgM�E), an RNA containing
only the inhibitor (IgM-I), and a nonspecific RNA control.

Figure 1B shows that in the absence of ATP, PTB was
bound to all three inhibitor-containing RNA substrates but
not to the nonspecific RNA. In the presence of ATP, the
interaction between PTB and the IgM1–2 pre-mRNA,
which contains the enhancer and undergoes splicing, was
disrupted. In contrast, PTB remained bound to IgM-I and
the IgM�E pre-mRNA substrate, which lack the enhancer

and do not undergo splicing. Collectively, these results in-
dicate that PTB binds to the inhibitor and that this inter-
action is disrupted in the presence of the enhancer under
conditions that support splicing.

To further investigate the enhancer-mediated disruption
of PTB binding, we analyzed splicing complex assembly.
Splicing complexes were fractionated on a nondenaturing
gel (Fig. 1C, left) and analyzed for PTB binding using the
UV cross-linking assay (Fig. 1C, right). The cross-linking
results show that the nonspecific H complex contains
bound PTB, whereas the functional splicing complexes
(Fig. 1A,B,C) do not. We have previously found that in the

FIGURE 1. Binding of PTB to the IgM M2 splicing inhibitor and
disruption by the enhancer. (A) Schematic diagrams of the IgM1–2
pre-mRNA substrate and deletion derivatives lacking the enhancer
(IgM�E) or containing only the inhibitor (IgM-I). M1 and M2, exons
M1 and M2, respectively; E, enhancer; INH, inhibitor; I and II, PTB
binding sites I and II, respectively. (B) PTB was analyzed for its ability
to bind IgM1–2, IgM�E, IgM-I or a non-specific RNA control (NS
RNA) using a UV cross-linking assay. HeLa nuclear extract was incu-
bated with a uniformly 32P-labeled pre-mRNA substrate for 30 or 60
min in the presence or absence of ATP as indicated. (C) Splicing
complexes formed on IgM�E and IgM1–2 were fractionated on a
nondenaturing gel (left), and analyzed for PTB binding using the UV
cross-linking assay (right). The PTB-pre-mRNA interaction was ana-
lyzed in the inhibitor complex (complex I), prespliceosome (complex
A), mature spliceosome (complex B, C), or nonspecific H complex.
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absence of the enhancer, an RNA substrate containing the
IgM1–2 inhibitor will form a distinct inhibitor complex (com-
plex I; Kan and Green 1999). Figure 1C shows that complex
I, formed on the IgM�E pre-mRNA substrate, contains
bound PTB. In conjunction with the data of Figure 1B, these
results suggest that disruption of the PTB-inhibitor interaction
is a step involved in IgM1–2 splicing.

Binding of PTB mediates splicing inhibition on
IgM1–2 pre-mRNA

We next asked whether PTB binding is required for splicing
inhibition. To examine this possibility, we immuno-inhib-
ited the function of PTB and analyzed the effect on splicing
activity. Figure 2A shows that addition of an anti-PTB an-
tibody artificially activated splicing of the IgM�E pre-
mRNA substrate, which lacks the enhancer and is otherwise
unable to splice. As expected, addition of recombinant PTB
to the immuno-inhibited nuclear extract restored splicing
inhibition.

MS2-RS domain fusion-proteins can support enhancer

activity on modified RNA substrates containing an MS2
binding site in place of the enhancer (Graveley and Maniatis
1998). Figure 2B shows that on such a modified IgM-MS2
pre-mRNA substrate, addition of either the MS2-RS fusion-
protein or the anti-PTB antibody enabled splicing to occur.

In addition to the MS2-RS fusion-protein, at least one SR
protein is required for splicing MS2-containing RNA sub-
strates (Graveley and Maniatis 1998). Accordingly, Figure
2C shows that the IgM-MS2 substrate was spliced in an
S100 extract following addition of both an MS2-RS fusion-
protein and the SR protein, ASF. Splicing could also be
activated in the absence of an MS2-RS fusion-protein by
addition of both the anti-PTB antibody and ASF. By con-
trast, in the absence of ASF, addition of the anti-PTB
antibody and an MS2-RS fusion-protein failed to activate
splicing. Thus, immuno-inhibition of PTB can compensate
for the enhancer but not the function provided by the
SR protein. Collectively, the results of Figure 2 indicate
that PTB mediates splicing inhibition, and that this inhibi-
tion is specifically antagonized by an enhancer-bound RS
domain.

A single PTB binding site mediates
splicing inhibition in vitro

As stated above, inspection of the IgM
M2 inhibitor region revealed two poten-
tial PTB binding sites. To determine the
role of each of these sites in splicing in-
hibition, we engineered mutations in the
two sites, either individually or in com-
bination. The mutants were then ana-
lyzed in the context of either the mini-
mal inhibitor (IgM-I) or the enhancer
deletion mutant (IgM�E) pre-mRNA
substrate. The UV cross-linking assay of
Figure 3A shows that mutations in either
site I or site II reduced PTB binding ap-
proximately 50%, whereas the site I–II
double mutant abolished PTB binding.
Thus, both site I and site II are, indeed,
functional PTB binding sites.

We next asked whether the site I and
site II mutations would affect splicing
activity in vitro. Figure 3B shows that
the site I mutant and the site I–II
double-mutant relieved splicing inhibi-
tion of the IgM�E pre-mRNA substrate.
Unexpectedly, however, the PTB bind-
ing site II mutation had no detectable
effect. These results suggest that binding
of PTB to site I is necessary and suffi-
cient for splicing inhibition in vitro.

To verify this conclusion, we tested
whether site I or site II could inhibit
splicing of a heterologous pre-mRNA.

FIGURE 2. Binding of PTB mediates splicing inhibition on IgM1–2 pre-mRNA. (A) In vitro
splicing of the IgM�E pre-mRNA substrate in nuclear extract (NE) following addition of an
anti-PTB antibody, or addition of recombinant PTB to the immuno-inhibited extract. (B) In
vitro splicing of the IgM-MS2 pre-mRNA substrate in nuclear extract following addition of an
MS2-RS domain fusion-protein, MS2 alone, or MS2 plus the anti-PTB antibody. (C) In vitro
splicing of the IgM-MS2 pre-mRNA substrate in S100 extract following addition of an MS2-RS
domain fusion-protein, the serine-arginine protein ASF, or the anti-PTB antibody, as indi-
cated. Schematic diagrams of the IgM1–2, IgM�E and IgM-MS2 pre-mRNA substrates are
shown.
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We constructed adenovirus major late (Ad ML) pre-mRNA
derivatives containing either site I or site II inserted into
exon 2. The splicing results of Figure 3C show that site I
and, unexpectedly, site II substantially inhibited Ad ML

pre-mRNA splicing (left panel). In contrast, a site I or site
II mutant had no effect on splicing of the Ad ML pre-
mRNA (right panel). Thus, a single PTB binding site is
sufficient to mediate splicing inhibition.

FIGURE 3. A single PTB binding site mediates splicing inhibition in vitro. (A) Mutant derivatives of the IgM-I RNA, in which either or both
of the PTB binding sites were mutated, were analyzed for their ability to bind PTB in vitro using an ultraviolet (UV) cross-linking assay. (B) PTB
binding site mutant derivatives of the IgM�E pre-mRNA substrate were analyzed using an in vitro splicing assay. The sequence of the IgM M2
inhibitor showing the putative PTB binding sites and the mutant versions is shown. (C) Adenovirus major late (Ad ML) pre-mRNA derivatives
containing either site I or site II inserted into exon 2 were analyzed using an in vitro splicing assay. (D) An IgM�E derivative in which site I was
mutated and site II was replaced with the site I sequence (IgM�E-sub1) was analyzed using an in vitro splicing assay. The sequence of the inhibitor
in the wild type and IgM�E-sub1 pre-mRNA substrates is shown.
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The results of Figure 3C indicate that either site I or site
II can inhibit splicing of a heterologous pre-mRNA. How-
ever, site II is unable to inhibit splicing of the IgM1–2
pre-mRNA (Fig. 3B). Significantly, in IgM1–2, site I is
closer to the intron than site II, raising the possibility that
proximity may be the basis for the differential activity of the
two PTB binding sites. To test this possibility, we con-
structed an IgM�E derivative in which site I was mutated
and site II was replaced with the site I sequence (IgM�E-
sub1). The results of Figure 3D show that relocation of site
I to the position of site II significantly reduced the ability of
site I to inhibit splicing. Based upon the combined results of
Figure 3, C and D, we conclude that the different activity of
sites I and II is the result of proximity to the intron.

A single PTB binding site mediates splicing inhibition
in vivo

To determine whether the PTB binding site mutants would
also affect splicing inhibition in vivo, we analyzed splicing
of IgM1–2 inhibitor mutants in transfected COS7 cells.
RNA was analyzed by RT–PCR using two sets of primer
pairs, one of which overlapped the splicing junction and
detected only spliced RNA (IgM1–5�/IgM1–2SJ), and a sec-
ond that detected both spliced and unspliced transcripts
(IgM1–5�/IgM1–3�) and therefore served as a loading con-

trol. Figure 4A shows that, as expected, deletion of the
enhancer abolished splicing in vivo. Consistent with the in
vitro results, mutation of site I or both sites I and II acti-
vated splicing in the absence of the enhancer, whereas mu-
tation of site II had no effect. To rule out the possibility of
additional, cryptic splicing products, we repeated the PCR
analysis using a third set of primers (IgM1–5�/IgM2). Figure
4B shows that additional splicing products were not detect-
able and confirms the conclusions obtained with the IgM1–
5�/IgM1–2SJ primer pair. Collectively, the results of Figures
3 and 4 indicate that the IgM M2 splicing inhibitor contains
two PTB sites, only one of which, site I, is required for
splicing inhibition both in vitro and in vivo.

In this report, we have studied the basis by which the IgM
M2 splicing inhibitor functions. We have shown that the
inhibitor contains two functional PTB binding sites, only
one of which is necessary and sufficient to direct splicing
inhibition both in vitro and in vivo. We further show that
the difference in activity of the two sites is explained by
proximity to the intron. Abrogating inhibitor function by
either mutation of the critical PTB binding site or by im-
muno-inhibition of PTB activated splicing in the absence of
the enhancer. These results strongly support our previously
proposed model for the regulation of IgM1–2 splicing
through juxtaposed enhancer-inhibitor elements (Kan and
Green 1999).

FIGURE 4. A single PTB binding protein binding site mediates splicing inhibition in vivo. IgM1–2, IgM�E, and mutant derivatives of IgM�E
in which either or both of the PTB binding sites were mutated, were analyzed using an assay that monitored splicing of pre-mRNA substrates in
transfected COS7 cells. (A) (Top) RNA was analyzed by RT-PCR using two sets of primer-pairs: IgM1–5� and IgM1–2SJ, which overlaps the
splicing junction between the first and second exons, were used to detect spliced products; IgM1–5� and IgM1–3� were used to detect both spliced
and unspliced RNAs. As a control, a reaction was also performed in the absence of reverse transcriptase (RT−). (Bottom) PCR bands were
quantitated, and the ratio of spliced product to the total RNA (spliced and unspliced) was calculated and normalized to the amount of spliced
IgM1–2 product. (B) RNA was analyzed by RT-PCR using the IgM1–5�/IgM2 primer-pair to investigate additional cryptic splicing products.
Schematic diagrams of the IgM1–2 and IgME substrates and the location of the primers are shown.
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The basis by which PTB inhibits splicing remains to be
determined, and it is likely that multiple mechanisms are
involved. For example, in some cases the PTB binding site
is located near the binding site for U2AF65 (Wagner and
Garcia-Blanco 2001), suggesting a simple competition
mechanism. In other instances, such as the neural-specific
splicing of the N1 exon of c-src pre-mRNA (Chou et al.
2000), multiple PTB binding sites, typically located in both
introns flanking an exon, are required for inhibition (Wag-
ner and Garcia-Blanco 2001). Finally, in several cases in-
cluding IgM1–2, the PTB binding site or sites is located in
the downstream exon (Zheng et al. 1998; Kan and Green
1999; Le Guiner et al. 2001). Whereas multiple PTB binding
sites are required for inhibition of c-src pre-mRNA splicing,
we have shown that for IgM1–2 a single PTB binding site is
necessary and sufficient for inhibition.

We have found that the enhancer disrupts the PTB-in-
hibitor interaction, but the mechanism of disruption re-
mains to be elucidated. One possibility is that the enhancer
directly antagonizes the PTB-inhibitor interaction. Alterna-
tively, the enhancer might disrupt the PTB-inhibitor inter-
action indirectly as a consequence of promoting splicing
complex assembly. The intact IgM M2 inhibitor forms an
ATP-dependent complex that contains U2 snRNA (Kan and
Green 1999), which may be relevant to the mechanism of
disruption. Binding of PTB to c-src pre-mRNA is disrupted
in neuronal cell extracts by an ATP-dependent mechanism
that does not require spliceosome assembly (Chou et al.
2000). However, as discussed above, the c-src and IgM1–2
pre-mRNAs differ with regard to important features of
PTB-mediated splicing inhibition. The relative simplicity of
IgM1–2 suggests it may provide an advantageous system for
studying PTB-mediated splicing regulatory mechanisms.

MATERIALS AND METHODS

Plasmid construction

The IgM1–2 and IgM�E pre-mRNA substrates were transcribed
from plasmids pµM1–2 and pµM�E (Watakabe et al. 1993). PTB
site mutants were constructed in pµM�E using a PCR-based strat-
egy. Plasmids encoding IgM-I and PTB binding site mutant de-
rivatives were constructed by inserting the SpeI-XbaI fragment
from pµM�E into pCRII-Topo (Invitrogen). The nonspecific
RNA control was generated by T7 transcription from NdeI-linear-
ized pSP72 (Promega). The IgM-MS2 pre-mRNA substrate was
constructed by inserting the MS2 binding site into pµM�E. Plas-
mids encoding Ad ML-site I and Ad ML-site II were constructed
by inserting annealed oligonucleotides corresponding in sequence
to site I or site II into plasmid pMINX (Zillmann et al. 1988). The
plasmid encoding IgM�E-sub1 was constructed by inserting an-
nealed oligonucleotides corresponding to an altered inhibitor re-
gion, in which site I was mutated and site II was replaced with site
I, into pµM�E. For the in vivo splicing assays, plasmids encoding
the pre-mRNA substrates IgM1–2, IgM�E, and IgM�E-based PTB
binding site mutants were constructed by inserting a blunt-ended

EcoRI-HindIII fragment from pµM1–2 and pµM�E (Watakabe et
al. 1993) into the SmaI site of the pMT2 expression vector.

UV cross-linking assay

UV RNA cross-linking was performed as described previously
(Wu and Green 1997). Immunoprecipitation with a rabbit poly-
clonal antibody raised against a C-terminal PTB peptide was per-
formed as previously reported (Markovtsov et al. 2000).

Spliceosome assembly reactions

Spliceosome assembly reactions were performed essentially as de-
scribed previously (Kan and Green 1999). Briefly, spliceosomal
complexes were resolved on nondenaturing 4% acrylamide : bi-
sacrylamide (80:1)–0.5% agarose gels in 50 mM Tris base-50 mM
glycine buffer. The gels were UV irradiated on ice using a Strata-
gene UV cross-linker at 2 J/cm2 (Wu and Green 1997). After UV
cross-linking, gel slices containing complexes from the 30-min
splicing reaction were excised and incubated in 2 mg/mL RNase A
solution for 30 min and eluted with Quik-Pik Electroelution Cap-
sules (Stratagene) in TBE buffer for 2 h at 4°C. The eluted solution
was immunoprecipitated with an anti-PTB antibody as previously
described (Markovtsov et al. 2000).

In vitro splicing assays

Splicing reactions were performed essentially as previously de-
scribed (Kan and Green 1999). Spliced products were resolved on
12% denaturing polyacrylamide gels (19:1) in 8 M urea in Tris-
Borate-EDTA buffer. For the PTB immuno-inhibition assays, 10
µL of the splicing reaction mixture (lacking pre-mRNA) was pre-
incubated with 10 µL anti-PTB monoclonal antibody BB7 for 10
min at 30°C, followed by addition of 1 µL pre-mRNA substrate.
For the PTB add-back experiments, 8 µL of the splicing reaction
mixture (lacking pre-mRNA) was preincubated with purified re-
combinant His-PTB (final concentration of 2 µM) and 10 µL
anti-PTB monoclonal antibody BB7 for 10 min at 30°C, followed
by addition of 1 µL pre-mRNA substrate. His-PTB was expressed
and purified, using Ni-NTA agarose beads (Qiagen) under non-
denaturing conditions, as previously described (Gooding et al.
1998; Wollerton et al. 2001). The MS2-RS fusion-protein expres-
sion plasmid was constructed in pFastBac (Invitrogen) for bacu-
lovirus production; MS2 was tagged with a His6 epitope at the N
terminus and a flexible linker (GGGGGS) at the C terminus and
fused in-frame to the RS domain of ASF/SF2. SF9 cells were in-
fected with recombinant baculovirus and harvested 3–4 d post-
infection, and the His-MS2-RS(ASF) fusion-protein was purified
on Ni-NTA agarose beads. His-MS2-RS(ASF) and His-MS2 were
added to the splicing reaction mixture at a final concentration of
1 µM. His-ASF was expressed using BL21 Escherichia coli cells and
purified on Ni-NTA agarose beads as previously described (Cace-
res and Krainer 1993); the protein was added to the splicing re-
action mixture at a final concentration of 2 µM.

In vivo splicing assays

Pre-mRNA substrate minigene constructs were transiently trans-
fected into COS7 cells by calcium phosphate precipitation. Twenty-
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four hours after transfection, total RNA was isolated and used to
generate first-strand cDNA. To determine the efficiency of splicing
of minigene transcripts, equal amounts of reverse-transcribed total
RNA was amplified in two separate PCR reactions using two sets
of primer-pairs: IgM1–5� (5�-GAGCTGAGGAGGAAGGCTTTG-
3�) and IgM1–3� (5�-CAGGGTGACGGTGGTGCTGTAGAAG-3�)
were used to detect both spliced and unspliced RNAs to ensure
there were comparable amounts of reverse transcripts for each
pre-mRNA; IgM1–5� and IgM1–2SJ (5�-TCATTTCACCTTGAA
CAG-3�), which overlaps each side of the splicing junction by 9
nucleotides, were used to detect spliced RNAs. PCR bands were
quantitated by densitometric analysis with NIH Image 1.3; the
ratio of spliced product to the total RNA (spliced and unspliced)
was calculated and normalized to the amount of spliced IgM1–2
product. To investigate additional cryptic splicing products,
primer-pair IgM1–5� and IgM2 (5�-CCATCTCAGAGATAAAAG
CTGGAGGGCA-3�) were used.
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