Repression of a-actinin SM exon splicing by assisted
binding of PTB to the polypyrimidine tract
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ABSTRACT

Polypyrimidine tract binding protein (PTB) acts as a regulatory repressor of a large number of alternatively spliced exons, often
requiring multiple binding sites in order to repress splicing. In one case, cooperative binding of PTB has been shown to
accompany repression. The SM exon of the a-actinin pre-mRNA is also repressed by PTB, leading to inclusion of the alternative
upstream NM exon. The SM exon has a distant branch point located 386 nt upstream of the exon with an adjacent 26 nucleotide
pyrimidine tract. Here we have analyzed PTB binding to the NM and SM exon region of the a-actinin pre-mRNA. We find that
three regions of the intron bind PTB, including the 3’ end of the polypyrimidine tract (PPT) and two additional regions between
the PPT and the SM exon. The downstream PTB binding sites are essential for full repression and promote binding of PTB to the
PPT with a consequent reduction in U2AF®® binding. Our results are consistent with a repressive mechanism in which
cooperative binding of PTB to the PPT competes with binding of U2AF®, thereby specifically blocking splicing of the SM exon.
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INTRODUCTION

PTB is an RNA binding protein that acts as a repressive
regulator of alternative splicing (for review, see Wagner and
Garcia-Blanco 2001; Spellman and Smith 2006), as well as
plays roles in pre-mRNA 3’-end processing (Castelo-
Branco et al. 2004), mRNA translation (Kaminski et al.
1995; Mitchell et al. 2005), stability (Hamilton et al. 2003),
and localization (Cote et al. 1999). Structurally, PTB
consists of four RNA recognition motif (RRM) domains,
and its optimal binding site determined by SELEX com-
prises motifs such as UCUU in a generally pyrimidine-rich
context (Perez et al. 1997a). Motifs identical or similar to
this have been found to act as splicing silencer elements
in a wide range of pre-mRNA substrates and are often
located adjacent to exons that are included with neuronal
or muscle specificity (Mulligan et al. 1992; Ashiya and
Grabowski 1997; Chan and Black 1997; Perez et al. 1997a;
Gooding et al. 1998; Southby et al. 1999; Zhang et al. 1999;
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Wagner and Garcia-Blanco 2002; Shen et al. 2004;
Izquierdo et al. 2005; Sauliere et al. 2006). Structure—
function analysis initially indicated that RRMs 3 and 4
are principally responsible for RNA binding, while the
N-terminal half of the protein might be responsible for PTB
dimerization (Perez et al. 1997b; Oh et al. 1998). However,
this simple division of labor has been challenged in two
ways. First, pure recombinant PTB is monomeric in solu-
tion (Simpson et al. 2004; Amir-Ahmady et al. 2005; Monie
et al. 2005). Second, all four of the RRMs can bind spe-
cifically to RNAs containing optimal CUCUCU motifs
(Simpson et al. 2004; Oberstrass et al. 2005).

Early models for PTB splicing repressor activity sug-
gested that it bound to the 3’ splice site polypyrimidine
tract (PPT) in competition with splicing factor U2AF®
(Lin and Patton 1995; Singh et al. 1995). Binding of the two
factors upstream of rat B-tropomyosin exon 6B was sub-
sequently found not to be mutually exclusive (Grossman
et al. 1998), although more recent analysis of chicken
B-tropomyosin indicated competitive binding of PTB and
U2AF® (Sauliere et al. 2006). Repression of a GABA(A)
receptor y2 exon was shown to occur via prevention of
U2 snRNP binding (Ashiya and Grabowski 1997). There
are two reported cases of PTB-regulated exons with a
single PTB binding silencer element located in the exon
(Shen et al. 2004; Izquierdo et al. 2005). However, the vast
majority of PTB-repressed exons have multiple associated
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PTB-binding elements (Mulligan et al. 1992; Ashiya and
Grabowski 1997; Chan and Black 1997; Perez et al. 1997a;
Gooding et al. 1998; Southby et al. 1999; Zhang et al. 1999;
Wagner and Garcia-Blanco 2002; Sauliere et al. 2006).
PTB can bind cooperatively to RNAs with multiple bind-
ing sites (Chou et al. 2000), and structural analysis of
the RRM domains of PTB in complex with RNA has
suggested how cooperative binding could be achieved
without the necessity for direct PTB-PTB interactions
(Oberstrass et al. 2005). Two general models have been
proposed for PTB silencing via multiple binding sites.
“Zones of repression” are proposed to be induced by
cooperative binding of PTB, either along the RNA or by
looping of RNA between high affinity sites (Wagner and
Garcia-Blanco 2001). In many cases, one or more of the
PTB binding sites are in the PPT, and direct binding
competition with U2AF®® could occur within a zone of
repression. However, in some cases PTB represses exons
without any high affinity specific sites in the PPT (Shen et
al. 2004; Amir-Ahmady et al. 2005; Izquierdo et al. 2005).
PTB-mediated repression has been conferred by artificial
tethering of PTB-MS2 coat protein fusions using MS2
binding sites in place of natural PTB binding sites (Wagner
and Garcia-Blanco 2002; Robinson and Smith 2006).
Deletion analysis showed that the RRM2 domain in
combination with the following inter-RRM linker is suffi-
cient to act as a repressor domain when recruited via MS2
downstream from a-TM exon 3. This repression was still
dependent upon PTB binding sites upstream of the exon,
leaving open the possibility that the tethered PTB repressor
domain might interact with PTB bound upstream of the
exon (Robinson and Smith 2006).

To date, the best demonstration of PTB-mediated re-
pression involving cooperative binding is provided by the
N1 exon of the ¢-src gene. N1 exon splicing is repressed in
nonneuronal cells by PTB binding to sites flanking the
exon (Chan and Black 1997; Chou et al. 2000). Mutations
in the upstream sites that impair PTB-mediated repression
also reduce binding to the downstream sites and vice versa
(Chou et al. 2000). While the upstream PTB binding sites
are embedded within the PPT, PTB repression can be
maintained when they are removed further 5" of the
branch point (Amir-Ahmady et al. 2005). Strikingly, PTB
appears to repress the enhancing effect of Ul snRNP
bound at the N1 5’ splice site upon U2AF® binding at
the PPT of the downstream constitutive exon 4 (Sharma
et al. 2005). Similar findings in the Fas system indicate
that PTB bound at an exon splicing silencer inhibits
cross-exon interactions between Ul snRNP and U2AF®
(Izquierdo et al. 2005).

We have sought to address the possibility of repression
by cooperative PTB binding in a second model system with
a different arrangement of PTB binding sites. The SM exon
of the a-actinin gene is skipped in most cell types in favor
of the usually mutually exclusive NM exon (Waites et al.

1992). In smooth muscle cells, the SM exon is used in place
of NM, while in adult brain the predominant isoform
contains both the NM and SM exons (Kremerskothen et al.
2002). The SM exon has a distant branch point, 386 nt
upstream of the exon, with an adjacent 26 nucleotide (nt)
pyrimidine tract (Southby et al. 1999). Transcripts con-
taining the SM exon and associated splice site elements
do not splice in HeLa nuclear extract, but splicing is
activated by removal of repressor sequences between the
exon and its distant branch point, or by depletion of PTB
(Southby et al. 1999). This suggests that PTB might repress
SM splicing by binding to sites between the exon and its
upstream branch point. The nine UCUU motifs within this
region represent potential PTB binding sites, although
the pyrimidine content of the whole region is >70% and
there are multiple other potential PTB binding motifs. In
contrast to c-src and other systems, the PTB sites do not
flank the repressed exon. Here we describe experiments
aimed at delineating the intronic regions upstream of SM
to which PTB binds, and analyzing how PTB binding to
these sites might affect splicing. In addition to the PPT, we
identify two additional regions between the PPT and SM
exon that bind PTB. We show that these downstream sites
promote binding of PTB at the PPT sites and that this
correlates with a decrease in cross-linking of U2AF® and
repression of splicing.

RESULTS

PTB binds to discrete intronic regions

In order to carry out a detailed analysis of PTB interactions
with the SM exon regulatory region (Southby et al. 1999),
we synthesized eight short (60-96 nt), contiguous RNA
fragments encompassing the NM and SM exons and the
intron between them (Fig. 1). Each exon constituted an
individual fragment (1 and 8, respectively), and a further
fragment (3) contained the branch point and PPT. Bound-
aries were selected so as not to disrupt UCUU or other
pyrimidine motifs and such that candidate PTB binding
sequences were not located at the extreme termini of a
fragment. In some cases a degree of overlap between frag-
ments was necessary, although this was restricted to a
minimum and did not duplicate any putative regulatory
elements.

Interactions of recombinant PTB1 and endogenous
HeLa nuclear extract proteins with NM-SM fragments 1-
8 were first analyzed in UV cross-linking assays (Fig. 2B).
The identity of the characteristic HeLa PTB doublet was
verified by immunoprecipitation of proteins cross-linking
to fragment 3. The cross-linking profiles of the recom-
binant and endogenous HeLa PTBs were similar, and no
distinction was apparent between the behavior of the
HeLa PTB1 and PTB4 isoforms, consistent with previous
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1 (81 nt): GAUCACUCCG GCACGUUGGG UCCCGAAGAG UUCAAAGCCU GCCUCAUCAG
CUUGGGUUAU GAUAUUGGCA ACGACCCCCA g

2 (60 nt): gGUACUCGCC UCCUGCAUGG AGCACGCUCA AGGGUGGCCU|CUGGggcgag
aaauaacuca

3 (86 nt): ggcgagaaau aAcucAUUUC UCCUUUUUUU CUUCUCUCUU CUGUCUGAAU
UCUCCCU*GUC UCCCUUCCUG UGGGCCAUGY ggcuca

4 (69 nt): gggcucalUCC UCUCCUGCUC UCCCUGCCUG CCCCCUGUCG GGUUCCUCUG
ACUUCUGACC UCUGACUUC

5 (92 nt): GGCUAUCUUU CCUGGGAACC UGCUUGGGUA UCCGCCUCCU CUCCCUCGUC
ACAUCUCACC UGUGGACUGG UCUUCUGCAU UUCUUUGCUC Ug

6 (62 nt): gACCUCCUUC AACAUGUUCC UCCUACAUUC UUCGGCUCCU CCUAAUCUUC
ACACCAUAAA C

7 (96 nt): GGGCCCUUCC UCUUUCUGCU GUCCUCCUGG CCUCUGCCUG GGCCCUCCUC
CUCCCACCUG UCUGUCCCUC CUGUGUCUUG GCACCACUGC CCACAg

8 (67 nt): gAAGAAGACG GGCAUGAUGG ACACGGAUGA UUUCCGCGCC UGCCUUAUCU

Electrophoretic mobility shift assays
(EMSAs) were then carried out using
recombinant PTB and fragments 1-8
(Fig. 2C). These confirmed that PTB
bound with highest affinity to the PPT-
containing fragment 3, followed by
fragments 5 and 7. All three of these
RNAs showed evidence of binding to
more than one PTB molecule. Frag-
ment 4 showed a small amount of
binding only at the highest PTB con-
centrations, while fragments 1, 2, 6, and
8 did not bind at all. The cross-linking
and EMSA data therefore indicate that
fragments 3, 5, and 7 contain the main
PTB-binding regions associated with
the SM exon.

Interactions of PTB were then ana-
lyzed with fragments of the full-length
NM-Y-SM transcript, which contain
the 30 nt spacer to relieve steric inter-
ference between the SM branch point
and NM 5’ splice site. Previous work

CCAUGGGUUA CAACAUG

FIGURE 1. Organization and nucleotide sequences of the a-actinin NM-SM PCR fragments.
Schematic representation of NM-SM fragments. The branch point is represented by the black
circle and the polypyrimidine tract by the black rectangle. UCUU motifs are indicated by
vertical lines; the 30-nt spacer element in fragment 2, by the triangle. Regions of overlap
between adjacent fragments are identified by lowercase letters. The NM and SM exons
(fragments 1 and 8, respectively) and the polypyrimidine tract are indicated in bold. The two
branch points are indicated as A. UCUU motifs are underlined. Fragment lengths are indi-
cated in parentheses. The boundary between the 5’ and 3" portions of the ligated patch labeled
NM-V-SM transcript (Fig. 6) is indicated by the asterisk within fragment 3.

in vivo studies (Wollerton et al. 2001). PTB cross-linked
selectively to a subset of RNA fragments. The most intense
cross-linking signal occurred consistently with fragment 3,
containing the PPT and branch points. Fragments 5 and 7
also showed a high degree of cross-linking, while fragment
4 cross-linked only weakly. Fragments 1, 2, 6, and 8 all
cross-linked very weakly or not at all. In order to rule out
the possibility that the relative intensity of PTB cross-
linking with the RNA fragments was a function merely of
transcript length or radiolabeled U content, the shortest
fragment (2) was expanded to 90 nt by the insertion of the
30-nt random sequence spacer required for activation of
splicing (Fig. 1; Southby et al. 1999). The expanded
probe, containing five additional U residues, showed no
increase in PTB cross-linking relative to the original (data
not shown). Further evidence for the sequence specificity
of PTB cross-linking is the observation that point muta-
tions within probe 3 that disrupt the UCUU elements but
increase the radiolabeled U content caused a reduction in
the PTB signal (Fig. 5B).

1216 RNA, Vol. 13, No. 8

has shown that splicing of NM-"-SM
can be activated by truncation of the
transcript at restriction sites immedi-
ately downstream from the PPT, which
removes all but two of the nine UCUU
motifs that constitute potential PTB
binding sites (Southby et al. 1999). This
suggests that PTB exerts a part of its
repressive activity via interaction with
some or all of these downstream ele-
ments. The relative contributions of
these sites to repression of the SM
exon were investigated by in vitro splicing of NM-'-SM
transcripts progressively truncated from the 3’ terminus
(Fig. 3A). Transcripts other than 1-8 (which is equivalent
to the full-length NM-Y-SM substrate) are potentially
competent for step 1 of splicing, although they cannot
undergo step 2 due to the lack of a 3" exon. Activation of
splicing was apparent only when all sequences downstream
from fragment 4 were absent (Fig. 3B), corresponding to
the removal of all seven UCUU motifs downstream from
the PPT. Interactions of HeLa PTB with the truncated NM-
V_SM transcripts were investigated by UV cross-linking
(Fig. 3C,D). The intensity of the PTB signal was diminished
with each progressive 3’ deletion. In contrast, U2AF®
cross-linking increased between 1-8 and 1-3 (Fig. 3D).
This suggests that sites downstream of the PPT appear to
be important both for PTB binding and for repression of
SM exon splicing.

In order to determine more precisely which of the
downstream regions contribute to the effects of PTB,
internally deleted versions of the NM-Y-SM transcript were
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FIGURE 2. PTB binds selectively to specific NM-SM transcript
fragments. (A) Schematic representation of RNA probes 1-8. (B)
Cross-linking of recombinant 6xHis tagged PTB (upper panel) or
endogenous HeLa nuclear extract proteins (lower panel) to NM-SM
fragments 1-8. [**P]-labeled NM-SM transcripts were incubated with
recombinant PTB or HeLa nuclear extract for 25 min. Following UV
cross-linking and RNase digestion, proteins were analyzed by SDS-
PAGE and autoradiography. Endogenous nuclear extract proteins
cross-linked to NM-SM fragment 3 were immunoprecipitated with
a-PTB antibody and analyzed alongside a total cross-linking sample
(lower right panel). The two PTB isoforms are visible. (C) Electro-
phoretic mobility shift assay with [*’P]-labeled probes 1-8 and
recombinant PTB. For each probe, PTB was titrated (0, 0.25, 0.5, 1,
and 2 pM; left to right).

created, in which fragments 4, 5, 6, and 7 were removed
individually or in particular combinations. Removal of frag-
ment 7 alone resulted in a 1.4-fold enhancement of splicing
relative to the wild-type (WT) NM-"-SM RNA; the A5A7
combination produced further activation of the SM
exon (2.2-fold increase over WT levels) (Fig. 4A), although
A5 alone did not enhance splicing significantly. In con-
trast, deletions A4 and A6 had no effect on splicing,
while the combined deletion A4A6 reduced splicing effi-
ciency, possibly by bringing the PTB-binding fragments
into closer proximity. These observations are consistent
with the relative ability of PTB to interact with the
individual transcript fragments (Fig. 2). In parallel UV
cross-linking assays (Fig. 4B), the A5A7 deletion reduced
the PTB signal to ~50% of the WT level, whereas the
A4A6 deletion had only a marginal effect. These data
indicate that the reduction of PTB cross-linking is due
to deletion of specific sequences, rather than due to the
length of the transcript. Removal of any individual frag-
ment did not cause a substantial reduction in PTB cross-
linking.

PTB binding to the PPT

The role of PTB binding by fragment 3 could not be
investigated by deletion analysis as it contains the essential
branch point and PPT, removal of which would abolish
splicing. The two UCUU motifs located at the 3’ end of the
PPT were identified as probable PTB binding sites within
fragment 3 (Fig. 2A). This was tested by UV cross-linking
of HeLa nuclear extract proteins with a mutant form of
the transcript (3AUCUU), in which the four C residues
encompassed by the UCUU motifs were mutated to U
(Fig. 5A,B; Gromak et al. 2003). The mutation resulted in a
>70% reduction in PTB cross-linking despite the increase
in radiolabeled U content of the probe (Fig. 5B, lanes 1,2).
In contrast, a control RNA containing mutations in adja-
cent CUG elements (3ACUG) (Gromak et al. 2003)
behaved almost identically to the WT (Fig. 5B, lane 3).
These data provide further evidence for the specificity of
PTB interactions with the NM-SM fragments. Two novel
cross-linking species of ~20 and ~50 kDa appeared with
the AUCUU mutant form of fragment 3; these remain to
be identified.

The functional effect of the fragment 3 AUCUU muta-
tion was tested in the context of the full-length NM-"-SM
substrate. The mutation resulted in a ~twofold increase in
the level of SM exon splicing in vitro (Figs. 5C, 6D). Cross-
linking of HeLa PTB to the full-length RNA was reduced by
only ~35% with the mutant relative to the WT transcript
(Fig. 5B, lanes 4,5); this was accompanied by an increased
interaction of unidentified ~20 and ~40 kDa species. The
substantial residual cross-link observed with the mutant
full-length RNA presumably reflects the interactions of PTB
with downstream sequences within fragments 5 and 7.
These data indicate that the UCUU motifs within the PPT
constitute a binding site of functional importance for PTB-
mediated SM exon repression. However, it is important to
note that the mutation of four Cs to Us that reduced PTB
binding might also have increased U2AF® binding (Singh
et al. 1995). The increased efficiency of SM splicing could
therefore arise from a combination of decreased affinity
for PTB and increased affinity for U2AF®.

PTB binding at the PPT is enhanced
by downstream sites

A patch-labeling approach (Moore and Query 1998) was
adopted to investigate the functional relationship between
the PTB binding sites within the PPT and those further
downstream. Radiolabeled 5’ transcripts, corresponding
approximately to probe 1-3 (Fig. 1), were ligated to
trace-labeled 3" transcripts comprising the remaining down-
stream sequence of NM-"-SM (Fig. 6A). The 5’ fragments
were composed of WT or AUCUU mutant sequence, while
the 3’ fragment was either WT or A5A7. Only the PPT
region of the 5’ portion interacts detectably with PTB
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its WT counterpart (Fig. 6C, cf. lanes

A
10 and 1). However, coupling of the
AUCUU form to unlabeled down-
C stream sequences again promoted
13 B A5 6 Ko interaction of PTB with the mutant
B NN NN NN PPT (Fig. 6C, lanes 10-12). Once again,

Transcript 1-8 1-7 1-6 1-5 1-4 1-3
Time (h)T.5123 T.5123 T.5123 T.5123 T.5123 T.5123

ligation of the A5A7 mutant 3’ end
increased PTB cross-linking to a lesser
degree than did the WT 3’ end (Fig. 6C,
lanes 11, 12). The relative degree of
PTB cross-linking to the four ligated

% spliced 3.2 42 34 3.1 117 387
at3hr + + E + + +

k| products (Fig. 6C, lanes 2, 3, 11, 12)
. ol D varied inversely with the relative effi-
1-8‘_ . 1:3 . ciency of splicing of the corresponding

e@;\\oq&&éb e*i’&&éb body-lat.)eled transcgpts. (Fig. ' 6D).

LY £ Interactions of U2AF”” with the ligated

(] transcripts and their corresponding

6C, lanes 1 and 2, 10 and 11). Further-
more, the intensity of the U2AF®” signal

-
- U2AFES 5" constituent RNAs also varied
P18 inversely with those of PTB (e.g., Fig.

-

08 27 08 20 07 104

FIGURE 3. Progressive removal of PTB binding sites downstream of the polypyrimidine tract
activates SM exon splicing. (A) Organization of the a-actinin NM-Y-SM transcript. The
triangle represents the 30-nt spacer sequence. Note that NM-"-SM is identical to 1-8 in Figure
2. The various truncated transcripts are indicated below. (B) [**P]-labeled probes were spliced
in 30% HeLa nuclear extract for 0.5, 1, 2, or 3 h and the RNA species resolved by 6%
PAGE. T indicates transcript alone. Intron lariats produced by 1-3 and 14 are indicated by

was greater with the AUCUU 5’ probe
than with the WT form. These data are
consistent with a mechanism whereby
PTB binding to the PPT, promoted by
the downstream PTB binding sites,
represses the SM exon.

the asterisks. Values below each set of lanes represent the percentage of splicing at 3 h
(mean * SD, n = 3). (C) Splicing reactions were incubated for 25 min prior to UV cross-

linking and RNase treatment; proteins were resolved by SDS-PAGE. The positions of PTB and

DISCUSSION

U2AF® are indicated to the right. (D) Immunoprecipitation of cross-linked PTB and U2AF®

with the 1-8 (left) and 1-3 (right) RNAs. Following UV cross-linking and RNase treatment,
proteins were immunoprecipitated with «-PTB or a-U2AF® and analyzed by SDS-PAGE

alongside a total cross-linking sample.

(Fig. 2A; Gromak et al. 2003), so any cross-linking to the
patch-labeled RNAs represents PTB interacting with the
PPT.

The 5’ fragments alone spliced efficiently, but ligation
of the unlabeled 3’ ends led to substantial inhibition of
splicing (Fig. 6B, cf. 2-h lanes within each panel). Parallel
UV cross-linking assays indicated a 3.4-fold enhancement
of PTB cross-linking to the WT PPT upon ligation to the
WT 3’ sequences (Fig. 6C, cf. lanes 1 and 2). An equimolar
mixture of the unligated 5" and 3’ fragments showed cross-
linking identical to that of the 5’ fragment alone (lane 6),
indicating that the 3" RNA is effective at promoting PTB
binding to the PPT only when linked in cis. Ligation of the
unlabeled 3’A5A7 RNA (Fig. 6C, lane 3, lig 5’"WT.3'A5A7)
also promoted PTB cross-linking to the PPT region, but to
a lesser degree (twofold enhancement) than observed with
3'WT. These data indicate that downstream sequences
promote PTB binding to the PPT.

The AUCUU mutant 5" RNA alone showed reduced PTB
cross-linking and increased U2AF®® cross-linking relative to

1218 RNA, Vol. 13, No. 8

Our data indicate the repression of
a-actinin SM exon splicing involves
PTB binding to sites spread over a
region of ~350 nt encompassing most
of the distance between the PPT and
the SM exon. PTB binding is not uniform across this
region, as indicated by the lack of PTB binding to frag-
ment 6 and the weak binding to fragment 4, despite the fact
that both fragments are pyrimidine rich. Fragment 3,
containing the PPT, bound PTB most strongly (Fig. 2).
The UCUUCUCUCUU motif at the 3’ end of the PPT was
crucial for PTB binding to fragment 3 alone (Fig. 5), and
mutation of this element partially activated splicing of the
full-length substrate (Fig. 5). However, PTB binding by
fragment 3 was not sufficient for splicing repression, as
indicated by the splicing activity of RNA substrates trun-
cated at the 3" end of fragment 3 (Figs. 3, 6). PTB binding
at the PPT was enhanced by downstream PTB-binding
elements, and it was this enhanced level of binding that
correlated with repression of splicing. The simplest expla-
nation of the enhanced PTB binding at the PPT is coop-
erative binding of PTB to RNAs with more than one high
affinity site.

Although our approach was initially guided by the
distribution of UCUU motifs, these are not able to account
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to the PPT increased, and U2AF®
cross-linking decreased (Fig. 6). Liga-
tion of unlabeled A5A7 3’ end, con-
taining the PTB binding site deletions,
caused less repression of splicing and
enhancement of PTB cross-linking to
the PPT. The observation that deletion

of the major downstream PTB binding
regions (A5A7) did not activate splicing
to the same extent as complete deletion
of the 3’ end (Fig. 3) could be explained
by PTB binding to fragment 4 (Fig. 2C).

PTB

e ] [Ea] [Fenl ReR] (PR [T
% spliced 121 272 58 107 17.0 94 146
at3 hr * + B t + + +

1.9 27 26 20 20 24 23

FIGURE 4. Internal deletions that remove PTB binding sites activate splicing. (A) [**P]-
labeled probes were spliced in 30% HeLa nuclear extract for 1, 2, or 3 h and the RNA species
resolved by 12% PAGE. T indicates transcript alone. Positions of splicing products and
intermediates are indicated to the right. (B) Splicing reactions were incubated for 25 min prior
to UV cross-linking and RNase treatment; proteins were resolved by SDS-PAGE. Values below
each set of lanes represent the percentage of splicing at 3 h (mean * SD, n = 4).

adequately for the differential PTB binding by the frag-
ments. The distribution of other pyrimidine motifs, such
as UCU, between the different RNA fragments also did not
correlate particularly well with PTB binding, although
UCUU-like motifs were most highly enriched in fragment
3. In particular, the distribution of CCU motifs, which in
double-stranded form have been reported to act as PTB
binding IRES elements (Mitchell et al. 2005), showed no
correlation with PTB binding. Tellingly, the UCUU motifs
in fragment 3 lie adjacent within an unbroken 26-nt
pyrimidine tract, while those in fragment 6, which did
not cross-link PTB, are both within 5-6 nt pyrimidine
stretches. Indeed, PTB binding correlates more strongly
with the length of the longest pyrimidine tract in each
fragment than with the distribution of any individual motif.
Fragments 3, 5, and 7 have pyrimidine tracts of 26, 13, and
14 nt, respectively, while the longest pyrimidine stretch in
any other fragment was 9 nt.

Fragments 5 and 7, both of which cross-linked to PTB,
contain UCUUs located in pyrimidine stretches of 6-8 nt
(fragment 5) and 14 and 4 nt (fragment 7). The functional
importance of fragments 5 and 7 was indicated by the acti-
vation of splicing upon their deletion, whereas deletion of
fragments 4 and 6 had no effect (Fig. 4). Despite the
intrinsic ability of fragment 3 to bind PTB, this binding
alone is not sufficient for splicing repression. Transcripts
terminated at the end of fragment 3 were able to splice
efficiently (Figs. 3, 6), but when unlabeled 3" RNAs were
ligated to them, splicing was repressed, PTB cross-linking

While fragment 4 alone does not bind
PTB strongly, in combination with
fragment 3 it might be sufficient to
promote a degree of cooperative
binding.

Our results provide an interesting
comparison with data from other
systems. While the requirement for
multiple PTB binding sites has been re-
ported in a number of model systems
(e.g., Ashiya and Grabowski 1997; Perez
et al. 1997a; Wagner and Garcia-Blanco
2002), repression mediated by cooper-
ative binding of PTB has been demon-
strated only with the N1 exon of c-src (Chou et al. 2000;
Amir-Ahmady et al. 2005). Moreover, PTB-mediated re-
pression of both N1 and exon 6 of Fas involves decreased
binding of U2AF®® (Izquierdo et al. 2005; Sharma et al.
2005). However, in both cases the binding sites for PTB
were located between binding sites for U2AF® and Ul
snRNP but were distant from both. The effect of PTB was
to prevent activation of U2AF®® binding by Ul snRNP
bound at a 5" splice site. In the a-actinin SM system, the
primary PTB binding sites are within the PPT adjacent to
the U2AF®® binding site, a location that would be consistent
with direct binding competition between PTB and U2AF®’.
However, our data do not rule out the possibility that PTB
binding here may prevent the activation of U2AF®® binding
by the upstream NM exon 5’ splice site (i.e., an intron
definition interaction).

The SM exon is regulated not only by PTB but also by
members of the CELF (Suzuki et al. 2002; Gromak et al.
2003) and Fox (Jin et al. 2003) families of RNA binding
proteins. Both families antagonize the repressive effect of
PTB, and in the case of CUG-BP, the functional antago-
nism results from direct binding competition at the 3’ end
of the PPT (Gromak et al. 2003). CUG-BP binding com-
petes with PTB binding, leading to a consequent increase in
U2AF® binding and splicing. These data are also consistent
with PTB-mediated inhibition of SM splicing by direct
interference with U2AF®> binding.

We analyzed the interaction of PTB with patch-labeled
RNA by UV cross-linking. This has the advantage that it
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more supportive of looping. In partic-
ular, Ul snRNP is stably bound at the
N1 5’ splice site, even when the RNA is
repressed by cooperative PTB binding
to flanking sites (Chou et al. 2000;
Sharma et al. 2005). Propagative bind-
ing requires direct protein—protein
interactions between PTB monomers.
This was consistent with early sugges-

| [Nv—{sw]

ol tions that PTB is dimeric (Perez et al.
1997b; Oh et al. 1998). More recent
findings suggest that PTB is mono-

) meric  (Simpson et al.  2004;

Amir-Ahmady et al. 2005; Monie et
al. 2005), although it remains possible
that weak interactions between RNA
bound monomers could occur (Clerte

Probe: Fragment 3 NM-V-SM
O
P N
kDa kDa
66 66
28 o PTB 28 JM[W—PTB
484 |I¥ 48 "
35 35 -
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FIGURE 5. UCUU elements in the polypyrimidine tract are important for PTB binding and
splicing repression. (A) Sequence of NM-SM PCR fragment 3. Nucleotide substitutions in the
AUCUU and ACUG mutants are indicated. (B) UV cross-linking of HeLa nuclear extract
proteins to [**P]-labeled WT and mutant transcripts after incubation in nuclear extract for
25 m1n Lane I, fragment 3; lane 2, fragment 3AUCUU; lane 3, fragment 3ACUG; lane 4,
NM- -SM WT; and lane 5, NM-Y-SMAUCUU. All five lanes are derived from the same gel. (C)
NM-V-SM transcripts were spliced in HeLa nuclear extract for 0.5, 1, 2, or 3 h. RNA species
were analyzed by 12% PAGE. T indicates transcript alone. Transcripts were WT NM-"-SM or
had the AUCUU point mutations in fragment 3. Quantitation of splicing of these two

transcripts is shown in Figure 6D.

allows analysis of protein binding in extracts under
splicing conditions, and to specific regions of the RNAs.
It does, however, have the accompanying disadvantage
of being less quantitative than approaches such as elec-
trophoretic mobility shift, filter binding, or NMR chemical
shift titration (e.g., Simpson et al. 2004; Amir-Ahmady
et al. 2005; Clerte and Hall 2006). For example, our data
do not distinguish whether the cooperative binding rep-
resents increased occupancy of a single PTB-binding site
within the PPT, or cooperative enhancement of a second
lower affinity interaction. Analysis of PTB binding to the
N1 3’ splice, which comprises a direct 9 nt pyrimidine
repeat within an overall ~35 nt pyrimidine tract, indicated
tight binding of one PTB monomer followed by a second
lower affinity binding event (Amir-Ahmady et al. 2005).
Significantly, the second binding event was cooperative if
a short low affinity downstream PTB binding site was
present, and this correlated with repression of splicing. The
SM exon PPT is comparable in length to that of N1, with
apparently weaker additional sites downstream, so the
two binding event model may also apply to the actinin
SM exon.

The two general models for PTB-mediated repression
involving multiple PTB monomers involve either RNA
looping between high affinity sites, or propagative binding
of PTB along the RNA between high affinity sites (Wagner
and Garcia-Blanco 2001). Results from the c-src system are

1220 RNA, Vol. 13, No. 8

and Hall 2006). Similar looping and
propagation binding models have been
proposed to explain splicing repression
by hnRNPAI, and evidence for both
forms of binding has been obtained
in different systems (Zhu et al. 2001;
Nasim et al. 2002). Therefore, both
RNA looping and propagative binding
are plausible possibilities for the co-
operative binding of PTB in different
model systems. Future experiments
will aim to distinguish between these modes of binding
upstream of the SM exon.

MATERIALS AND METHODS

Constructs

Constructs for in vitro transcription were based on NM-SM
reporters described by Southby et al. (1999) and were prepared by
standard cloning techniques (Sambrook et al. 1989). Point muta-
tions and oligonucleotide insertions were created by site directed
mutagenesis (Southby et al. 1999).

Transcription templates for individual fragments 1-8 were
prepared by PCR; a T7 promoter sequence was incorporated in
the forward primer in each case. Primers for fragments 1-4 are
described by Gromak et al. (2003). Fragments 5-8 were generated
using the following oligonucleotides:

5F: 5'-CGTAATACGACTCACTATAGGCTATCTTTCCTGGGAA-3';

5R:5'-CAGAGCAAAGAAATGCAGA-3';

6F: 5'-CGTAATACGACTCACTATAGGACCTCCTTCAACATCTT-3';

6R:5'-GGTTTATGGTGTGAAGATT-3';

7F: 5'-CGTAATACGACTCACTATAGGGCCCTTCCTICTTTCTIG-3";

7R:5'-CTGTGGGCAGTGGTGC-3';

8F: 5'-CGTAATACGACTCACTATAGGAAGAAGACGGGCATG
ATG-3'; and

8R:5 -CATGTTCTAACCCATGGAG-3'.
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FIGURE 6. Downstream binding sites cooperatively enhance interaction of PTB with the
polypyrimidine tract region. (A) Schematic diagram of transcripts. Radiolabeled RNA is
indicated in red and unlabeled in blue. The deletions of fragments 5 and 7 in the 3'A RNAs are
indicated by the light blue dashed lines. Patch labeled RNAs were prepared by DNA
oligonucleotide-splinted ligation. (B) [**P]-labeled 5’ and ligated RNAs were spliced in 30%
HeLa nuclear extract for 2 h and the RNA species resolved by 12% PAGE. T indicates transcript
alone. (Left) WT 5" RNA; (right) 5’AUCUU RNA. (C) UV cross-linking of ligated RNAs.
Transcripts were incubated for 25 min in HeLa nuclear extract. Following cross-linking and
RNase treatment, HeLa nuclear extract proteins were resolved by SDS-PAGE. The intensity of
PTB and U2AF® cross-linking is shown below each lane as a percentage relative to the intensity
of cross-linking of each protein to the 5"WT probe (lane I). Note that within each set of lanes
(5'WT, lanes 1,2,3,6,7 and 5'AUCUU, lanes 10,11,12,15,16) the labeled part of the RNA is
derived from the same transcription reaction. Labels above the lanes are color-coded to
indicate the parts of the transcript that were radiolabeled (red text) and unlabeled (blue). (D)
NM-Y-SM transcripts were spliced in HeLa nuclear extract for 0.5, 1, or 2 h. RNA species were
analyzed by 12% PAGE. T indicates transcript alone. Transcripts were WT NM--SM or had
the indicated point mutations in fragment 3 (AUCUU) or deletions of fragments 5 and 7
(A5A7). Quantitation of splicing at the 2-h timepoint is shown below each set of lanes
(mean * SD, n = 4 for WT and AUCUU, n = 3 for A5A7 and AUCUUA5A7).

PCR products were treated with T4 DNA
polymerase, to remove Tag-generated 3’
overhangs, and gel purified.

In vitro transcription and splicing
reactions

Transcription of **P-labeled or trace-labeled
RNAs from linearized plasmid or PCR-
generated templates was performed using
T7 polymerase as described previously
(Southby et al. 1999). Transcripts were
capped, except for 3" RNAs used in ligation
reactions, and were gel purified as necessary.
Quantitation was carried out by scintillation
counting and verified in some cases by
PhosphorImager analysis of samples sub-
jected to denaturing PAGE. In vitro splicing
reactions (10 pL) typically contained 4-20
fmol of *’P-labeled RNA and 30% HeLa
nuclear extract and were carried out as
described previously (Southby et al. 1999;
Gromak et al. 2003). Incubation at 30°C
for time periods indicated in Figures 3-6
was followed by proteinase K digestion,
phenol extraction, and ethanol precipita-
tion; splicing intermediates and products
were analyzed by 6% or 12% PAGE in the
presence of 8 M urea, followed by Phos-
phorImager analysis. Splicing was quanti-
tated using ImageQuant software by
measuring the intensity of the 5’ exon and
spliced product and normalizing for their
radiolabeled U-content relative to full-
length precursor transcript. Lariats were
often not readily quantitated as the small
size of the lariat loop means that the lariats
run quite close to the precursor RNA upon
electrophoresis.

Ligation of RNA fragments

PCR templates for RNA ligation experi-
ments were generated using primers
described previously (Gromak et al. 2003).
For the production of patch-labeled RNAs,
trace-labeled 3’ transcripts and high specific
activity 5" transcripts were combined in a
15:1 or 30:1 ratio and ligated following
annealing to splint 6 (WT: 5'-CCATGGCC
CACAGGAAGGGAGACAGGGAGAATTC
AGACAGA-3") or splint 7 (AUCUU: GGAC
AGACAGGTGGGAGGAGGAGCAGGGAG
AATTCAGACAGA), using T4 DNA ligase
(Moore and Query 1998; Gromak et al.
2003). After removal of the bridging oligo-
nucleotode by digestion with DNase RQI,
products were gel purified to separate them
from unligated substrates.
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RNA binding

UV cross-linking was performed using high specific activity
transcripts as described previously (Gromak et al. 2003). Splicing
reactions were incubated for 25 min at 30°C in the absence of
PVA. Individual NM-SM fragments that did not constitute
splicing substrates were incubated with HeLa nuclear extract in
the presence of rRNA nonspecific competitor. Following RNase
treatment, radiolabeled cross-linked proteins were resolved by
SDS-PAGE and analyzed by autoradiography. For cross-linking
reactions with patch-labeled RNAs (Fig. 6), each 5" RNA and its
corresponding ligated products contained identical radiolabeled
transcript derived from a single reaction. This enabled quanti-
tative comparison of cross-linking intensities within each group of
ligated and unligated RNAs (i.e., Fig. 6C, lanes 1-7 and 10-16).
Moreover, WT and AUCUU mutant 5’ transcripts were prepared
from a common transcription reaction mix, facilitating compar-
ison across the two groups.

Immunoprecipitation was carried out with a-PTB or a-U2AF®
anti-serum following RNase treatment of cross-linked samples
(Southby et al. 1999). Multiple identical reactions were pooled
when required for enhanced signal intensity. Cross-linked pro-
teins were incubated with antibody at 4°C for 1 h; incubation for a
further hour was carried out following the addition of Protein A—
Sepharose beads (Pharmacia). Beads were washed three times in
NETS buffer (150 mM NaCl, 50 mM Tris-HCI at pH 7.5, 5 mM
EDTA, 0.05% Nonidet P-40) and boiled in SDS loading buffer for
5 min, and then proteins were resolved by electrophoresis.

EMSAs were carried out as previously described (Gooding et al.
1998). Binding reactions (5 pL) contained 5 fmol RNA and a
titration of recombinant PTB4 (0, 0.25, 0.5, 1, and 2 pM).
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