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ABSTRACT

Most human genes generate multiple protein isoforms through alternative pre-mRNA splicing, but the mechanisms controlling
alternative splicing choices by RNA binding proteins are not well understood. These proteins can have multiple paralogs
expressed in different cell types and exhibiting different splicing activities on target exons. We examined the paralogous
polypyrimidine tract binding proteins PTBP1 and PTBP2 to understand how PTBP1 can exhibit greater splicing repression
activity on certain exons. Using both an in vivo coexpression assay and an in vitro splicing assay, we show that PTBP1 is more
repressive than PTBP2 per unit protein on a target exon. Constructing chimeras of PTBP1 and 2 to determine amino acid
features that contribute to their differential activity, we find that multiple segments of PTBP1 increase the repressive activity of
PTBP2. Notably, when either RRM1 of PTBP2 or the linker peptide separating RRM2 and RRM3 are replaced with the
equivalent PTBP1 sequences, the resulting chimeras are highly active for splicing repression. These segments are distinct
from the known region of interaction for the PTBP1 cofactors Raver1 and Matrin3 in RRM2. We find that RRM2 of PTBP1
also increases the repression activity of an otherwise PTBP2 sequence, and that this is potentially explained by stronger
binding by Raver1. These results indicate that multiple features over the length of the two proteins affect their ability to
repress an exon.

Keywords: alternative splicing; RNA binding proteins

INTRODUCTION

Alternative pre-mRNA splicing allows a single pre-mRNA
transcript to produce more than one spliced mRNA and pro-
tein isoform. RNA binding proteins control these splicing
choices by binding to cis-acting regulatory elements on the
pre-mRNA and altering the assembly of the spliceosome at
adjacent splice sites (Braunschweig et al. 2013; Han et al.
2014; Lee and Rio 2014). Differences in the concentration
and activity of these regulators determine the expression of
specific protein isoforms. Most RNA binding proteins are
members of gene families, and paralogs within a family can
share high sequence identity and domain structure but can
have distinct tissue-specific expression patterns and direct
different splicing events (Topp et al. 2008; Keppetipola
et al. 2012). How these related members can exert different
effects on a splicing pattern is not well understood.

The polypyrimidine tract binding proteins, PTBP1 and
PTBP2, are paralogous RNA binding proteins encoded by re-

lated genes (Kafasla et al. 2012; Keppetipola et al. 2012).
There is also a third family member, PTBP3 (Rod1).
PTBP1 and PTBP2 share 74% sequence identity and a similar
domain organization: Four RRM-type RNA binding domains
joined by linker regions and an amino-terminal region con-
taining a nuclear localization signal. PTBP1 and 2 most often
function as splicing repressors, but can also enhance splicing
of exons (Wollerton et al. 2001; Spellman et al. 2005; Boutz
et al. 2007; Xue et al. 2009; Llorian et al. 2010; Licatalosi et
al. 2012; Li et al. 2014). Each gene can produce more than
one protein through alternative splicing. For PTBP1, the
PTBP1.4 isoform has higher splicing repression activity
than PTBP1.1 on some target exons (Wollerton et al. 2001;
Gueroussov et al. 2015). Detailed studies of splicing repres-
sion by PTBP1 have examined several exons including the
N1-exon of the Src pre-mRNA, exon 9 of GABAA receptor-
γ2 subunit, and exon SM of α-actinin (Ashiya and Grabowski
1997; Chan and Black 1997; Southby et al. 1999). The PTBP2

Corresponding authors: dougb@microbio.ucla.edu, nkeppetipola@
fullerton.edu
Article published online ahead of print. Article and publication date are at

http://www.rnajournal.org/cgi/doi/10.1261/rna.057505.116.

© 2016 Keppetipola et al. This article is distributed exclusively by the RNA
Society for the first 12 months after the full-issue publication date (see http://
rnajournal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is available
under a Creative Commons License (Attribution-NonCommercial 4.0 Inter-
national), as described at http://creativecommons.org/licenses/by-nc/4.0/.

REPORT

1172 RNA 22:1172–1180; Published by Cold Spring Harbor Laboratory Press for the RNA Society

 Cold Spring Harbor Laboratory Press on October 30, 2019 - Published by rnajournal.cshlp.orgDownloaded from 

mailto:dougb@microbio.ucla.edu
mailto:dougb@microbio.ucla.edu
mailto:dougb@microbio.ucla.edu
mailto:nkeppetipola@fullerton.edu
mailto:nkeppetipola@fullerton.edu
mailto:nkeppetipola@fullerton.edu
http://www.rnajournal.org/cgi/doi/10.1261/rna.057505.116
http://www.rnajournal.org/cgi/doi/10.1261/rna.057505.116
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/
http://www.cshlpress.com


target exons overlap with those of
PTBP1, but are not identical (Markovt-
sov et al. 2000; Boutz et al. 2007; Spell-
man et al. 2007; Llorian et al. 2010;
Tang et al. 2011; Zheng et al. 2012;
Linares et al. 2015), and the two proteins
show differential targeting of the Src N1
exon, CACNA1C exon 8, and other ex-
ons (Chan and Black 1997; Modafferi
and Black 1999; Amir-Ahmady et al.
2005). The mechanistic basis for this dif-
ference in activity is not known.
PTBP1 and PTBP2 have distinct ex-

pression patterns. PTBP1 is widely ex-
pressed but is absent from neurons and
muscle cells. PTBP2 is expressed in neu-
rons, testis, and certain other cells.
PTBP1 is expressed in neuronal progeni-
tor cells but is replaced by PTBP2 during
early neuronal differentiation (Polydor-
ides et al. 2000; Boutz et al. 2007; Make-
yev et al. 2007; Licatalosi et al. 2012;
Zheng et al. 2012; Gueroussov et al.
2015; Linares et al. 2015). The switch
from PTBP1 to PTBP2 alters the splicing
of exons that are more sensitive to
PTBP1, thus reprogramming neuronal
splicing. The expression of PTBP2 is later
reduced, leading to a second switch in the
splicing program as neurons mature. The
changes in the levels of these two regula-
tors lead to changes in the expression and
structure of many proteins playing criti-
cal roles in neuronal differentiation and
maturation (Licatalosi et al. 2012; Zheng
et al. 2012; Xue et al. 2013; Li et al. 2014;
Linares et al. 2015).
Solution structures of each PTBP1

RRM bound to RNA identified residues
important for RNA recognition and
binding (Conte et al. 2000; Simpson et
al. 2004; Oberstrass et al. 2005; Petou-
khov et al. 2006; Auweter and Allain
2008). PTBP2 has the same residues at
these positions of RNA contact except
for one lysine to arginine and two phe-
nylalanine to tyrosine substitutions (Fig.
1A). A carboxy-terminal fragment of
PTBP2, containing RRM3, linker 3, and
RRM4, is very similar in tertiary structure
to the same region of PTBP1 (Joshi et al.
2014). The two proteins also share resi-
dues on the α helical face of RRM2 that
mediate interaction with the corepressor
protein Raver1 (Fig. 1A).

FIGURE 1. (A, top) The domain structure of the PTB proteins indicating the segments defined in
this study. The percent amino acid sequence identity between PTBP1.1 and PTBP2 is indicated
below. (Bottom) Aligned amino acid sequences of human PTBP1.1, PTBP1.4, and PTBP2.
Gaps in the alignment are indicated as dashes. Residues identical to PTBP1.4 are shown as
dots. RNA recognition motifs (RRMs) are shaded gray (Oberstrass et al. 2005). PTBP1.4 residues
that interact with Raver1 are shaded light pink (Joshi et al. 2011). Vertical lines above the
sequence indicate PTBP1.4 residues that interact with RNA (Oberstrass et al. 2005).
Arrowheads below the sequence indicate RNA interacting residues that are different in PTBP2.
(B) Maps of PTB proteins and chimeras. The RRM domains and linker regions of PTBP1 are col-
ored blue and yellow, respectively. The RRMs and linker regions of PTBP2 are colored plum and
green, respectively. The positions of the amino-terminal Flag-tag and NLS are indicated. The col-
or-coding indicates the combination of PTBP1.4 and PTBP2 regions in each chimera with the
repression index measured for each at the right. Chimera 10 was unstable in cells and not ex-
pressed. A repression index was not determined for chimera 12, but in other assays this protein
exhibited similar repression activity to PTBP1.4. Measurement of the splicing repression index.
(C) Immunoblot of Flag-PTBP1.4 protein in cell lysates after transfection with increasing concen-
trations (0.25, 0.5, 1.0. 1.25, or 1.5 µg) of Flag- PTBP1.4 plasmid DNA. Protein levels were quan-
tified and normalized to GAPDH. (D) PTBP1.4 represses splicing of test exon. Splicing reporter
Dup 175-DS9 (0.5 µg) was cotransfected with empty expression vector or varying amounts (0.25–
1.5 µg) of PTBP1.4 expression plasmid. RNA was harvested after 48 h, assayed by RT-PCR, and
quantified. (E) Quantifying the level of repression per unit protein; Repression index. Percent-
spliced-in (PSI) was plotted against normalized protein. The slope defines level of repression
per unit protein (♦ = PTBP1.4, ▪ = PTBP2). The absolute value of the slope was defined as the
repression index.
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The NMR studies of the PTBP1 RRMs, as well as statistical
modeling of PTBP1 and PTBP2 binding sites, indicated that
the RRM domains preferentially bind to extended runs of al-
ternating C and U, but that the protein could also bind se-
quences with interspersed G residues (Oberstrass et al.
2005; Han et al. 2014). Purified PTBP1 and PTBP2 bind ex-
tended pyrimidine rich RNA sequences with similar high af-
finity (Amir-Ahmady et al. 2005), but show differences in
binding to shorter binding sites. When assayed in nuclear
extracts the proteins differed in their assembly with other fac-
tors (Chou et al. 2000; Markovtsov et al. 2000). On some in-
trons, PTBP1 interacts with the RNA binding proteins
Raver1/2, Matrin 3, or MBNL to form higher-order RNP
complexes (Gromak et al. 2003; Henneberg et al. 2010;
Joshi et al. 2011; Gooding et al. 2013; Coelho et al. 2015).
Of these, the PTBP1–Raver1 interaction is best characterized;
the α helical surface of RRM2 interacts with a peptide motif
within Raver1. PTBP2 was shown to bind this Raver1 pep-
tide, but its interactions with full-length Raver1, or with
Matrin 3 and MBNL are not known (Joshi et al. 2011).
These studies indicate that there are differences in how
PTBP1 and PTBP2 interact with cofactors.

To identify regions of primary structure that dictate their
differences in splicing activity, we analyzed a series of
PTBP1–PTBP2 chimeric proteins. Our data identify multiple
new features contributing to the splicing properties of the
two proteins.

RESULTS AND DISCUSSION

Primary structure features contributing to the
differential splicing activity of PTBP1 and PTBP2

The high sequence identity between PTBP1 and PTBP2 al-
lows their sequences to be precisely aligned and equivalent
features defined. Based on the known structures of the
RRM domains, the proteins were divided into eight seg-
ments: the amino-terminal NLS, RRM1, Linker 1, RRM2,
Linker 2, RRM3, Linker 3, and RRM4 (Fig. 1A). A series of
chimeric genes was constructed in the mammalian expres-
sion vector pcDNA 3.1 (+) driven by the CMV promoter.
Each coding region included a portion of PTBP1 fused to
the remaining regions of PTBP2 (Fig. 1B). Splicing repression
activity of wild-type and chimeric genes was measured with
the minigene reporter Dup 175-DS9. This minigene encodes
a three exon pre-mRNA, where the central test exon is regu-
lated by two high affinity PTBP1 binding sites, one upstream
of the branch point sequence and the other within the test
exon itself. Previous studies showed that this test exon is
more strongly repressed by PTBP1 than by PTBP2 (Amir-
Ahmady et al. 2005). To quantify this activity, each
PTBP1–PTBP2 chimeric construct was titrated against a set
amount of minigene reporter. Splicing repression activity
was measured as a function of expressed protein. Flag-
PTBP expression was quantified and normalized to the level

of GAPDH (Fig. 1C). The percent of reporter mRNA con-
taining the test exon (PSI) was measured by RT-PCR (Fig.
1D). Normalized protein levels were plotted against PSI.
The repression index, representing the change in PSI per
unit protein, was defined as the absolute value of the slope
of these plots (Fig. 1E). Repression indices were determined
for each chimeric protein (Fig. 1B).
Alternative splicing of PTBP1 exon 9 alters the length

of linker 2 between RRMs 2 and 3. PTBP1 isoform 4
(PTBP1.4) includes exon 9 to produce a 557 amino acid pro-
tein. Skipping of exon 9 generates the shorter, 531 amino acid
PTBP1 isoform 1 (PTBP1.1) (Gil et al. 1991; Ghetti et al.
1992; Wagner et al. 1999). A third isoform, PTBP1.2, result-
ing from the shortening of exon 9 was not tested. It was pre-
viously shown that PTBP1.4 was more active than PTBP1.1
for repression of tropomyosin and other exons, but showed
equal repression activity for an exon in actinin (Wollerton
et al. 2001; Gueroussov et al. 2015). When assayed for splic-
ing of the Dup175-DS9 exon, PTBP1.1 (isoform 1) had a
moderately lower repression index than PTBP1.4 (33.4 com-
pared with 38.1), confirming that the linker 2 sequence can
increase splicing repression activity. Compared with either
PTBP1 isoform, PTBP2 had a dramatically lower repression
index of 11.4, about threefold below PTBP1.1. These results
confirm that PTBP2 is less repressive for certain exons than
PTBP1 and that this activity can be quantified. Since linker
2 in PTBP1.1 is similar in length to PTBP2, additional fea-
tures of PTBP1 must play a role in its higher activity. We test-
ed a series of chimeras to map features on the two proteins
that determine this difference in activity.
Chimera 1 is a fusion of the amino terminus and RRM1 of

PTBP1 to the rest of PTBP2. Chimera 2 contains only RRM1
of PTBP1 in an otherwise PTBP2 protein. Both chimeras dis-
played high repression indices of 35.8 and 40.0, respectively
(Fig. 1B), indicating that the RRM1 domain of PTBP1 can in-
crease repression by an otherwise PTBP2 sequence. The
PTBP2 RRM1 has 15 amino acid substitutions from PTBP1
(out of 82 total residues). Althoughmany of these are conser-
vative changes, at least one must alter the ability of the PTBP
to repress splicing (Fig. 1A).
Chimera 3 contained RRM2, linker 2, and RRM3 of

PTBP1.4 fused to the amino and carboxy termini of PTBP2
(Fig. 1B). (Unless otherwise noted, all chimeras used the
PTBP1.4 isoform.) Chimera 3 yielded a repression index of
34.0, similar to PTBP1.1, but not as high as PTBP1.4. This
construct is similarly repressive to Chimera 2, but shares
no overlap of PTBP1 sequences. Later experiments found
the converse protein to Chimera 3 (Chimera 12) containing
the PTBP1 termini and the central PTBP2 RRMs and linker
to have similar activity to Chimera 2 or full PTBP1.4 (data
not shown). Thus, the determinants of PTBP repression ac-
tivity are distributed over multiple segments of the protein.
Chimera 4 containing the L2 region of PTBP1.4 in an oth-

erwise PTBP2 protein yielded a repression index of 35.2. This
activity of L2 is consistent with the earlier comparisons of
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PTBP1.1 and PTBP1.4, although we found that other features
of the central region of the protein can have similar effects.
PTBP1 RRM2 with linker 2 in an otherwise PTBP2 protein
(Chimera 5) yielded a repression index of 31.7, only slightly
lower than PTBP1.1. Adding PTBP1 RRM3 (Chimera 6) in-
creased the repression index of the protein to 37.6 even
though it was lacking the PTBP1.4 L2 linker. These results
are consistent with findings that an MS2 tethered fragment
of PTBP1 containing RRM2 and L2 was sufficient to induce
splicing repression of α tropomyosin exon 3 (Robinson and
Smith 2006). The flexibility of the linker 2 region makes it a
likely position for protein–protein interactions (Oldfield
andDunker 2014). Differences in activity between paralogous
splicing regulators hnRNP L and hnRNP LL, mediated by re-
gions outside the RRMs, were also identified by Shankarling
and Lynch (2013).
Not all fragments of PTBP1 were found to increase the re-

pression activity when substituted into a PTBP2 backbone.
Replacing either RRM3 or RRM4 of PTBP2 with the equiva-
lent PTBP1 domains yielded proteins (Chimeras 8 and 9)
with low repression indices similar to wild-type PTBP2 itself
(12.8 and 15.1, respectively). RRMs 3 and 4 form a single
folded unit with a fixed orientation with respect to each other
(Oberstrass et al. 2005; Vitali et al. 2006; Joshi et al. 2014). It
is not clear whether this RRM3–RRM4 interaction is occur-
ring in Chimeras 8 and 9. However, the L3 linkers of PTBP1
and PTBP2 are identical, and the residues mediating the in-
ter-domain interactions are conserved between PTBP1 and
PTBP2. Thus, other features of the RRM domains must cause
these chimeras to behave differently. We note that fragments
of PTBP1 and PTBP2 could exhibit different activities de-
pending on what other portions of the protein are present
with them (compare Chimeras 8 and 9 to Chimera 12).
Also intriguing was Chimera 10, which contained PTBP1

RRM3, L3, and RRM4 attached to the N-terminal domains
of PTBP2. This protein was not expressed well and perhaps
unstable, indicating that as yet unidentified features might af-
fect the overall conformation of the protein. This will need
further investigation.

Splicing repression activity of chimeric PTB proteins
on the intact Src N1 exon

We next tested the chimeric proteins on a second reporter
exon. The minigene Dup 4-5 contains the Src N1 exon
with upstream and downstream intronic regulatory regions
inserted between the flanking globin exons of Dup175 (Fig.
2A; Chan and Black 1995; Modafferi and Black 1999; Chou
et al. 2000). The PTBP1/2 binding sites in Dup175-DS9 are
derived from the upstream site of the Src N1 exon, and N1
was previously shown to be more strongly affected by
PTBP1 than PTBP2 (Markovtsov et al. 2000). Wild-type
and chimeric PTB proteins were cotransfected with Dup
4-5, with protein expression monitored by Western blot
(Fig. 2B, top panel) and splicing by RT- PCR (Fig. 2B, bottom

panel). The amount of protein expression plasmid was set at
the middle of the previous titrations to allow observation of
differences in protein activity. PSI values were measured rel-
ative to protein expression levels normalized to GAPDH and
plotted in Figure 2C. By this measure, PTBP1.4 yielded a val-
ue of 1.2, indicating low inclusion of exon N1 or high repres-
sion activity. Similar to the results with Dup175-DS9, PTBP2
yielded a value of 5.2—about fourfold lower repression activ-
ity than PTBP1.4.
In general, chimeric proteins that strongly repressed the

Dup175-DS9 exon similarly repressed Dup4-5 (see Chimeras
1, 3, 5, and 6). Conversely, chimeras with the weakest activity
on Dup175-DS9 only weakly repressed Dup4-5 (e.g., Chime-
ras 8 and 9). However, there were interesting differences be-
tween the two exons in their responses to some chimeras.
This was most notable for Chimera 2, which strongly re-
pressed Dup175-DS9, but had little effect on Dup4-5.
Quantitative differences were also observed. Chimera 3 was
the strongest repressor of Dup4-5; although Chimera 3 is ac-
tive on Dup175-DS9 (repression index = 34), several other
chimeras had stronger effects on this exon. These results in-
dicate that features in PTBP1 RRM2 were repressive for both
exons, but features in RRM1 and Linker2 may affect the ex-
ons differently. These varying responses may arise from dif-
ferences in the arrangement of the PTBP binding sites on
the two exons, and differences in the other proteins assembl-
ing with the PTBPs. PTBP1 RRM1 makes contact with stem

FIGURE 2. Splicing activity with minigene reporter plasmid Dup4-5.
(A) The structure of the reporter mini gene Dup4-5, with β-globin exons
1 and 2 flanking the Src N1 exon and its intronic regulatory regions. (B)
Western blots (top panel) and RT/PCR N1 exon splicing (bottom panel)
in N2A cells after transient expression of the PTB chimeras and the
Dup4-5 reporter. (C) Plot of the PSI per normalized protein for
PTBP1.4, PTBP2, and the Chimeras. The bar height is the average of
two experiments with the bars indicating the mean absolute error.
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loop 4 of the U1 snRNA in repressing splicing of the Src
N1 exon (Sharma et al. 2014). It would appear that the
PTBP2 RRM1 should also make this contact. It will be
interesting to examine both the protein and the RNA interac-
tions of these two RRM1 domains within the N1 exon
complex.

Protein segments exhibiting different activity in splicing
could also be regulated through post-translational modifica-
tion. Whole-cell proteomic approaches identify many modi-
fications on PTBP1 and PTBP2 across multiple regions of the
protein (Hornbeck et al. 2015). Another study found that
PTBP1 and PTBP2 are sumoylated on RRM1 (Han et al.
2013). It will be interesting to examine how these modifica-

tions affect protein activity and whether PTBP1 and PTBP2
might be differentially modified.

PTBP-mediated repression of N1 exon splicing in vitro

Wepreviously found that PTBP1 and PTBP2 exhibited differ-
ent repression activities on the N1 exon in an in vitro splicing
assay (Markovtsov et al. 2000). To examine whether chimeric
proteins exhibited similar properties in vitro, we expressed re-
combinant Chimera 3 along with PTBP1.4 and PTBP2 in E.
coli and purified them (Fig. 3A). A pre-mRNA transcript,
BS713, was synthesized in vitro (Fig. 3B). This substrate con-
tains the N1 exon flanked by its PTBP binding elements, as

well as the downstream Src exon 4 with
the intervening intron. PTBP1 was previ-
ously shown to strongly repress splicing
of this intron in vitro. Splicing reactions
containing BS713 in HeLa nuclear extract
were incubated with increasing concen-
trations of PTBP1, PTBP2, and Chimera
3 protein (0.12–0.48 µM) (Fig. 3C).
Splicing intermediates and products
were progressively reduced with increas-
ing concentrations of PTBP1, but not of
PTBP2.Chimera 3 inhibited splicing sim-
ilarly to PTBP1. Thus, Chimera 3 inhibits
N1 splicing in both the in vivo and in vitro
assays. An Adenovirus pre-mRNA sub-
strate that lacks PTBP1 binding elements
was only minimally repressed by these
proteins (Fig. 3D). Thus, the features of
RRM2 and L2 that mediate splicing re-
pression in vivo make similar contacts
in vitro.

The RRM2 domains of PTBP1 and
PTBP2 exhibit differences in binding
of the Raver1 cofactor

We tested whether Raver1 exhibited dif-
ferences in binding to PTBP1 and
PTBP2, and whether this might contrib-
ute to the observed activity differences of
the two proteins. We expressed Flag-
tagged PTBP1 and PTBP2 in cells, as
well as PTBP1 RRM2 or PTBP2 RRM2,
each fused to Flag-mCherry. After cell ly-
sis and nuclease digestion, we performed
immunoprecipitation and immunoblot
to examine the binding of endogenous
Raver1 (Fig. 4). Flag-tagged RRM2 from
PTBP1 pulled down substantial amounts
of Raver1, confirming the earlier results
(Rideau et al. 2006; Joshi et al. 2011).
However, RRM2 from PTBP2 showed a

FIGURE 3. In vitro splicing assay of PTBP1.4, PTBP2, and Chimera 3. (A) Aliquots (5 µg) of
recombinant PTBP1.4, PTBP2, and Chimera 3 were analyzed by SDS-PAGE and stained with
Coomassie blue. The positions and sizes (in kDa) of marker polypeptides are indicated on the
left. (B) Diagrams of the BS713 and adenovirus in vitro splicing substrates. Exons are indicated
as boxes and introns as lines. Regulatory sequences upstream and downstream from the N1
exon are indicated as thick lines. (C) In vitro splicing activity of PTBP1.4, PTBP2, and
Chimera 3. Reaction mixtures (25 µL) containing 15 µL of HeLa nuclear extract, 2.2 mM
MgCl2, 0.4 mM ATP, 20 mM creatine phosphate, 1 U RNase out, 10,000cpm of 32-P UTP labeled
BS713 and either no recombinant protein (lane 2) or increasing concentrations of PTBP1.4,
PTBP2, or Chimera 3 (0.12, 0.24, or 0.48 µM) as indicated were incubated at 30°C for 90 min.
The RNA splicing intermediates and products are diagrammed to the left. Bands showing repres-
sion by PTBP1 and PTBP2 are marked by black arrows to the right. (D) Splicing of adenovirus
transcript in the presence of 0.48 µM PTBP1, PTBP2, and Chimera 3.
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much weaker interaction, with the level of Raver1 in the Flag-
IP slightly above background. Similar differences in Raver1
binding were observed for full-length PTBP1 and PTBP2, al-
though in this case PTBP2 exhibited greater binding than
RRM2 alone, perhaps due to additional contacts outside of
the RRM2 domains. The greater interaction of PTBP1 and
its RRM2 domain may contribute to the increased splicing
repression activity observed with chimeras containing this
sequence.
Regulated exons assemble with multiple splicing regulato-

ry proteins to form large RNP structures, and protein–pro-
tein interactions within these pre-mRNP complexes are
important in determining the splicing pattern of the tran-
script (Rideau et al. 2006; Bonnal et al. 2008; Sharma et al.
2008, 2011; Chiou et al. 2013; Gooding et al. 2013; Lee and
Rio 2014). The multiple features of PTBP1 that can confer
higher repression activity on an otherwise PTBP2 sequence,
including RRM1, RRM2, and the linker between RRM2
and RRM3, may mediate such protein–protein interactions.
It is also possible that the sequences of PTBP1 and PTBP2
give them different conformational dynamics in solution or

when bound to RNA. The RRMs of the cytoplasmic polyade-
nylation element binding proteins CPEB1 and CPEB4 under-
go significant conformational changes upon RNA binding,
with linker peptides mediating inter-RRM interactions
(Afroz et al. 2014). Although NMR studies showed that link-
ers 1 and 2 were not rigid like linker 3, PTBP1 exhibited rel-
atively little conformational flexibility in solution by low
angle X-ray scattering measurements, suggesting some struc-
turing of the linker 1 and linker 2 regions (Oberstrass et al.
2005; Petoukhov et al. 2006). It will be interesting to examine
PTBP conformation upon RNA binding and how the struc-
tures of RNA-bound PTBP1 and PTBP2 are affected by the
sequence determinants identified here.

MATERIALS AND METHODS

Cell culture and transfections

N2A cells were grown according to the American Type Culture
Collection (ATCC) recommended protocols in DMEM (Fisher,
MT-101-02CV) with 10% FBS (Omega scientific, FB-01). Trans-
fections were done with Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s instructions. Forty-eight hours
after transfection, RNA and protein were isolated from the transfect-
ed cells.

Plasmid construction

Chimeras were constructed by two-step overlap extension PCR.
Primers were designed to amplify regions of PTBP1 and PTBP2 car-
rying overlapping flanking sequences. The PCR fragments were
cloned into pcDNA3.1 (+) (Life Technologies) using its BamH1
and EcoRV restriction sites. The inserts were sequenced completely
to verify the absence of unwanted coding changes. Each expression
plasmid carried an amino-terminal Flag-tag. The minigene reporter
Dup 175-DS9 contained a 175-nt hybrid exon obtained from join-
ing the 5′ end of β globin exon 2 to the 3′ end of β globin exon1
(Dominski and Kole 1991; Modafferi and Black 1997). The test
exon is flanked by PTBP binding sites from Src and by wild-type
β globin exons 1 and 2 (Amir-Ahmady et al. 2005). PQE80L-
Chimera 3 was constructed by subcloning, using primers to intro-
duce BamH1 and HindIII sites at the 5′ and 3′ end of the coding se-
quence, respectively.

Reverse-transcription PCR

RNA was isolated from N2A cells using the RNeasy Mini Kit
(QIAGEN) and reverse transcribed with random hexamers and
Superscript III (Life Technologies) according to the manufacturer’s
instructions. Spliced products were PCR amplified (17 cycles) using
a 5′ primer (DUP-8 5′-GACACCATGCATGGTGCACCTG-3′) and
FAM labeled 3′ primer (DUP-3) 5′-AACAGCATCAGGAGTGGA
CAGATCCC-3′ (Modafferi and Black 1997). The PCR products
were separated by 8% polyacrylamide/7.5 M urea denaturing
gels, visualized by a Typhoon Phosphorimager (Amersham
Biosciences), and quantified using ImageQuant TL software
(Amersham Biosciences).

FIGURE 4. The interaction of Raver1 with PTB proteins (A) Flag-
mCherry fusions and Flag-PTBP constructs were transfected into N2A
cells. After cell lysis and nuclease digestion, tagged proteins were immu-
noprecipitated with Flag-agarose beads. Samples were assayed by immu-
noblot probed with anti-Raver 1 and anti-Flag antibodies as indicated to
the right. Total protein in the transfected cells (left) and anti-flag immu-
noprecipitates (right) were assayed. (B) Raver1 protein in each immuno-
precipitate was quantified and normalized against the input (5%). Bar
heights are the averages of three separate experiments with the bars in-
dicating mean absolute error.
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Quantitative immunoblotting

Whole-cell lysates were separated by 12% SDS-PAGE, transferred to
an Immobilon PVDF membrane, and probed with anti-Flag and
GAPDH antibodies. Primary antibodies used were: Flag M2
1:3000 (Sigma), GAPDH 1:50,000 (Ambion), and Raver1 (a gift
from Christopher Smith). After incubation with fluorescent-conju-
gated secondary antibodies, the blots were scanned using a Typhoon
PhosphorImager. Western blot band intensities were quantified us-
ing Image Quant TL. Protein expression was quantified by normal-
izing the Flag-PTBP level to the level of GAPDH.

In vitro splicing assay

The BS713 and Adenovirus (pSPAd) constructs are described else-
where (Chou et al. 2000; Sharma et al. 2005). The plasmids were lin-
earized with Not1 and Sma1, respectively. BS713 was transcribed
using T7 RNA polymerase and the Adeno template using SP6
RNA polymerase. Transcription reactions were carried out in the
presence of cap analog and [α-32P] UTP as described previously
(Chan and Black 1997). Nuclear extracts from HeLa cells were
prepared as described previously (Chan and Black 1995). In vitro
splicing was carried out in 25 µL reactions as previously described
(Black 1992).

Expression and purification of recombinant
protein

The His6-tagged PQE-PTB plasmids were transformed into E. coli
BL21 (DE3). Five hundred milliliters of bacterial cultures were
grown at 37°C in LB media containing 0.1 mg/mL ampicillin until
the A600 reached ∼0.6. The cultures were adjusted to 0.4 mM
IPTG and incubated at 37°C for 4 h with constant shaking. Cells
were harvested by centrifugation, and the pellets were stored at
−80°C. All subsequent procedures were performed at 4°C. Cells
were resuspended in 25 mL Binding Buffer (50 mM NaPO4, pH
8.0, 300 mM NaCl, and 10 mM imidazole). Cell lysis was achieved
by the addition of lysozyme to a final concentration of 1 mg/mL
and sonicated to reduce viscosity. Insoluble material was removed
by centrifugation. The soluble fractions were applied to 3-mL col-
umns of Ni-NTA agarose beads that had been equilibrated with
Binding Buffer. The columns were washed with 20 mL of Wash
Buffer (50 mM NaPO4, pH 8.0, 300 mM NaCl, and 20 mM imidaz-
ole) and then eluted with 0.5 mL aliquots of Elution Buffer (50 mM
NaPO4, pH 8.0, 300 mM NaCl, and 250 mM imidazole) containing
250 mM imidazole. Peak fractions were pooled and dialyzed against
2 L × 2 of buffer DG (20 mM HEPES-KOH pH 7.9, 80 mM
K. glutamate, 0.1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, and
20% glycerol).

Immunoprecipitation

To achieve similar expression of the Flag-PTBP proteins, the
amount of transfected DNA was adjusted according to their rela-
tive expression level from the pcDNA3.1+ vector. After 2 d incu-
bation, N2A cells were collected and sonicated in Lysis Buffer
(20 mM HEPES-KOH pH 7.9, 150 mM NaCl, 1.5 mM MgCl2,
0.5 mM DTT, 0.25% IGEPALCA-630, and protease inhibitor) fol-
lowed by Benzonase (Sigma-Aldrich, E1014-25KU) treatment.

Flag-PTBPs were immunopurified on anti-Flag M2 agarose affinity
gel (Sigma, A2220). Flag-immunoprecipitates were eluted by boil-
ing with SDS protein loading buffer and subjected to Western blot
analysis.
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