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Splicing of the c-src N1 exon in neuronal cells depends in part on an intronic cluster of RNA regulatory
elements called the downstream control sequence (DCS). Using site-specific cross-linking, RNA gel shift, and
DCS RNA affinity chromatography assays, we characterized the binding of several proteins to specific sites
along the DCS RNA. Heterogeneous nuclear ribonucleoprotein (hnRNP) H, polypyrimidine tract binding
protein (PTB), and KH-type splicing-regulatory protein (KSRP) each bind to distinct elements within this
sequence. We also identified a new 60-kDa tissue-specific protein that binds to the CUCUCU splicing repressor
element of the DCS RNA. This protein was purified, partially sequenced, and cloned. The new protein (neurally
enriched homolog of PTB [nPTB]) is highly homologous to PTB. Unlike PTB, nPTB is enriched in the brain
and in some neural cell lines. Although similar in sequence, nPTB and PTB show significant differences in their
properties. nPTB binds more stably to the DCS RNA than PTB does but is a weaker repressor of splicing in
vitro. nPTB also greatly enhances the binding of two other proteins, hnRNP H and KSRP, to the DCS RNA.
These experiments identify specific cooperative interactions between the proteins that assemble onto an
intricate splicing-regulatory sequence and show how this hnRNP assembly is altered in different cell types by

incorporating different but highly related proteins.

Alternative splicing is a common mechanism for regulating
gene expression in eukaryotes, allowing the generation of di-
verse proteins from the same primary RNA transcript (46, 77,
78). The alteration of splice site choice is thought to be deter-
mined by regulatory proteins that bind to the pre-mRNA tran-
script and affect spliceosome assembly on particular exons or
splice sites. The best characterized of these splicing-regulatory
proteins are a set of polypeptides called SR proteins that,
among many other properties, bind to exonic splicing enhancer
sequences (7, 10, 35, 47, 75). The SR proteins bound to an
exonic enhancer are thought to stimulate spliceosome assem-
bly at the adjacent splice sites. Another group of pre-mRNA
binding proteins are the heterogeneous nuclear ribonucleopro-
teins (hnRNPs) (19, 66). These are a diverse group of mole-
cules that coat nascent pre-mRNAs, forming complex but little
understood hnRNP structures (42, 52). The assembly of the
spliceosome occurs after formation of these hnRNP com-
plexes, and some hnRNPs have been implicated in splicing
regulation. For example, hnRNP Al is able to counteract the
effect of SR proteins in some assays and can also apparently
repress splicing through splicing silencer sequences (3, 7, 8, 11,
31). However, the assembly of a pre-mRNP complex is poorly
understood. It is apparently highly cooperative, but the inter-
actions between the different hnRNPs in these complexes are
mostly unknown.

Although widely expressed, the SR proteins and hnRNPs
do vary in concentration between different tissues (31, 39).
Changes in splicing patterns are thought to be determined, in
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part, by subtle changes in the combinations of these proteins
present in different cell types. Indeed, the ratio of hnRNP Al
to particular SR proteins can strongly affect the splicing pat-
tern of some transcripts (50, 51). However, it is likely that more
tissue-specific proteins also direct changes in splicing; how a
cell achieves the precise tissue-specific control of a splicing
pattern is still a mystery.

Polypyrimidine tract binding protein (PTB or hnRNP I) is a
member of the hnRNP group of proteins (24, 26, 61, 74). PTB
is implicated as a negative regulator of splicing for several
alternative exons. In the B-tropomyosin (BTM) pre-mRNA,
the skeletal muscle-specific exon 7 is apparently repressed by
PTB in nonmuscle tissues (29, 57). This protein also represses
the splicing of a-tropomyosin («TM) exon 3 in smooth muscle
(27, 62). Neuron-specific exons in the c-src, y-aminobutyric
acid A (GABA,) ¥2 receptor, clathrin light chain B, and N-
methyl-p-aspartate (NMDA) pre-mRNAs are also thought to
be repressed by PTB (2, 13, 81). With the exception of «TM,
these systems are similar in that PTB seems to repress a highly
tissue-specific exon outside of that particular tissue. Although
PTB is an apparent inhibitor of splicing, its mechanism of
action is not clear. PTB often binds to pyrimidine-rich ele-
ments within or near the 3’ splice site of the repressed exon
(74). In some cases, this PTB can block binding of the required
splicing factor, U2AF, to the 3’ splice site (45, 65). However,
sequence elements apart from the 3’ splice site are often re-
quired for splicing repression, indicating the need for more
than the simple binding of PTB to the 3’ splice site (13, 27). It
is also not clear how PTB-mediated splicing repression is re-
lieved in particular cell types. Interestingly, an altered form of
PTB has been found in extracts of neuronal cell lines and rat
brain (2, 13). The electrophoretic mobility of this neural pro-
tein differs from that of the three known isoforms of HeLa cell
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PTB, indicating the existence of a tissue-specific form of the
polypeptide. It has been speculated that this neural protein
may prevent PTB-mediated repression of particular neuron-
specific exons (28).

We are characterizing the N1 exon of the mouse c-src pre-
mRNA as a model for understanding the neuron-specific reg-
ulation of splicing. The small (18-nucleotide [nt]) exon N1 is
inserted into the src mRNA in neurons but skipped in other
cells (71). This regulation can be observed in vitro using ex-
tracts of nonneural HeLa cells that skip the N1 exon and
extracts of WERI-1 retinoblastoma cells where the N1 exon is
spliced. The regulation of N1 splicing requires two regulatory
regions in the src pre-mRNA (5, 12, 55, 56). The 3’ splice site
upstream of the N1 exon is needed for the repression of N1
splicing in nonneural cells. We have shown that PTB binds to
CUCUCU elements within this 3" splice site and is required for
splicing repression (13, 17). The second N1 regulatory region,
encompassing nt 17 to 142 downstream of the N1 5’ splice site,
is an intronic splicing enhancer and is also required for splicing
repression by the upstream elements. Within this enhancer,
nt 37 to 70 are highly conserved between mouse and human.
This core sequence, called the downstream control sequence
(DCS), contains the elements GGGGGCUG and UGCAUG
that are needed for the proper function of the N1 enhancer in
vivo and have been found in other intronic splicing enhancers.
When present in more than one copy, the DCS alone can
induce high levels of N1 exon splicing in vivo (56). However,
the DCS normally requires adjacent elements to function
properly (55). The DCS binds specific RNA binding proteins
that can be detected in WERI-1 nuclear extract and are
thought to be important for splicing regulation. Three of these
proteins have been identified as hnRNP F, hnRNP H, and
the KH-type splicing-regulatory protein (KSRP) (16, 53, 54).
There are additional unidentified components of the DCS
complexes. Moreover, none of the identified DCS binding pro-
teins is specific to the WERI extract even though the larger of
the observed DCS-RNP complexes is enriched in this extract
over the HelLa extract.

The roles of the individual sequence elements within the
DCS and the proteins that bind to them have been difficult to
resolve. In vivo, the DCS sequence acts as a general splicing
enhancer activating splicing to some extent in either cell type
(56). Competition with a DCS RNA in an in vitro splicing
reaction inhibits splicing, implying a positive role for some
DCS RNA binding proteins (5, 53). Immunodepletion exper-
iments and the direct addition of antibodies to splicing extract
also support this role (16, 53, 54). However, CUCUCU ele-
ments within and around the DCS are also required for the
repression of splicing in nonneural extract (13, 17). The DCS
CUCUCU element binds to PTB in HeLa extract. Therefore,
some DCS binding proteins are apparently also effectors of
splicing repression or derepression.

The structure and assembly of the DCS-RNP complex is
poorly understood. Here we characterize where on the DCS
sequence the various DCS binding proteins contact the RNA
and identify some of their protein-protein interactions. We
also report the cloning and characterization of nPTB, a new
protein binding to the CUCUCU element of the DCS RNA in
WERI-1 nuclear extract. nPTB is very similar in sequence to
PTB but is expressed primarily in the brain. The binding prop-
erties of nPTB and its reduced inhibitory activity on splicing
imply roles in controlling the assembly of other splicing-regu-
latory proteins.
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MATERIALS AND METHODS

DNA constructs and in vitro transcription. The N70W, BS7, BS27, HBA6, and
adenovirus pSPAd constructs are described elsewhere (13, 41, 53, 68). BS7 and
BS27 templates were linearized with NotI, pSPAd was linearized with Smal, and
HBAG6 was linearized with BamHI. The N70A1 template was obtained by placing
DCS DNA under control of the T7A1 Escherichia coli RNA polymerase (RNAP)
promoter using two-step PCR.

T7 RNA polymerase was used for transcription of N70W, BS7, and BS27. SP6
RNA polymerase was used for transcription of pSPAd and HBAG6. Transcription
reactions were carried out in the presence of cap analog and [a->*P]JUTP by
standard procedures (13).

Synthesis of 4-thiouridine-substituted RNA. Site-specific introduction of 4-S-
UTP (a gift of A. Mustaev, Public Health Research Institute, New York, N.Y.)
into the DCS RNA was achieved through the “walking” transcription method
using a Hisg-tagged E. coli RNAP bound to Ni-nitrilotriacetic acid agarose
(Qiagen) (48, 58). The RNAP used in these experiments was purified, as de-
scribed elsewhere, from the E. coli strain bearing the His-tagged B’ subunit of
polymerase incorporated into the chromosome (a kind gift from R. Landick,
University of Wisconsin, Madison, Wis.) RNAP (2 pg) and N70A1 template (2
ng) were preincubated for 5 min at 37°C in 20 pl of the transcription buffer TB
(50 mM HEPES-HCI [pH 7.9], 100 mM KCl, 10 mM MgCl,), mixed with 10 pl
of Ni-nitrilotriacetic acid beads preequilibrated with TB, and incubated for
another 5 min. To this resin-bound complex, 2 pl of transcription starting mix
(200 uM CpUpApC primer and 250 pM each ATP and GTP) was added. After
a 5-min incubation, the beads were washed three times with 1.5 ml of TB. The
elongation complex containing an RNA 11-mer was then walked to a desired
position along the template by repeated alterations of washing and RNA chain
extension with a subset of 10 pM deoxynucleoside triphosphates (NTPs) for 3
min at room temperature. The radiolabeled NTP and 4-S-UTP were then intro-
duced into the system, and the reaction mix was incubated for 10 min at room
temperature. After three washes with TB, all four NTPs at final concentrations
of 200 uM each were added to generate a runoff RNA product. The modified
RNA thus synthesized was purified on a 12% denaturing polyacrylamide gel.

Gel mobility shift and UV cross-linking. UV cross-linking and gel shift exper-
iments were carried out under the same conditions reported previously (53). A
4-pl volume (60 pg) of the WERI-1 or HeLa nuclear extract or the equivalent
amount of 40% ammonium sulfate precipitate fraction (ASP40) was used in the
site-specific cross-linking experiments. After incubation under splicing condi-
tions in the presence of 13 pg of heparin per ml, the samples were irradiated with
360-nm UV light on ice for 15 min using a handheld UV lamp (UVP) and then
treated with 1 pg of RNase A each for 15 min at 37°C. The cross-linked proteins
were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and visualized on a PhosphorImager (Molecular Dynamics).

In the gel shift experiments, the amount of purified nPTB, PTB, and recom-
binant hnRNP H varied from 50 to 800 ng. These proteins were incubated with
100,000 cpm (15 fmol) of labeled DCS RNA for 10 min before being loaded onto
a 6% native polyacrylamide gel (40:1 acrylamide-to-bisacrylamide ratio). The gel
was run in 0.5X Tris-borate-EDTA (TBE) buffer and visualized as described
previously.

Immunoprecipitation and Western blot analysis. Inmunoprecipitation exper-
iments used rabbit polyclonal antibodies raised against the PTB C-terminal
peptide (CGAHHLRVSFSKSTI), the C2742 antiserum against residues 172 to
711 of KSRP, the 4606 antiserum against FUSE binding protein (FBP) (a gift of
D. Levens), and the anti-Sm monoclonal antibody Y12 (a gift of J. Steitz). In a
typical experiment, 10 pl of protein A or GammaBind Plus Sepharose (Phar-
macia), preequilibrated with TETN150 buffer (25 mM Tris [pH 7.5], 5 mM
EDTA 150 mM NaCl, 0.1% Triton X-100) and blocked with 2.5 mg of bovine
serum albumin per ml in TETN150, was preincubated with 1 to 15 pl of antibody
for 1 h at 4°C, washed with TETN150, and then incubated with the cross-linked
sample for 1 h at 4°C. Western blot analysis also used the following: rabbit
antibodies raised against the C-terminal peptides of KSRP (DB-KS) and U1-70k;
full-length U2AF® and hnRNP H proteins; mouse monoclonal antibodies 9H10
against hnRNP Al (G. Dreyfuss), AK-96 against ASF/SF2 (A. Krainer), BB7
against PTB, and MAb104 recognizing phosphorylated SR proteins (M. Roth
and K. Neugebauer); and human sera Hul34 against nucleolin (P. Bouvet) and
LE against LA antigen (J. Steitz).

In vitro splicing. Each splicing reaction, conducted as described previously
(13), was performed in a mixture containing 8 wl of WERI-1 extract (approxi-
mately 100 pg of protein). This was supplemented with 40 to 400 ng of nPTB or
PTB or with 0.3 to 3 wl of WERI- or HeLa-derived 0.3M KCl fractions from the
DCS RNA affinity column, providing an equivalent amount of either protein.
These reactions were terminated after a 4-h incubation for the BS7 and BS27
templates, a 90-min incubation for the adenovirus major late transcript (SPAd),
and a 2-h incubation for the B-globin transcript (HB - 6).

nPTB purification. nPTB was purified from 10 ml (150 mg of protein) of
WERI-1 nuclear extract by using a method modified from that described previ-
ously (61). Chromatography over 20-ml DEAE-Sepharose Fast Flow, 10-ml
heparin-Sepharose CL-6B, and 2-ml poly(U)-Sepharose 4B columns (Pharma-
cia) resulted in a fraction containing a mixture of PTB and nPTB proteins. A
1-ml HiTrap Blue Sepharose column (Pharmacia) was used next to purify nPTB
from PTB. The poly(U) fraction containing these proteins was loaded on
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the column in buffer A (20 mM Tris [pH 8.0], 3 mM MgCl,, 0.1 mM EDTA,
10% glycerol, 1 mM mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride
[PMSF]) containing 150 mM KCI. A 30-ml KCI gradient (150 to 500 mM) was
then applied to the column, resulting in the elution of homogeneous nPTB at
approximately 250 mM KCI. The bulk of the PTB eluted at 500 mM KCI. The
fractions containing each protein were combined, dialyzed against buffer DG (20
mM HEPES [pH 7.9], 80 mM potassium glutamate, 1 mM dithiothreitol, 20%
glycerol, 0.2 mM EDTA, 0.2 mM PMSF) overnight, and concentrated using
Centricon-30 (Amicon) concentrators. HeLa PTB was purified in a similar fash-
ion.

RNA affinity column purification. RNA coupling to adipic acid hydrazide
agarose (Pharmacia) was performed as specified by the manufacturer. A 40-nmol
(470 pg) portion of a chemically synthesized 37-mer DCS RNA oligonucleotide
(CUGAGGCUGGGGGCUGCUCUCUGCAUGUGCUUCCUGG) or the
same amount of a 37-mer UR (unrelated) RNA oligonucleotide (CGAAUUG
GGUACCGGGCCCAGCGCCGCCGUCGUGCCG) was dissolved in 980 ul of
20 mM Tris-HCI (pH 7.5). A 20-pl volume of freshly made 1 M sodium periodate
solution was added, and the mixture was incubated on ice in the dark for 1 h.
Oxidized RNA was ethanol precipitated and resuspended in 1 ml of 0.1 M
sodium acetate (pH 5). This RNA was then incubated for 3 h at 4°C with 0.5 ml
of adipic acid hydrazide agarose beads preequilibrated with the same buffer. The
beads were then washed with 2 M NaCl and equilibrated with buffer DG. An
8-ml volume of either HeLa or WERI-1 nuclear extract supplemented with 0.1
mg of heparin per ml was added to the beads, which were then incubated for 4 h
at 4°C with gentle mixing. The slurry was packed into disposable 2-ml columns
and extensively washed either with buffer DG plus 20 mM KClI or with buffer D
(20 mM HEPES [pH 7.9], 100 mM KCI, 1 mM dithiothreitol, 20% glycerol, 0.2
mM EDTA, 0.2 mM PMSF). The bound proteins were eluted with 4 to 6 ml of
buffer A containing 0.3, 0.5, 1, or 2 M KClI or 6 M urea. The fractions were
dialyzed against buffer DG and concentrated to approximately 200 pl using
Centricon-10 (Amicon) concentrators.

Proteins of each fraction were resolved by SDS-PAGE (10% polyacrylamide)
and analyzed by nanospray mass spectrometry (MS). Coomassie blue-stained
proteins from the gel were subjected to an in-gel digestion with Endoproteinase
Lys-C (Roche Diagnostics), and the extracted peptides were desalted over a
100-nl gel loader pipette tip column filled with POROS R2 resin (Perseptive
Biosystems). The peptides were eluted off the resin in 1 pl of 50% methanol-5%
formic acid into a nanospray glass capillary (PROTANA). The peptide solution
was then infused into an LCQ mass spectrometer (FinniganMat), and individual
peptide ions were subjected to tandem MS-MS analysis. The acquired MS-MS
data were compared to the nonredundant protein database (National Center for
Biotechnology Information) using the SEQUEST software (John Yates and
Jimmy Eng, University of Washington). Identified proteins were confirmed by
Western blot analysis.

Northern blot analysis. nPTB cDNA tissue distribution was assessed using a
commercial multiple-human-tissue Northern blot as specified by the manufac-
turer (Clontech). The membrane was probed with a 56-nt nPTB oligonucleotide
or nPTB cDNA, a 1-kb PCR-generated fragment of PTB cDNA (nt 550 to 1448
of the PTB open reading frame), or a 2.0-kb human B-actin cDNA probe
provided with the blot.

Total RNA from each cell line was isolated using the guanidine thiocyanate
method (15). A 10-pug portion of total cellular RNA was loaded per lane,
separated on a 1% formaldehyde—agarose gel, and transferred to a nylon mem-
brane (Schleicher & Schuell). This blot was probed with the same B-actin cDNA
or PTB ¢cDNA fragments as the multiple-tissue Northern blot or with a full-
length nPTB cDNA. The results were visualized by Phospholmager (Molecular
Dynamics) analysis.

nPTB c¢DNA cloning. Purified nPTB was subjected to SDS-PAGE (10% poly-
acrylamide), and the nPTB band was excised and subjected to in-gel tryptic
digestion. The eluted peptides were fractionated by high-pressure liquid chro-
matography on a Vydac C;g column and sequenced on an automated protein
sequencer (Perkin-Elmer model 492). A search of the GenBank database with
the peptides that differed from PTB identified no expressed sequence tag (EST)
matches but resulted in the retrieval of two short bacterial artificial chromosome
tags of human genomic clone CIT-HSP 228218 (DDBJ/EMBL/GenBank acces-
sion no. AQ000290 and AQ006967). The short identifier sequence from the end
of this clone is in the nPTB exon encoding most of the NNQFQALLQYG
DPVNAQQAK peptide. The 56-nt NNQ oligonucleotide (ATACTCAAGCTC
TGCTCCAGTATGGTGATCCAGTAAATGCTCAACAAGCAAAACTA)
encoding most of this peptide was used to probe a WERI-1 cDNA Lambda Zap
library. Six positive clones were obtained. Random hexamer cDNA synthesis of
WERI-1 total RNA followed by PCR using the NNQ oligonucleotide and a
degenerate oligonucleotide corresponding to the FFQDHK peptide of nPTB
resulted in an 821-bp PCR fragment containing approximately half of the nPTB
open reading frame. This PCR product was then used to probe the same WERI-1
c¢DNA library. One positive clone identified by both probes was plaque purified
and sequenced.

Nucleotide sequence accession number. The human nPTB cDNA sequence
has been submitted to GenBank and has been given accession no. AF176085.
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RESULTS

Proteins that bind to individual sequence elements within
the DCS RNA. The DCS acts in vivo as part of an intronic
splicing enhancer needed for inclusion of the N1 exon (56).
The DCS also contains a CUCUCU element that mediates
repression of N1 splicing in nonneural cells and that cross-links
to PTB in a full-length spliceable src RNA (12, 13, 17). A short
DCS RNA probe was previously shown to assemble into two
RNA-protein complexes, “nonspecific” and “specific” (53).
The nonspecific complex can be competed away by any RNA
and is hence non-sequence specific. It is also present in both
HeLa and WERI extracts. This complex contains a prominent
50- to 55-kDa protein observable by shortwave UV cross-link-
ing. The specific complex is enriched by removing the 55-kDa
protein by ammonium sulfate fractionation of the extract. This
specific complex contains hnRNP H, hnRNP F, and KSRP as
well as other factors. Although present in Hela extract, the
specific complex is more prominent in WERI extract (16, 53,
54). This complex is also sequence specific, since it is competed
efficiently only with a DCS RNA. Although PTB binds to the
CUCUCU element of the DCS in a full length pre-mRNA, we
had not previously seen PTB binding to this element in the
complexes formed on a short DCS RNA probe. To character-
ize proteins interacting specifically with the CUCUCU element
of the DCS, we generated DCS RNAs where the U’s in this
element were replaced with the photoaffinity label 4-thiouri-
dine (4-thioU). The 5’ phosphate of each cytosine in the CUC
UCU element was further replaced with *?P. This modified
DCS RNA was incubated with HeLa or WERI nuclear extract
and irradiated with 366-nm UV light. The extract was treated
with RNase A, and the cross-linked proteins were resolved by
SDS-PAGE.

As with shortwave UV cross-linking, 4-thioU cross-linking to
the DCS RNA in the unfractionated extract gave a prominent
band of 50 to 55 kDa as well as a band of approximately 100
kDa (Fig. 1A lanes 3 and 4). These proteins are thought to be
the La and nucleolin proteins nonspecifically bound to the
RNA (see below). 4-ThioU cross-linking also gave a 60-kDa
band (marked nPTB) that was not previously observed with
shortwave UV cross-linking. This 60-kDa protein was more
prominent in WERI extract. We showed previously that the
RNP complex that is specific for the DCS sequence is enriched
in the 40% ammonium sulfate pellet fraction (ASP40) of the
extract (53). 4-ThioU cross-linking in this fraction again gave
protein bands similar to those seen by shortwave UV (53) (Fig.
1A lanes 1 and 2). These proteins were identified by immuno-
precipitation (Fig. 1B). The top band, migrating at 80-kDa, was
identified as KSRP, and the 70-kDa band was identified as
FBP, which is highly related to KSRP (Fig. 1B, lanes 3 and 4)
(18, 20). The other prominent band common to both extracts
runs at 55 kDa and was identified as hnRNP H, as indicated by
immunoprecipitation with Y12 anti-SM antibodies (lane 2).
We previously found that hnRNP H is recognized by this
antibody (16). KSRP and hnRNP H were identified earlier as
components of the specific DCS complex. The coimmunopre-
cipitation of KSRP and FBP with hnRNP H is presumably due
to their presence in the same complex, since anti-SM serum
has not been observed to react with KSRP and FBP. This
coimmunoprecipitation varies with the reaction conditions and
is not seen when precipitating with anti-KSRP or anti-FBP
antibodies (lanes 3 and 4).

Interestingly, the 60-kDa protein seen binding in the whole
nuclear extract is also enriched in the ASP40 fraction and is
immunoprecipitable with anti-PTB antibodies (Fig. 1B, lane
5). We reported earlier on a WERI-specific form of PTB that
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FIG. 1. Structure and composition of the DCS complex. (A) nPTB cross-links to the CUCUCU element of the DCS RNA. The DCS RNA sequence is shown at
the top. Modified bases are shown as hollow letters. Site-specific labeling of proteins binding to the DCS RNA is shown below the sequence. Cross-linking in the ASP40
fraction of WERI-1 (lane 1) or HeLa (lane 2) extract and in total HeLa (lane 3) or WERI-1 (lane 4) nuclear extracts is shown. Positions and sizes of the molecular
weight standards (in thousands) are indicated on the right. (B) Immunoprecipitation of the proteins binding to the DCS RNA in the WERI ASP40 fraction. Antibodies
used were anti-SM Y12 (lane 2), anti-KSRP (lane 3), anti-FBP (lane 4), and anti-PTB (lane 5). (C) Probing hnRNP H, hnRNP F, KSRP, FBP, and nPTB binding sites
on the DCS RNA by site-specific labeling. Modified (hollow) and radiolabeled nucleotides are shown below the DCS RNA sequence. Cross-linking was done in the
ASP40 fraction of WERI-1 (lanes W) or HeLa (lanes H) nuclear extract. (D) DCS RNA mutants used in the cross-linking experiments. Positions of 4-thioU
modifications are indicated as Ug and U gz above the wild-type (WT) sequence, and the mutations are indicated below. (E) Effect of mutations in DCS RNA on the
cross-linking of proteins to positions U,g (top) and Ug (bottom) of the DCS in the ASP40 fraction of WERI-1 extract (lanes W) or HeLa extract (lanes H).

bound to the N1 3’ splice site (13). This may be the same
protein seen here binding to the DCS sequence in WERI
extract. As explained below, we call this protein nPTB (for
neurally enriched homolog of PTB). However, since WERI
extract also contains the normal Hela form of PTB, these
bands could be mixtures of the two proteins. Nevertheless, it is
clear that a PTB-related protein binds the CUCUCU element
of the DCS.

An equivalent DCS-cross-linked PTB band is present in
HeLa extract but is less pronounced. It is not clear why PTB
cross-linking in HeLa extract is inefficient. It could be that PTB
actually binds less well to the DCS than nPTB does. Alterna-
tively, the precise interaction of nPTB and PTB with the RNA
may differ, leading to inefficient cross-linking of PTB despite

its binding to the RNA. Given that the DCS CUCUCU ele-
ment is needed for splicing repression in Hela extract, we
thought that the latter possibility was more likely (see below).

We next extended this cross-linking approach to more pre-
cisely localize the binding sites for each protein along the DCS
RNA. By incorporating the 4-thioU and *?P at different posi-
tions, we could assess which nucleotides were in close contact
with each protein (Fig. 1C). When the photoaffinity label was
placed just 5" or just 3" of the G5 element in the DCS, the
predominant cross-linked bands were hnRNP H and F (lanes
1 and 2 and lanes 5 and 6, respectively). This was also seen
when the RNA was *?P labeled in the G tract without the
4-thioU and the cross-linking was by shortwave UV (lanes 3
and 4). Interestingly, hnRNP F, although present in both ex-
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tracts, cross-linked well to the RNA only in the WERI extract.
When the 4-thioU was moved downstream to the CU tract,
cross-linking to the F protein was lost but cross-linking to
hnRNP H, nPTB, KSRP, and FBP was seen (lanes 7 to 12).
This contact with the H protein was primarily with the 5’-most
U in the CU tract; when the label was only in the central U, the
intensity of the H band was decreased (lanes 9 and 10). As
before, the PTB band was enriched in the WERI extract over
the HeLa extract. When the 4-thioU was placed in the element
UGCAUG, just downstream of the CU tract, cross-linking was
weaker but was predominantly to KSRP, FBP, and an uniden-
tified protein of about 50 kDa. With the label in this position,
cross-linking to PTB or nPTB and to hnRNP H and F was lost.
The proteins that bind to this position are particularly inter-
esting because this UGCAUG element is crucial to the activity
of the DCS as an enhancer. Overall, these results give a clearly
ordered arrangement of the proteins along the DCS sequence,
going from 5’ to 3’, hnRNP H and F then nPTB, then KSRP
and FBP.

The importance of each element in the binding of the indi-
vidual proteins was assessed by repeating the cross-linking on
RNAs where the small sequence elements were mutated (Fig.
1D and E). These experiments used labels in two positions
along the RNA sequence, just 5" of the G tract (modification
Ug [Fig. 1D and E, bottom]) or within the CU tract (modifi-
cation U4 [Fig. 1D and E, top]). Cross-linking at Ug adjacent
to the G tract gave predominantly the hnRNP H and F pro-
teins as before, unless the G tract was mutated, which caused
a loss of hnRNP H and F cross-linking (Fig. 1E, bottom). This
was also seen with the label at U, and confirms the need for
the G tract in hnRNP H and F protein binding (Fig. 1E, lanes
2 and 3). The effects of the other mutations were most easily
observed with the label at U, (Fig. 1E, top). Mutation of the
CU tract reduced nPTB cross-linking and increased cross-link-
ing to the hnRNP H and F proteins (lanes 4 and 5). It is not
clear whether the increased signal for hnRNP H and F is due
to increased binding of these proteins to the mutant RNA,
perhaps due to changes in secondary structure, or to increased
interaction with the label at this position because of the loss of
PTB binding (see below). Mutation of the GCA sequence
within the UGCAUG element does not affect nPTB binding
but reduces KSRP and FBP binding (compare lanes 6 and 7
with lanes 8 and 9). In sum, the cross-linking to the mutant
RNAs confirms the position of contact for each protein along
the RNA.

The cross-linking experiments delineated the relative posi-
tion of each protein along the RNA. However, these experi-
ments did not give any information on the stoichiometry of the
proteins binding to the DCS and did not distinguish how many
complexes are formed by the various cross-linked proteins. For
example, when we see both KSRP and nPTB cross-linking, we
do not know whether these are binding simultaneously in
one complex or independently in separate complexes. Previous
gel shift and antibody supershift experiments indicated that
hnRNP H and KSRP are in the same complex (16, 53, 54). As
a first step in testing whether PTB is also in this complex with
hnRNP H and KSRP, we performed coimmunoprecipitation
experiments (data not shown). Using an anti-PTB monoclonal
antibody, we immunoprecipitated PTB from HeLa extract in
the presence or absence of the DCS RNA. KSRP was strongly
coprecipitated with PTB only in the presence of the DCS
RNA, indicating that these proteins do indeed interact with the
DCS RNA in the same complex (data not shown). Since the
majority of the KSRP is present in the DCS complex under
these conditions, these results place PTB in a complex with
both hnRNP H and KSRP rather than in a complex that is
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independent of the previously characterized DCS complex.
Moreover, since these experiments were done with HeLa ex-
tract containing PTB rather than nPTB, they demonstrate that
PTB is indeed binding to the DCS in spite of its weak cross-
linking. The common binding of these proteins into a single
complex is addressed further below.

Characterization of DCS RNA binding proteins by RNA
affinity chromatography. To further examine the proteins
binding to the DCS RNA in the absence of cross-linking, we
performed RNA affinity chromatography. After periodate
treatment, the DCS RNA was chemically attached through its
3’ end to adipoyl hydrazido-Sepharose. We find that this resin
shows lower nonspecific protein binding than do RNA affinity
resins based on the avidin-biotin interaction. To further min-
imize nonspecific protein binding, nuclear extract was supple-
mented with 0.1 mg of heparin per ml before being loaded on
the column. Based on gel shift data, this amount of heparin
disrupts nonspecific RNA-protein complexes while leaving the
specific DCS complex intact.

The RNA resin was incubated with either HeLa or WERI
nuclear extract, packed into a column, and washed extensively
in 100 mM salt buffer. DCS RNA binding proteins were then
eluted in a step gradient of KCI. In a control experiment, a
column carrying RNA unrelated to the DCS sequence was
used. The protein composition of each fraction was analyzed
after gel separation by Coomassie blue staining and Western
blot analysis (Fig. 2). The elution profiles for the HeLa and
WERI nuclear extracts on the DCS RNA column were very
similar. The most prominent WERI protein, eluting between
0.3 and 0.5 M salt, was nPTB, as confirmed by Western blot
using an anti-PTB serum that reacts with both proteins. In
HelLa extract, PTB eluted in the same fractions but ran as a
doublet on the gel. Note that due to differences in the running
of the two gels, they cannot be perfectly aligned. The PTB in
the HeLa panel is slightly below that in the WERI panel. The
binding of the nPTB and PTB proteins was very efficient; these
proteins were almost completely depleted from the WERI
flowthrough fraction (Fig. 2B).

Western blot analysis of the column fractions identified
other proteins binding to the DCS RNA. Known components
of the DCS gel shift complex, KSRP, FBP, and hnRNP H, all
bound the DCS RNA column and eluted in 0.3 to 0.5 M salt
(Fig. 2B). By Coomassie staining, hnRNP H appeared to bind
to the column less efficiently than nPTB or KSRP did. The
control RNA binding proteins hnRNP Al and U2AF65 both
failed to bind to the column and eluted in the flowthrough
fraction. None of these proteins bound well to the nonspecific
RNA column, although some KSRP and hnRNP Al were
present in the 0.3 M fraction.

Another protein eluting from the DCS RNA column was
identified as SC35. This 35-kDa protein was reactive with
MAD104 anti-SR and anti-SC35 monoclonal antibodies but not
with ASF/SF2 antibodies. This was the only SR protein seen
binding to the DCS column. However, it also bound to the
unrelated RNA column. Given the known effects of SR pro-
teins on splicing, we are investigating whether SC35 plays a
role as a DCS binding protein, even though its binding speci-
ficity is somewhat in doubt.

Several other proteins also bound to the DCS RNA column.
These were identified by MS analysis of their tryptic peptides
as nucleolin, La antigen, hnRNP C, and actin. The nucleolin,
SC35, and La antigen proteins bound tightly to the DCS RNA,
eluting mostly at 0.5 to 1 M salt. Both La and nucleolin rec-
ognize short stem-loop RNA structures containing pyrimidine-
rich sequences on their termini, and the DCS RNA can po-
tentially fold into such a structure (22, 25, 70). Thus, the
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FIG. 2. Purification of proteins bound to the DCS RNA or an unrelated RNA in the WERI-1 or HeLa extracts using RNA affinity chromatography. (A) Coomassie
blue-stained gels displaying fractions from the DCS RNA affinity column (lanes 1 to 6 and lanes 8 to 13) or an unrelated RNA affinity column (lanes 15 to 20). Proteins
identified by MS are indicated by arrows. Lanes 7, 14, and 21 contain protein markers. (B) Western blot analysis of the same fractions. MAb104 monoclonal antibody
was used for identification of the SR proteins. The positions of the SC35 and ASF/SF2 (SRP 35), SRp55, and SRp75 proteins are indicated by arrows.

binding of these proteins to the column is probably due to
similarities between the DCS RNA and natural RNA sub-
strates for these proteins. La is presumably the ~50-kDa pro-
tein observed in the nonspecific gel shift complex with the DCS
RNA (53). hnRNP C eluted from the column at 0.3 M salt.
hnRNP C has affinity for pyrimidine-rich RNAs, and such
elements are present in the DCS RNA (69, 72, 73). Some actin
protein was also observed to stick very tightly to the column,
eluting only in 6 M urea. This may result from polymerized
actin filaments, trapped at the top of the column, eluting from
the column when denatured into monomers.

Most of the proteins binding to the DCS RNA, including
nPTB and PTB, were not retained on the unrelated RNA
column, which showed a different spectrum of bands. The
exceptions to this were SC35 and nucleolin, which bound
tightly to both RNA columns. The nucleolin elution profile
varied from batch to batch of the extract. Note that there is a
prominent nucleolin breakdown product migrating just below
KSRP in some of the WERI and HeLa extract fractions.

The RNA affinity chromatography was repeated with RNAs
carrying mutations in each of the various subelements of the
DCS RNA (data not shown). This confirmed that PTB and
nPTB required the CU tract for stable binding, hnRNP H
binding needed the G tract and the UGCAUG element, and
KSRP binding needed the CU tract and the UGCAUG ele-
ment.

Finally, the affinity chromatography results indicate that
HeLa PTB binds to the DCS RNA even though it does not
cross-link efficiently. Moreover, as seen previously, the eluted
HeLa PTB migrates as a doublet with slightly different mobility
from the WERI nPTB-PTB mixture.

Purification and cloning of nPTB. The different cross-link-
ing patterns of PTB in the two extracts indicated a difference in
the protein from these two sources. To allow a detailed com-
parison of the PTBs in the two extracts, we purified the two
proteins using a modification of the published PTB purification
protocol (61). The HeLa and WERI PTBs copurified over the
first three columns: DEAE, heparin, and poly(U)-Sepharose.
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FIG. 3. Purification of human nPTB. (A) Purification scheme. Coomassie blue-stained gels of PTB- and nPTB-containing fractions from the HiTrap Blue column
are shown below the scheme. (B) Coomassie blue staining of an SDS-10% polyacrylamide gel containing purified WERI-1 nPTB and HeLa PTB. (C) nPTB peptide
sequences identified by Edman degradation (left) and corresponding human PTB-1 peptides (right). Differences between two proteins are shown by hollow letters.

When the WERI extract fractions from the poly(U) column
were loaded onto a HiTrap Cibacron Blue Sepharose column
and eluted with a shallow gradient of KClI, the two forms of
PTB were resolved. Under these conditions, nPTB came off
the column earlier than the PTB isoforms seen in HeLa extract
(Fig. 3A). As a result, a nearly homogeneous sample of the
nPTB protein, free of PTB, was obtained (Fig. 3B).

nPTB was subjected to tryptic digestion followed by micro-
sequencing of seven peptides. Two of the analyzed peptides
matched the PTB sequence exactly, whereas the others con-
tained one or more changes in amino acid sequence from the
corresponding PTB peptides (Fig. 3C). The unique nPTB pep-
tides were distributed along the PTB sequence, indicating that
nPTB is a new protein rather than a new PTB splice variant.

Searching GenBank databases for the nPTB peptide se-
quences resulted in only one positive match. There were no
matches to ESTs. However, the longest identified peptide,
NNQFQALLQYGDPVNAQQAK, matched the sequence
from the end of the human genomic BAC clone AQ006967.
This clone contained 56 nt of an apparent nPTB exon encoding
most of the peptide. Reverse transcription-PCR (RT-PCR) of
WERI cell total RNA, using the 56-nt exon oligonucleotide as

a sense-oriented primer and an 18-nt degenerate antisense
primer corresponding to the FFQDHK peptide, produced a
partial nPTB ¢cDNA, 821 nt in length. Both the 56-nt exon
sequence and the RT-PCR product were used to screen a
WERI cell AZap cDNA library. A clone containing the appar-
ent full-length cDNA of nPTB was identified and sequenced
(Fig. 4). This 3,060-nt cDNA contains a 1,593-nt open reading
frame encoding a 531-amino-acid 57,454-Da protein. All seven
nPTB peptides are present in the amino acid sequence of the
encoded protein (Fig. 4).

As expected, nPTB is very similar to PTB (~74% identical,
depending on how the gaps are weighted), containing four
unusual RNA recognition motif (RRM) domains and a puta-
tive bipartite nuclear localization signal (NLS) near the N
terminus. This NLS domain consists of two short sequences,
GVKRG and KKFK, separated by a 29-amino-acid gap, and
matches the consensus nucleoplasmin NLS better than the
corresponding PTB domain does (63) (Fig. 4). The four 80-
amino-acid RRM domains of nPTB can be aligned with each
other and are similar to the PTB RRM domains. A typical
RRM domain contains two consensus elements, RNP1 and
RNP2, that comprise B-strands 3 and 1 of the domain (32, 60,
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FIG. 4. Human nPTB cDNA sequence. The NLS sequences are shaded. The four RRM domains are boxed. Sequenced peptides are in bold. The asterisk indicates

the stop codon.
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76, 79). Like PTB, the RNP elements of nPTB diverge from
those in the consensus RRM (Fig. SA). Alignment of the four
nPTB RRM domains also shows common residues within
a-helix A, within B-strand 2 and following B-strand 4. In the
known structures of RRMs complexed with RNA, the B-sheets
both form the hydrophobic core of the domain and make
extensive contact with the RNA on the interaction surface (1,
32, 60, 79). The conservation of the nPTB sequence in these
regions may reflect folding constraints or could result from
similarities in RNA recognition.

The variation in sequence between human nPTB and PTB
far exceeds that between PTBs from different mammals. Hu-
man nPTB is presumably the homolog of the mouse brain PTB
protein recently isolated by the Darnell laboratory, since they
are nearly identical (accession no. AF095718). An EST data-
base search with the nPTB sequence also identified the partial
cDNA sequence of an apparent zebrafish nPTB (accession no.
AA566427). Phylogenetic comparison of the known PTB se-
quences places nPTB on a distinct branch, roughly equally
related to all the mammalian PTBs (Fig. 5C). nPTB is also
67% identical to ROD1, another mammalian PTB homolog
identified as a regulator of differentiation in Schizosaccharo-
myces pombe (80). Searches of the complete Caenorhabditis
elegans and Drosophila melanogaster genomes each uncovered
a single gene with similarity to PTB. These proteins were
divergent from both mammalian proteins, but at several posi-
tions they were more similar to PTB than nPTB. These results
are consistent with the idea that nPTB is relatively recently
evolved and is perhaps specific to the vertebrates.

Tissue distribution of nPTB. The biochemical assays for
nPTB indicated its presence in WERI but not HeLa extract.
We next examined the expression of nPTB and PTB on a
multiple-tissue Northern blot (Fig. 6A). The full-length nPTB
cDNA and a 1-kb fragment of the PTB coding region were
used as probes. A human B-actin cDNA was used as a control.
nPTB mRNA appeared as a single band approximately 3.4 kb
in length, while PTB gave rise to a doublet of 3.6- and 4.7-kb
bands. The upper band may be a cross-hybridizing mRNA or
possibly an immature form of PTB mRNA. PTB mRNA was
present in a wide range of tissues, with the lowest levels ob-
served in the brain. In contrast, nPTB mRNA was most abun-
dantly expressed in the brain, although there was detectable
expression in other tissues, notably the heart and skeletal mus-
cle.

The level of nPTB mRNA was also examined in tissue cul-
ture cell lines (Fig. 6B). Abundant expression was observed in
the WERI-1 neural cell line, as expected. Only minimal mRNA
was observed in the nonneural cell lines, HeLLa and HEK?293.
Significantly, only low levels of nPTB mRNA were seen in the
human neuroblastoma cell line, LA-N-5. This was confirmed
by RT-PCR experiments, where LA-N-5 cells showed higher
expression of nPTB mRNA than did HeLa or HEK cells but
significantly lower expression than did WERI-1 cells (data not
shown). Since LA-N-5 cells show strong inclusion of the src N1
exon, the level of nPTB is not the only factor that determines
N1 splicing. These cell lines all expressed abundant PTB
mRNA, confirming that WERI cells express both PTB and
nPTB (Fig. 6B). This was further confirmed by Western blot
analysis (Fig. 6C). nPTB could be observed in WERI cells as a
reactive band running between the two major isoforms of PTB.

nPTB is a weaker repressor of N1 splicing than is PTB. To
assess the functional differences between nPTB and PTB, we
analyzed the behavior of each protein in the in vitro splicing
assay by using two src minigene transcripts. BS7 contains both
the upstream and downstream regulatory sequences, each con-
taining a pair of CUCUCU elements (Fig. 7A). BS27, obtained
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by precise deletion of the intron upstream of the N1 exon,
contains only the two downstream CUCUCU elements. We
previously showed that BS27 is spliced in the HeLa nuclear
extract, where BS7 is repressed. Both transcripts splice equally
well in WERI extract (12).

Purified HeLa PTB efficiently repressed BS7 splicing when
titrated into the WERI nuclear extract (Fig. 7C, left, lanes 20
to 22). The levels of both the splicing intermediates and prod-
ucts were decreased 3- to 10-fold by the added PTB. Similarly,
the 0.3 M fraction of the HeLa extract from the DCS RNA
column (Fig. 2) also repressed splicing (Fig. 7C, left, lanes 14
to 16). The splicing repression required the same amount of
PTB whether it was introduced as 0.3 M fraction or as a
purified protein. At the highest point of the titration, the total
PTB concentration was about twofold higher than that of the
endogenous protein in HeLa extract. Bacterially expressed re-
combinant PTB also repressed splicing but was about 10 times
less active than the purified protein (data not shown). This may
be due to aberrant folding of the recombinant protein, to a lack
of posttranscriptional modification, or to other effects.

PTB was a much stronger repressor of splicing than was
nPTB. At the highest concentration of nPTB, the levels of the
second-step products of splicing were somewhat reduced but
the levels of the intermediate products of the first step were
unaffected (Fig. 7C, left, lanes 17 to 19). Most interestingly,
when the 0.3 M RNA affinity column fraction of the WERI
extract was used, virtually no repression of splicing was ob-
served (lanes 11 to 13). Thus, the presence of other factors in
the 0.3 M fraction may further reduce the repressor activity of
nPTB.

Control introns from adenovirus and B-globin were unaf-
fected by either nPTB or PTB or by the column fractions,
indicating the specificity of nPTB and PTB for the src substrate
(Fig. 7B and data not shown). Moreover, the inhibitory effect
of PTB and nPTB required the CU element containing se-
quences upstream of the N1 exon, since the BS27 RNA was
only weakly repressed by the PTB fraction and not at all re-
pressed by nPTB (Fig. 7C, left, lanes 1 to 8).

The amounts of PTB and nPTB used in these experiments
were carefully measured to ensure that equal amounts of pro-
tein were added in each of the titrations. These fractions also
have equal binding activity for the N1 3’ splice site, as shown
below. To further ensure that the observed difference in re-
pression activity was not due to variations in our preparation of
the proteins, we repeated these experiments with several inde-
pendently isolated samples of PTB and nPTB and with two
preparations of WERI extract. The results were always the
same; PTB strongly repressed splicing, while nPTB only par-
tially reduced the second-step products. Another titration of
PTB and nPTB into a different sample of WERI extract is
shown in Fig. 7C (right).

Assembly of the DCS complex from purified components.
Three sequence elements were defined previously in functional
assays and are defined here as binding sites for particular
proteins: the G tract, the CU tract, and the UGCAUG ele-
ment. These three elements all reside within a 20-nt portion of
the DCS sequence. The RNA contacts of an RRM or a KH
domain can be between 4 and 7 nt, making these elements
reasonable binding sites for individual RNA binding proteins
(43, 76). However, one imagines that there must be extensive
protein-protein contacts between the DCS complex proteins if
they are simultaneously bound to this short sequence. To ex-
amine how the binding of each DCS protein affected the bind-
ing of the others, we performed gel shift experiments using
recombinant or purified fractions of the individual proteins.

First, we tested whether nPTB and PTB were distinguishable
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FIG. 5. Comparative analysis of the nPTB amino acid sequence. (A) Struc-
tural organization of the nPTB RRMs. RNP1 and RNP2 consensus sequences
for the typical RRM and for the nPTB RRMs are shown at the top. The domain
secondary structure is schematically shown below the RRM sequences. Residues
identical in at least two RRMs are shaded. (B) Comparison of human nPTB with
related PTB sequences. The human nPTB sequence is aligned with PTB se-
quences from human (accession no. X62006), mouse (accession no. X52101),
Xenopus laevis (accession no. AAF00041), D. melanogaster (accession no.
AAF22979), C. elegans (accession no. CAA85411), and Arabidopsis thaliana
(accession no. AF076924), with a partial sequence of nPTB from Danio rerio
(accession no. AA566427) and with the sequence of human ROD]1 (accession no.
NMO005156) using the MegAlign program (DNAStar). Residues identical to
those of nPTB are shown as dots. Brackets indicate the borders of RRM do-
mains. (C) A phylogenetic tree of human nPTB and mammalian, plant, and C.
elegans PTBs generated by MegAlign based on the protein alignment. The length
of the branch on the x axis indicates the percent sequence divergence.

in their binding properties. Purified nPTB and PTB were used
in electrophoretic mobility shift assays with both the DCS
RNA and the polypyrimidine tract of the N1 3’ splice site as
probes (Fig. 8A, right and left panels, respectively). Both pro-
teins bound the 3’ splice site RNA, with saturation reached at
the same concentration of protein, although the mobilities of
the PTB and nPTB complexes were slightly different. In con-
trast, with the DCS RNA probe, nPTB formed a larger and
more abundant complex than PTB did. In the PTB binding
reaction, the predominant RNA-protein complex was much
faster migrating and only weakly present in the nPTB reaction.
The overall binding of the two proteins to the DCS RNA
sequence was much weaker than that to the 3’ splice site.
Nevertheless, the affinity of nPTB for the DCS RNA probe was
clearly higher than that of PTB.

Next, we examined the effect of recombinant hnRNP H on
the binding of nPTB and PTB. hnRNP H interacted very
weakly with the DCS RNA by itself (Fig. 8B, right, lane 2).
However, the effect of combining the proteins was striking;
binding of both nPTB and PTB was improved by hnRNP H
(Fig. 8B, left). Complex formation in the presence of 300 ng of
nPTB and 400 ng of hnRNP H was 4- to 10-fold higher than
for either protein alone (Fig. 8B, right, lane 4). Oddly, the
gel mobility of the complex formed with the combination of
hnRNP H and nPTB was similar to that formed with nPTB
alone (see below). hnRNP H also stimulated PTB binding,
although equivalent reactions with PTB and hnRNP H exhib-
ited at least fourfold less complex formation than with nPTB at
all points in the titration (Fig. 8B, left). From these results, it
is clear that hnRNP H strongly affects both nPTB and PTB
binding to the DCS RNA.

A purified fraction containing almost exclusively KSRP and
FBP did not give an observable complex with the DCS RNA in
the gel shift assay (Fig. 8B, right, lane 3). Similarly, combining
the KSRP fraction with hnRNP H gave only a weak new
complex (lane 5). This KSRP fraction, when added to a com-
plex containing both hnRNP H and nPTB, bound strongly to
the DCS RNA (lane 6). The mobility of this hnRNP H-nPTB-
KSRP complex was lower than that of the hnRNP H-nPTB
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complex and about equivalent to that of the complex formed in
the crude ASP40 fraction (lane 7).

These gel shift experiments with purified proteins indicate
that nPTB and/or PTB are essential for the cooperative assem-
bly of hnRNP H and KSRP into the RNP complex. However,
the comigration of the hnRNP H-nPTB complex with the com-
plex formed with nPTB alone was confusing. A combination of
cross-linking and antibody supershift experiments indicated
that both proteins were indeed in the hnRNP H-nPTB com-
plex (data not shown). The comigration was thus apparently
due to a change in the stoichiometry or conformation of the
nPTB complex upon addition of H. In addition to the CU tract,
the DCS RNA used for these experiments has a second po-
tential PTB binding site. This is a group of pyrimidine residues
at the extreme 3’ end of the DCS RNA that were known to
affect PTB binding in the RNA affinity chromatography assay
(data not shown). To resolve the nPTB and hnRNP H-nPTB
complexes, we shortened the DCS probe to remove these res-
idues (Fig. 8C, top, probe WTs). With this WTs probe, nPTB
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FIG. 6. Tissue and cell line distribution of nPTB. (A) Northern blot analysis
of poly(A)" RNA from the indicated human tissues using an nPTB oligonucle-
otide probe (top) or the PTB ¢cDNA probe (middle) probe. Loading was verified
by hybridization to a B-actin control cDNA probe (bottom). (B) Northern blot
analysis of total RNA from the indicated neural (lanes 1 and 2) and nonneural
(lanes 3 and 4) cell lines. Probes included the full-length nPTB cDNA (top), a
1-kb fragment of PTB (middle), and the B-actin control cDNA probe (bottom).
(C) Western blot analysis of proteins from neural (lanes 1 to 3) and nonneural
(lanes 4 to 6) cell lines using rabbit polyclonal anti-PTB antibodies recognizing
both the PTB and nPTB proteins (top). The positions of the PTB isoforms and
of nPTB are indicated by arrows. The same blot was probed with anti-U170K
antibody as a protein-loading control (bottom).
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FIG. 7. Effect of PTB and nPTB on N1 exon splicing in vitro. (A) Maps of the
src splicing substrates. Black boxes indicate splicing-regulatory elements. (B)
Splicing of adenovirus major late (lanes 1 to 8) and B-globin (lanes 9 to 16)
transcripts in WERI-1 nuclear extract in the absence (lanes 2 and 10) or presence
of 0.3, 1, or 3 pl of HeLa (lanes 3 to 5 and 14 to 16) or WERI-1 (lanes 6 to 8 and
11 to 13) 0.3 M KCI RNA affinity fractions. (C) The left panel shows splicing of
the BS27 (lanes 1 to 8) or BS7 (lanes 9 to 22) transcripts in the WERI-1 nuclear
extract. Lanes 1 and 9 contain no extract. Lanes 2 and 10 contain WERI extract
without any additional factors. Lanes 3 to 5 and 14 to 16 contain WERI extract
plus 0.3, 1, or 3 pl of HeLa 0.3 M KCI RNA affinity fraction. Lanes 6 to 8 and
11 to 13 contain WERI extract plus 0.3, 1, or 3 ul of WERI 0.3 M KCI RNA
affinity fraction. Lanes 17 to 19 contain 40, 120, or 400 ng of nPTB. Lanes 20 to
22 contain 40, 120, or 400 ng of PTB. The right panel shows splicing of BS7
transcript in the WERI-1 nuclear extract using different preparations of nPTB,
PTB, and nuclear extract from the left panel. Lane 1 contains WERI extract
without any additional factors. Lanes 2 to 5 contain 50, 100, 200, or 400 ng of
nPTB. Lanes 6 to 9 contain 50, 100, 200, or 400 ng of PTB.
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FIG. 8. Binding of purified nPTB and PTB to the src N1 exon splicing-regulatory elements in the presence and absence of other protein components of the DCS
complex. (A) The left panel shows a gel mobility shift analysis of nPTB (lanes 2 to 6) or PTB (lanes 7 to 11) complexed with an N1 3’ splice site polypyrimidine tract
RNA. Lane 1 contains free RNA probe (20 fmol, 10° cpm). Lanes 2 to 6 contain 50, 100, 200, 400, and 800 ng of purified nPTB. Lanes 7 to 11 contain equivalent amounts
of PTB. The right panel shows a gel mobility shift analysis of nPTB (lanes 2 to 6) or PTB (lanes 7 to 11) complexed with an src DCS RNA. The amount of protein
in each lane is equivalent to that in the left panel. (B) The left panel shows that hnRNP H enhances PTB and nPTB binding to the DCS RNA. Binding-reaction mixtures
contained 100 ng of either nPTB (lanes 1 to 5) or PTB (lanes 6 to 10). This was supplemented with 25 ng (lanes 1 and 6), 50 ng (lanes 2 and 7), 100 ng (lanes 3 and
8), 200 ng (lanes 4 and 9), or 400 ng (lanes 5 and 10) of hnRNP H. The right panel shows assembly of the DCS-like complex from purified and recombinant factors.
A total of 800 ng of purified nPTB, 300 ng of recombinant hnRNP H, and/or 400 ng of a KSRP-FBP fraction were used where indicated by +. (C) DCS RNA mutants
used in the gel shift experiments. The sequence of the original DCS probe is shown at the top. The WTs probe sequence is truncated as indicated. The AGTrs, ACUTTs,
and AGCA mutations are indicated. Gel mobility shift analysis of nPTB complexed with src DCS RNA mutants in the presence of hnRNP H, KSRP, and FBP is shown
below the sequences. A total of 200 ng of purified nPTB, 300 ng of recombinant hnRNP H, and/or 400 ng of a KSRP-FBP fraction were used where indicated by +.
The WTs and mutant probes are indicated above. The position of each complex is shown by an arrow.
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gives a weak complex on its own (Fig. 8C, lane 3). hnRNP H
alone gave a faster-migrating complex that was barely detect-
able (lane 2). The combination of these two proteins allowed
the formation of a strong RNP complex band that was larger
than that of either protein alone, as well as a weak band still
higher in the gel (lane 4). Finally, the addition of KSRP and
FBP shifted the nPTB-hnRNP H complex higher in the gel to
make a three-protein DCS complex (lane 5).

The resolution of the nPTB and hnRNP H-nPTB complexes
allowed us to examine the importance of the different se-
quence elements in the binding of each protein, using the gel
shift assay. These results agreed well with the cross-linking and
affinity chromatography results. Mutation of the G tract elim-
inated the weak binding of hnRNP H, as expected (Fig. 8C,
lane 7). Interestingly, this mutation stimulated nPTB binding
(compare lane 8 with lane 3). The DCS sequence can form a
secondary structure that pairs the G tract with the CU tract.
Mutation of the G tract presumably allows easier access of
nPTB to the CU element by disrupting this RNA structure.
This may be part of the stimulatory activity of hnRNP H for
nPTB binding; by binding to the G tract, hnRNP H may make
the nPTB site more accessible. The addition of hnRNP H to
the DCS with a mutant G tract did not further stimulate nPTB
binding, although a faint higher-molecular-weight complex was
seen (lane 9). The addition of KSRP and FBP shifted the PTB
complex further, although this complex was smeared and was
apparently less stable than the hnRNP H-nPTB-KSRP com-
plex seen on wild-type RNA (lane 10).

Mutation of the CU tract also disrupted the potential sec-
ondary structure between this element and the G tract. How-
ever, the binding of hnRNP H was only weakly stimulated by
this change (lane 12). Presumably, hnRNP H needs nPTB to
bind well, whether the secondary structure is there or not. As
expected, the CU tract mutation nearly eliminated nPTB bind-
ing (lane 13). Interestingly, the combination of hnRNP H and
nPTB gave some complexes with this RNA (lane 14). These
ranged in mobility from the size of hnRNP H alone to the size
of the full DCS complex. It is possible that the interaction
between nPTB and hnRNP H stimulates binding even if not all
the normal RNA contacts can be made to the mutant RNA.
These hnRNP H-nPTB complexes coalesced into a strong DCS
complex in the presence of KSRP (lane 15).

Mutation of the UGCAUG element also behaved as pre-
dicted. PTB formed a complex on its own (lane 18). This was
shifted to an hnRNP H-nPTB complex when hnRNP H was
added, although the stimulation of binding was not as strong as
that seen with the wild-type RNA (lane 19). Most significantly,
the UGCAUG is essential to KSRP binding, since the hnRNP
H-nPTB complex did not show a substantial further shift in the
presence of KSRP (lane 20).

Taken together, the binding data provide a consistent pic-
ture of the DCS complex (Fig. 9). This complex is held to-
gether by both protein-RNA contacts and protein-protein con-
tacts. The G tract is the binding site for hnRNP H and F,
although it is not clear yet whether hnRNP H and F are in
separate complexes or bind as a heterodimer (16). nPTB binds
to the CU tract, and this interaction is critical in stimulating the
subsequent assembly of the other proteins. Finally, KSRP and
FBP bind to the UGCAUG element, although, again, these
two proteins may bind separately or together.

DISCUSSION

Cooperative assembly of an hnRNP complex. The regulation
of spliceosome assembly is generally thought to occur within
the hnRNP complexes that assemble onto nascent pre-mRNAs
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hnRNP H PTB
hnRNP F  nPTB

CUGAGGCUGGGGGCUGCUCUCUGCAUGUGCUUCCU

KSRP
FBP

FIG. 9. Diagram of the DCS RNP complex. The position of each protein
along the DCS RNA is indicated. These contacts are supported by cross-linking,
affinity chromatography, and gel shift assays using wild-type and mutant DCS
RNA sequences. Homologous pairs of proteins are indicated (hnRNPs H and F,
PTB and nPTB, and KSRP and FBP). The stoichiometry of hnRNP F and FBP
binding relative to their homologs is not yet known.

as they are synthesized by RNAP II. The structures of these
pre-mRNPs are extremely complex, with dozens of different
hnRNPs binding to each RNA transcript (4, 42, 52). However,
the interactions of these proteins with the RNA and each other
are generally unknown. In this study, we have characterized the
assembly of a small subset of these RNPs that bind to an
important splicing regulatory region in the src pre-mRNA, the
DCS. The DCS is interesting because it can have both enhanc-
ing and repressing activity on the splicing of an upstream exon,
depending on the cellular environment and its adjacent se-
quences (55, 56).

The c-src N1 exon is controlled by an intricate combination
of positive and negative regulatory elements that bind to an
array of RNA binding proteins (13, 16, 53-56). The role of
each DCS binding protein in splicing regulation is not yet
understood. Individual proteins could be involved in splicing
repression and derepression as well as in true splicing enhance-
ment. Better functional data on all the DCS binding proteins
are needed to resolve their activities. As we build up our
picture of the RNP structure of the enhancer region and ex-
amine how it changes upon splicing activation, the roles of the
individual proteins should become clearer. With this in mind,
we examined how the DCS complex assembles from individual
pre-mRNA binding proteins and identified the RNA binding
sites for several of its components.

The highly related hnRNP H and F both bind to a GGGG
GCUG element within the DCS. This element is important for
src splicing enhancer function in vivo, and similar elements
have been identified in other splicing enhancers (9, 23, 56, 67).
hnRNP H has also been implicated as a negative regulator of
tropomyosin splicing (14). The binding of hnRNP H and F to
this element is consistent with the known high affinity of these
proteins for poly(G) resin (49). Interestingly, although it is
present in both extracts, hnRNP F is seen cross-linking to the
DCS RNA only in WERI extract. It is tempting to speculate
that this is due to a preferred interaction of hnRNP F with
nPTB over PTB, but this has not yet been shown.

KSRP and FBP interact with the UGCAUG element in the
DCS. This is the most important element in the function of the
c-src enhancer in vivo and has been found in other splicing
enhancers (34, 36, 37, 40, 44). KSRP apparently requires ad-
jacent nPTB binding for stable binding to the UGCAUG. In
other systems, there are UGCAUG elements that function as
enhancers but do not have apparent adjacent PTB binding
sites. Thus, either KSRP can cooperate with other adjacent
proteins or it may not be the protein that mediates the en-
hancement effect of this element. KSRP and FBP also bind
extremely tightly to poly(U) resin (54) and also bind to the
single-stranded form of a DNA sequence element in the c-myc
promoter (18, 20, 21). In this last capacity, these proteins have
been implicated in the regulation of transcription, although
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this is probably a separate function from that studied here (33).
There are additional copies of the hnRNP H and KSRP bind-
ing elements in the enhancer region surrounding the DCS.
Thus, the larger enhancer RNP complexes are likely to have
multiple copies of these proteins engaging in numerous coop-
erative interactions.

PTB and nPTB both bind to the CUCUCU element of the
DCS, although with different apparent affinities. Of all the
DCS binding proteins, PTB is the factor most strongly impli-
cated in splicing regulation; PTB is required to repress splicing
in nonneural extracts (13, 17). In HeLa extract, PTB binds to
sites upstream and downstream of the exon, including the site
in the DCS (13, 17). Examination of PTB binding to the full-
length transcript in the HeLa extract indicates that cross-link-
ing of PTB to the upstream CUCUCU elements requires intact
downstream elements. This implies cooperation between the
PTBs bound at the different elements (17). Here we see bind-
ing of PTB and nPTB to the upstream sites alone and weak
binding to the DCS alone. This may reflect a more sensitive
binding assay or differences between the short RNAs used here
and the full-length transcript. In WERI extract, where splicing
is derepressed, PTB and nPTB bind to the pre-mRNA but are
removed from the upstream sites in an ATP-dependent pro-
cess (17). The downstream protein remains bound under these
conditions. We show here that this downstream protein is
nPTB rather than PTB and that nPTB is a key protein in the
assembly of the DCS complex in WERI extract. The adjacent
hnRNP H and KSRP binding sites may stabilize the nPTB and
prevent its removal from the DCS when it is lost from the 3’
splice site.

A new tissue-specific RNA binding protein. We identified
and cloned nPTB as a component of the DCS complex. nPTB
is highly related to PTB/hnRNP I, but where PTB is broadly
expressed, nPTB is enriched in the brain. In WERI-1 cell
extracts, both nPTB and PTB are present.

Although PTB and nPTB both bind to the CUCUCU re-
pressor elements, there are differences in their binding. Both
proteins bind well to the upstream polypyrimidine tract con-
taining two CUCUCU elements. The DCS portion of the
downstream splicing enhancer contains one repressor element
surrounded by the GGGGG and UGCAUG elements impli-
cated in the positive control of splicing. Both PTB and nPTB
bind to this sequence on an RNA affinity column. However, by
gel shift analysis, nPTB shows significantly better binding to
the DCS sequence than PTB does. This difference is enhanced
by the presence of a second DCS binding protein, hnRNP H.
These results resolve a mystery from earlier studies of the DCS
binding proteins: what causes their tissue-specific assembly?
The DCS RNA assembles into a complex that is enriched in
the WERI extract. However, the previously identified compo-
nents of the DCS complex are present in both extracts (16, 53,
54). The extract specificity of nPTB and its greater affinity for
the DCS are the likely source of the observed neuron-specific
assembly of the DCS complex. However, since PTB does bind
to the DCS in other assays, the HeLa extract is likely to form
a PTB-DCS complex that is just not stable in the gel shift assay.

The sequence differences between PTB and nPTB should
provide clues to how they differ in activity. PTB and nPTB are
most different in the long alanine-rich linkers separating
RRMs 1 and 2 and RRMs 2 and 3. Interestingly, the linker
between RRMs 2 and 3 is also where the PTB splice variants
are altered (26). The third RRM domain of PTB plays a pivotal
role in RNA recognition (63). nPTB has a number of unique
residues in this region, including changes in the loop between
B-strand 1 and a-helix A and the sequence from helix B
through B-strand 4. In the B-strand 1-helix A loop, changes

nPTB, A TISSUE-SPECIFIC HOMOLOG OF PTB 7477

from Glu (nPTB) to Pro (PTB) and Met (nPTB) to Arg (PTB)
could affect RNA binding specificity, since the corresponding
residues in the UIA RRM are involved in RNA base recog-
nition (1, 60). The residues unique to nPTB within B-strand 4
may also contribute to the RNA binding specificity, since their
counterparts in both the Sxl and U1A proteins make contacts
with the RNA (32, 60). RRM 2 (amino acids 169 to 264) has
been implicated in PTB homodimer formation and het-
erodimer formation with hnRNP L (30, 59, 63). Most of the
changes in RRM 2 cluster in helix B and between B-strand 1
and helix A. According to the solved RRM structures, helix B
is on the opposite face from the RNA binding surface (32, 79).
If nPTB does not dimerize with PTB, it will be interesting to
determine whether these residues affect this specificity.

Models for splicing derepression. Because of its extract
specificity and binding properties, nPTB is a prime candidate
for mediating the loss of splicing repression in WERI-1 cells.
However, significant further work is required to prove this.
Since nPTB is only weakly expressed in at least one cell line
(LA-N-5) where the N1 exon is efficiently spliced, nPTB can-
not be the sole determinant of N1 splicing. This is not entirely
surprising, since previous work has shown that N1 splicing is
controlled by a complex mixture of positive and negative ele-
ments across the region of the exon (55, 56). The inclusion of
the exon can be increased by removing one of its repression
mechanisms or by increasing its activation, and different cells
seem to make different use of these mechanisms (55). The
LA-N-5 cells may overcome the repression by PTB through
increased enhancer activity. Indeed, the downstream enhancer
is particularly strong and the repressor is relatively weak in
LA-N-5 cells (55).

Without knowing more about how PTB represses splicing, it
is difficult to speculate on whether or how this could be coun-
teracted by nPTB. One possibility is that differences in the
oligomerization properties of PTB and nPTB affect their re-
pression activity. PTB can exist as a homodimer in solution (59,
63). Since the bulk of nPTB can be cleanly separated from
PTB, it is not clear whether nPTB is forming heterodimers with
PTB or homodimers with itself. The ability to form oligomers
may allow PTB to assemble a higher-order complex on the four
repressor elements surrounding the N1 exon (17). The result-
ing RNA loop could prevent the assembly of the spliceosome
on the N1 exon. In neuronal extract, nPTB bound to the DCS
may not stably interact with either PTB or nPTB bound to the
other elements. This disruption of bridging between the CUC
UCU elements could prevent the repression of splicing.

It is also likely that PTB and nPTB will interact with differ-
ent sets of auxiliary factors that modify their behavior. One
indication of this is that factors in the 0.3 M fraction from the
DCS RNA affinity column apparently reduce the ability of
nPTB to repress splicing. The importance of such protein-
protein interactions is also illustrated by the stimulation of
nPTB binding to the DCS RNA by hnRNP H.

The Grabowski laboratory also reported a strong correlation
between the binding of a brain-specific form of PTB and the
neuron-specific splicing of exons in the GABA, receptor y2
subunit, the NMDA receptor NR1, and the clathrin light-chain
pre-mRNAs (2, 28, 81). It seems likely that this rat brain
protein is nPTB. In all three of these transcripts, a recombinant
glutathione S-transferase-PTB fusion protein could repress
the splicing of the exons in favor of the nonneural pathway.
nPTB has also been cloned in a yeast two-hybrid screen as
interacting with the Nova protein, a putative splicing regulator
that is highly neuron specific (6, 38, 64). Nova is present in
WERI extract but does not seem to affect N1 splicing (38) (V.
Markovtsov, unpublished data). Nevertheless, it will be inter-
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esting to determine the relative affinities of PTB and nPTB for
Nova, since it is a good example of the type of protein that may
cooperate with nPTB in its function. Thus, nPTB is a potential
player in the regulation of many different neural splicing sys-
tems. An important problem for the future will be understand-
ing what happens after regulatory proteins bind to the pre-
mRNA and filling the current gap between proteins in the DCS
complex or other hnRNP complexes and the general splicing
machinery.
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