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The regulation of the c-src N1 exon is mediated by an intronic splicing enhancer downstream of the N1 5’
splice site. Previous experiments showed that a set of proteins assembles onto the most conserved core of this
enhancer sequence specifically in neuronal WERI-1 cell extracts. The most prominent components of this
enhancer complex are the proteins hnRNP F, KSRP, and an unidentified protein of 58 kDa (p58). This p58
protein was purified from the WERI-1 cell nuclear extract by ammonium sulfate precipitation, Mono Q
chromatography, and immunoprecipitation with anti-Sm antibody Y12. Peptide sequence analysis of purified
p58 protein identified it as hnRNP H. Immunoprecipitation of hnRNP H cross-linked to the N1 enhancer RNA,
as well as gel mobility shift analysis of the enhancer complex in the presence of hnRNP H-specific antibodies,
confirmed that hnRNP H is a protein component of the splicing enhancer complex. Immunoprecipitation of
splicing intermediates from in vitro splicing reactions with anti-hnRNP H antibody indicated that hnRNP H
remains bound to the src pre-mRNA after the assembly of spliceosome. Partial immunodepletion of hnRNP H
from the nuclear extract partially inactivated the splicing of the N1 exon in vitro. This inhibition of splicing
can be restored by the addition of recombinant hnRNP H, indicating that hnRNP H is an important factor for
N1 splicing. Finally, in vitro binding assays demonstrate that hnRNP H can interact with the related protein
hnRNP F, suggesting that hnRNPs H and F may exist as a heterodimer in a single enhancer complex. These
two proteins presumably cooperate with each other and with other enhancer complex proteins to direct splicing

to the N1 exon upstream.

Alternative RNA splicing is a process that allows the pro-
duction of multiple mRNAs from a single gene through the
selection of different combinations of splice sites within a pre-
cursor mRNA (pre-mRNA). This process is an important
mechanism in the developmental and cell-type-specific control
of gene expression. Although the control of alternative splicing
is poorly understood, specific regulatory proteins have been
identified in some systems. These splicing regulatory proteins
are thought to bind to sequence elements in a pre-mRNA and
positively or negatively affect spliceosome assembly at nearby
splice sites (1, 9, 66, 67).

cis-acting RNA sequences can serve to either enhance or
repress the use of certain splice sites. Splicing enhancers are
classified by their location in either exons or introns. Exonic
splicing enhancers interact with trans-acting factors including
an important class of splicing regulators called serine-arginine
(SR) proteins (28, 66). SR proteins each possess one or two
RNA recognition motif-type RNA binding domains and a C-
terminal domain containing numerous SR dipeptides (20, 39).
The exonic splicing enhancer in the Drosophila doublesex pre-
mRNA is bound by two specific regulatory proteins, Trans-
former (Tra) and Transformer-2 (Tra-2) (38). Tra and Tra-2
bind to multiple elements of the enhancer and recruit specific
SR proteins to assemble a large enhancer complex. This exonic
enhancer complex is thought to activate splicing by recruiting
the essential splicing factor U2AF to the 3’ splice site up-
stream, although the mechanism of this recruitment is not
clear (56, 69, 72).
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In addition to exonic enhancers, there are also intronic splic-
ing enhancers. Intronic enhancer sequences are found down-
stream of many short or tissue-specific exons and are required
for the splicing of these exons (2, 4, 11, 16, 31, 33, 50, 57, 61,
68). These elements are diverse in sequence and tissue-specific
activity, and how intronic enhancers control splice site selec-
tion is largely unknown.

The hnRNPs are a large group of proteins that associate
with pre-mRNAs in eukaryotic cells. The most abundant of
these proteins have been characterized and designated hnRNP
Al through hnRNP U (18). These proteins each contain one or
more RNA binding domains, usually of the type called the
RNA recognition motif or RNP consensus sequence, as well as
various auxiliary domains (7). The biological functions of these
hnRNP proteins are not well understood. However, it is within
hnRNP complexes that pre-mRNAs are processed to mature
mRNAs before export from the nucleus (18).

hnRNPs Al, A2, B1, B2, C1, and C2 are the most abundant
and the best-characterized hnRNPs. These proteins form spe-
cific multimeric assemblies that bind to nearly any RNA se-
quence to form RNP complexes (46). In addition to this gen-
eral packaging of RNA, some of these proteins have affinity for
specific RNA sequences, and several are implicated in more
precise nuclear functions (8, 24, 65). For example, antibodies
to the C1 protein have been shown to inhibit pre-mRNA splic-
ing in vitro (15). The hnRNP Al protein has two different
activities of note. hnRNP Al is known to shuttle from nucleus
to cytoplasm and back, and it may play a role in the nucleocy-
toplasmic transport of mRNAs (19, 32, 53, 60). hnRNP Al is
also known to affect pre-mRNA splicing; the concentration of
hnRNP Al relative to the splicing factor SF2/ASF strongly
affects the choice of certain alternative 5’ splice sites both in
vitro and in vivo (10, 12, 21, 45, 71).
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In addition to the major A, B, and C proteins, there are a
number of other proteins that have been purified from bulk
hnRNP complexes (42, 43, 52, 54). These proteins, including
hnRNPs D through U, fall into diverse structural classes (18).
They differ in their types and numbers of RNA binding do-
mains and in the additional domains they carry. The different
hnRNPs also vary in their affinities for different ribohomopoly-
mers, and certain proteins have high affinity for specific RNA
sequences (23, 34, 62, 65). These hnRNPs assemble in different
subsets or combinations onto different RNA transcripts, im-
plying that they have transcript-specific functions (3, 41). How-
ever, little is known about the natural RNA binding sites for
these proteins or about how they cooperatively assemble with
nascent RNA transcripts into hnRNP complexes.

We are studying the mouse c-src transcript as a model for
understanding neuron-specific splicing regulation. The src pri-
mary transcript contains an 18-nucleotide exon (N1) that is
inserted between the constitutive exons 3 and 4 in neurons but
is skipped in other cells (37, 40). Analysis of src splicing both in
vivo and in vitro indicates that the neuronal inclusion of the N1
exon requires an intronic splicing enhancer sequence lying
between 17 and 142 nucleotides downstream of the exon (4,
50). The central, most conserved portion of this enhancer se-
quence (nucleotides 38 to 70) is called the downstream control
sequence (DCS). The DCS binds to a complex of regulatory
proteins that is important in allowing N1 splicing in vitro (48).
Gel mobility shift assays show that the DCS complex assembles
onto the RNA in neuronal WERI-1 (hereafter called WERI)
cell nuclear extract but not in nonneuronal HeLa extract. This
finding indicates the presence in WERI cells of protein factors
that are distinct from those in HeLa cells. UV cross-linking
experiments indicate that several proteins within the DCS
complex bind directly to the RNA. Two of these proteins were
identified as hnRNP F and the KH-type splicing regulatory
protein (KSRP) (48, 49). These proteins appear to be required
for exon N1 splicing and are present in both cell types.

In UV cross-linking assays, a third prominent protein of 58
kDa (p58) was seen binding to the DCS. We have now purified
pS8. We show here that this component of the DCS complex is
hnRNP H and that, like hnRNP F and KSRP, hnRNP H is
needed for src N1 splicing in vitro.

MATERIALS AND METHODS

UV cross-linking reactions and gel mobility shift assays. The reaction condi-
tions for the UV cross-linking and gel mobility shift assays were described
previously (48). For the antibody supershift of the DCS complex (Fig. 4B), 3 pg
of protein A-purified total immunoglobulin G (IgG) from either preimmune or
anti-hnRNP H antiserum was added to each binding reaction mixture and incu-
bated for an additional 8 min at 30°C before loading onto a native gel.

Isolation of p58 protein component. Unless otherwise indicated, all operations
were carried out at 4°C. The WERI and HelLa cell nuclear extracts were pre-
pared as described previously (4, 17). The WERI nuclear extract (20 ml from
10'% cells) was subjected to ultracentrifugation at 360,000 X g for 30 min.
Ammonium sulfate was added to the supernatant to a final concentration of
40%. After centrifugation at 75,000 X g for 30 min, the pellet was resuspended
in 15 ml of DG buffer (4) and dialyzed against the same buffer overnight. After
removal of the precipitate by centrifugation, the supernatant was loaded on a
Mono Q column (HR 5/5; Pharmacia) equilibrated in DG buffer at a flow rate of
0.25 ml/min. After being washed with the same buffer, the column was eluted
with a linear KCI gradient from 0 to 0.5 M in the same buffer (total volume 25
ml). The peak fraction shown in Fig. 1A was collected and incubated overnight
with 0.5 ml of GammaBind G Sepharose (Pharmacia) carrying immobilized
anti-Sm monoclonal antibody Y12 (provided by J. Steitz) on a rotatory platform.
The gel slurry was packed into an empty Bio-spin column (0.64 by 5 cm; Bio-
Rad). The column was washed with 5 ml of DG buffer, followed by elution with
the same buffer containing 2% sodium dodecyl sulfate (SDS). The eluted protein
sample was directly subjected to SDS-polyacrylamide gel electrophoresis
(PAGE) analysis. The gel was stained with Coomassie blue. The 58-kDa protein
band was excised from the gel and subjected to in-gel tryptic digestion as de-
scribed elsewhere (59). The eluted tryptic peptides were separated by reverse-
phase high-pressure liquid chromatography (HPLC) on a Vydac C g column, and
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individual peptides were sequenced on an automated protein sequencer (Per-
kin-Elmer/ABI model 492). These peptide sequences (YGDGGSTFQSTT,
HTGPNSPDTAND, FFSDCK, GLPYR, and FIYTR) all match the published
sequence of hnRNP H.

Cloning and expression of recombinant hnRNPs H and F. The hnRNP H
cDNA was cloned by reverse transcription-PCR from WERI poly(A)* RNA
with primers 5'-GGCTCGAGATGATGTTGGGCACGGAAGGTG-3' and 5'-
TTGGATCCCTATGCAATGTTTGATTGAAAATCACTG-3'. The hnRNP F
cDNA was cloned by reverse transcription-PCR from WERI poly(A)* RNA
with primers 5'-GGCTCGAGATGGGGATGCTGGGCCCTG-3' and 5'-TTG
GATCCCTAGTCATAGCCACCCATG-3'. Both PCR products were digested
with Xhol and BamHI and then cloned into the expression vector pET 15b
(Novagen) at the same sites. The cloned inserts were then completely sequenced.
The recombinant N-terminal histidine-tagged proteins were expressed in Esch-
erichia coli BL21(DE3). The bacterial cells were grown in LB medium containing
ampicillin (100 pg/ml) at 37°C to an optical density of 0.7 at 600 nm before
induction with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) for 3 h. For
the purification of hnRNPs H and F, 1 liter each of the IPTG-induced cells was
pelleted by centrifugation and washed with 50 mM Tris-HCI (pH 8.0) containing
0.1 M NaCl. The cells were lysed in the same buffer with a French press
(Amicon). After centrifugation, the pellets were dissolved in the same buffer
containing 6 M urea. The protein samples were loaded on a Ni-nitrilotriacetic
acid (NTA) column (0.5 by 10 cm) and refolded by a linear urea gradient from
6 to 1 M. The renatured proteins were then eluted with DG buffer containing
0.25 M imidazole and dialyzed against DG buffer containing 1 mM dithiothreitol.

Anti-hnRNP H antibody production. An anti-hnRNP H antiserum against the
C-terminal peptide of hnRNP H (amino acid residues 435 to 449) coupled to
keyhole limpet hemocyanin was raised in rabbits by Anaspec, Inc. Total IgG was
purified from serum on a protein A column according to the standard protocol
(26).

In vitro splicing and immunodepletion assays. WERI nuclear extracts were
prepared, and in vitro splicing reactions using the BS7 src pre-mRNA were
carried out as described previously (14). Immunodepletion and reconstitution
experiments were performed as described by Zuo and Maniatis (72). Briefly, 0.5
ml of protein A-Sepharose beads (Pharmacia) was mixed with an equal volume
of anti-hnRNP H or preimmune serum containing 5 mg of bovine serum albumin
per ml for 1 h at 4°C. The gel slurry was packed into a column, and the column
was washed with 5 ml of DG buffer. One milliliter of WERI nuclear extract was
passed through the column five times at room temperature. The eluate was then
passed through a fresh protein A column (0.25-ml bed volume) twice to remove
residual IgG present in the hnRNP H-depleted nuclear extract. To have the
amount of residual hnRNP H in the immunodepleted nuclear extract be minimal
while keeping the mock-depleted nuclear extract functioning, we set up splicing
reactions using 6 pl of either hnRNP H-depleted or mock-depleted nuclear
extract and containing either src or adenovirus major late (Ad) pre-mRNA as the
substrate.

Immunoprecipitation and immunoblotting. For immunoprecipitation of UV
cross-linked protein components, protein A-Sepharose beads (10 pl; Pharmacia)
were bound to antibodies for 1 h at 4°C. The beads were washed three times with
immunoprecipitation buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 0.1%
Triton X-100). Two standard UV cross-linking reaction mixtures (50 pl) as
described above were added to the antibody-bound beads, allowed to mix for 1 h
at 4°C, and washed as described above. The beads were boiled in SDS-PAGE
loading buffer for 5 min, and the proteins were resolved by SDS-PAGE. Immu-
noprecipitation of splicing complexes from in vitro splicing reactions was per-
formed as described elsewhere (6) except for the following changes. Protein
A-Sepharose beads (15 ul; Pharmacia) were precoated with 50 wl of anti-hnRNP
H or preimmune serum for 1 h at 4°C. Two splicing reactions (50 pl total) were
used for each immunoprecipitation assay.

Immunoblotting was performed as follows. After SDS-PAGE, proteins were
transferred to a nitrocellulose membrane. The membrane was blocked with 5%
nonfat milk in phosphate-buffered saline containing 0.1% Tween 20 and probed
with antibodies. The bound antibodies were detected with peroxidase-conjugated
goat anti-rabbit IgG antibodies and visualized by the Amersham ECL detection
system.

In vitro binding studies. The hnRNP F ¢cDNA was cloned into the in vitro
translation vector pSPUTK (Stratagene) at the Ncol and BamHI sites. The
KSRP c¢DNA was cloned as described previously (49) and subcloned into the
pSPUTK vector at the Ncol and Smal sites. In vitro-translated proteins were
prepared by using the Promega nuclease-treated rabbit reticulocyte lysate system
in the presence of [**S]methionine. [*>SJmethionine-labeled proteins were incu-
bated with 1 pg of histidine-tagged hnRNP H immobilized on 15 pl of Ni-NTA
agarose beads in 300 ul of binding buffer (20 mM Tris-HCI [pH 7.5], 100 mM
NaCl, 0.1% Nonidet P-40) containing 5 mg of bovine serum albumin per ml at
4°C for 1 h. After beads were washed three times in the binding buffer plus 25
mM imidazole, proteins were eluted in SDS, resolved by SDS-PAGE, and visu-
alized with a PhosphorImager (Molecular Dynamics). For RNase A treatment
experiments, beads were incubated with RNase A (2 pg/ml) for 30 min at 37°C
prior to the wash step (70). For the coimmunoprecipitation of [*>S]methionine-
labeled proteins with hnRNP H, 15 pl of protein A beads coupled to the
anti-hnRNP H antibody was used under the above conditions except that no
imidazole was introduced for the wash steps.
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FIG. 1. Isolation of p58 by Mono Q chromatography. (A) The ASP40 frac-
tion from the WERI nuclear extract was loaded on a Mono Q column. Proteins
were eluted by a linear KCl gradient from 0 to 0.5 M, and the UV absorbance at
280 nm was determined. The flowthrough (FT) is indicated with a solid bar, and
the peak fraction containing the bulk of the p58 is shaded. (B) SDS-PAGE
analysis of the Mono Q fractions. Proteins from the WERI ASP40 fraction (lane
1), the flowthrough fraction (lane 2), the peak fraction eluting at 0.2 M (lane 3),
the 0.2 to 0.3 M fraction (lane 4), the 0.3 to 0.4 M fraction (lane 5), and the 0.4
to 0.5 M fraction (lane 6) were UV cross-linked to radiolabeled DCS RNA.
These samples were then RNase treated, separated by SDS-PAGE, and detected
by autoradiography.
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RESULTS

Isolation of pS8/hnRNP H. Previous RNA electrophoretic
mobility shift and UV cross-linking experiments showed that a
set of proteins, including a p75 doublet, p58, p55, and p28,
assemble onto the DCS enhancer RNA (48). We identified p75
as KSRP and p55 as hnRNP F (48). To identify other compo-
nents, we used a Mono Q anion-exchange column to separate
the proteins of the 40% ammonium sulfate pellet (ASP40)
fraction of WERI nuclear extract. This ASP40 fraction assem-
bles the DCS complex and contains all of its identified com-
ponents. As shown in Fig. 1A, there is a peak of 280-nm
absorbance that is eluted at 0.2 M KCl. UV cross-linking of the
eluted fractions to the DCS RNA indicated that the majority of
the p58 protein was in this peak fraction. In contrast, the KSRP
was in the flowthrough fraction and hnRNP F eluted at high
salt concentrations (Fig. 1B).

In activating splicing at the N1 exon, the proteins assembled
on the enhancer presumably interact with components of the
spliceosome and alter their assembly. To look for such inter-
actions, we examined whether any of the DCS complex pro-
teins were associated with the spliceosomal snRNPs. These
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FIG. 2. The p58 protein is immunoprecipitable with anti-Sm monoclonal
antibody Y12. (A) Immunoprecipitation of proteins UV cross-linked to the DCS
RNA. The WERI ASP40 fraction was UV cross-linked with radiolabeled DCS
RNA and then subjected to RNase digestion. The mixture was immunoprecipi-
tated with anti-Sm monoclonal antibody Y12 (lane 2), « TMG (lane 3), anti-SR
protein antibody 16H3 (aSR; lane 4), and anti-hnRNP F antibody («F; lane 5).
The total cross-linked proteins are shown in lane 1. The immunoprecipitated
radiolabeled proteins were separated by SDS-PAGE and detected with a Phos-
phorImager (Molecular Dynamics). (B) SDS-PAGE of the p58 protein isolated
by anti-Sm immunoaffinity column. An immunoaffinity column was prepared by
using the anti-Sm monoclonal antibody Y12. The Mono Q peak fraction was
incubated with the Y12 beads. After the column was washed with buffer DG, the
proteins were eluted with 2% SDS. Lane 1, nuclear extract; lane 2, peak fraction
after Mono Q chromatography; lane 3, 2% SDS-eluted proteins from the an-
ti-Sm column. Proteins were resolved by SDS-PAGE on a 10% gel in the absence
of B-mercaptoethanol and stained with Coomassie blue. The p58 protein band is
indicated with an arrow. This band was cut out and subjected to in-gel tryptic
digestion, and the resulting peptides were separated by reverse-phase HPLC and
sequenced by automated Edman degradation.

proteins were tested for coimmunoprecipitation with the abun-
dant U snRNPs. We used monoclonal antibody Y12 specific to
the Sm antigens common to these snRNPs (36), and the anti-
trimethyl guanosine («TMG) antibody reactive with the cap
structure on the U snRNAs (35). We found that antibody Y12
precipitated the p58 protein and KSRP, whereas « TMG did
not (Fig. 2A, lanes 2 and 3). This indicated that p58 and KSRP
either were associated with protein carrying the Sm epitope or
contained the epitope themselves. This association with Sm
antigens does not necessarily include an snRNA because
oTMG did not precipitate these proteins. Similarly, an anti-
body reactive with the SR family of splicing factors (16H3) (51)
did not react with any of the DCS proteins (Fig. 2A, lane 4). As
shown previously (22, 48), antibodies against hnRNP F effi-
ciently precipitated the F protein cross-linked in the complex
(lane 5).

Although these experiments did not uncover an interaction
with a specific snRNP, the reactivity of p58 with antibody Y12
allowed us to isolate the protein. The Mono Q peak fraction
was incubated with antibody Y12 immobilized on protein G
beads. After binding, the beads were loaded in a column and
eluted with 2% SDS to release the bound proteins, and the
eluate was resolved by SDS-PAGE. To prevent the immuno-
globulin heavy chain from obscuring other isolated proteins,
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FIG. 3. Antibody to the C-terminal peptide sequence of hnRNP H reacts
with hnRNP H but not hnRNP F. Shown is Western blot analysis of WERI
nuclear extract with preimmune serum (lane 1), C-terminal peptide antibodies
specific to hnRNP H (lane 2), and anti-hnRNP F antibodies (lane 3).

electrophoresis was carried out in the absence of reducing
agent; this causes the immunoglobulin chains to migrate to-
gether high in the gel. As shown in Fig. 2B, there is a distinct
band in the immunoprecipitate of approximate molecular mass
of 58 kDa (lane 3). This protein band was excised from the gel
and subjected to tryptic digestion. The peptide mixture was
separated by reverse-phase HPLC, and individual peptides
were subjected to amino acid sequence analysis. Five tryptic
peptide sequences were obtained, and all of them were iden-
tical to peptides in hnRNP H.

hnRNP H is a component of the DCS complex. We showed
earlier that hnRNP F is in the DCS complex (48). hnRNP F
and hnRNP H are 78% identical in protein sequence and are

A B.

WERI + pre-immune
WERI + a-hnRNP H

a-hnRNP H

pre-immune
a-KSRP

-
=
=3
=

—

]— DCS complex

<— pS8
“¢— hnRNPF

123 4

FIG. 4. hnRNP H is a component of the DCS complex. (A) Immunoprecipi-
tation of the p58 protein cross-linked to the DCS RNA by anti-hnRNP H
antibody. The ASP40 fraction of the WERI nuclear extract was UV cross-linked
to radiolabeled DCS RNA and then subjected to RNase digestion. The mixture
(lane 1) was immunoprecipitated with preimmune serum (lane 2), anti-hnRNP H
antibody (lane 3), and anti-KSRP antibody (lane 4), followed by SDS-PAGE and
autoradiography. (B) Supershift of the DCS complex by anti-hnRNP H antibody.
The radiolabeled DCS RNA was incubated with the ASP40 fraction of the HeLa
(lane 1) or WERI (lanes 2 to 4) nuclear extract. The WERI fraction was
preincubated with nothing (lane 2), preimmune serum (lane 3), or anti-hnRNP
H serum (lane 4). After incubation with protein, the DCS RNA was analyzed on
a native electrophoretic gel. The free probe and the previously characterized
DCS complex are indicated at the right.
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FIG. 5. Anti-hnRNP H antibody immunoprecipitates src pre-mRNA splicing
complexes from the in vitro splicing reaction. WERI nuclear extract was incu-
bated with 3?P-labeled src BS7 (lanes 1 to 5) or Ad (lanes 6 to 10) pre-mRNA
substrate under splicing conditions. Reaction mixtures were aliquoted to protein
A-Sepharose beads carrying no antibody (Ab) (lanes 2 and 7), anti-Sm antibody
(lanes 3 and 8), preimmune serum for the anti-hnRNP H antibody (lanes 4 and
9), or anti-hnRNP H antibody (lanes 5 and 10), and the RNAs were recovered
after immunoprecipitation. RNAs extracted from the total splicing reaction are
in lanes 1 and 6. These lanes contain RNA from one-fourth of the amount of
extract used in the immunoprecipitations. RNAs were analyzed by electrophore-
sis on an 8% polyacrylamide gel containing 8 M urea.

immunologically related (30, 44). To confirm that hnRNP H is
also a component of the DCS complex, we generated an anti-
body that reacts only with hnRNP H. Alignment of the hnRNP
F and hnRNP H protein sequences indicates that hnRNP H
contains two peptide sequences that are not present in hnRNP
F: an extra copy of a 19-residue repeat present in the C-
terminal domain and the 15 residues at the extreme C terminus
of hnRNP H (30). We raised rabbit polyclonal antibodies
against the C-terminal peptide of hnRNP H. As shown in Fig.
3, Western blot analysis of the WERI cell nuclear extract
indicates that this antibody specifically recognizes the 58-kDa
hnRNP H (lane 2), compared to a polyclonal anti-hnRNP F
serum which recognizes hnRNP F (53 kDa) and hnRNP E (40
kDa) and weakly reacts with hnRNP H (58 kDa) (lane 3) (22).

To confirm that hnRNP H is the p5S8 DCS binding protein,
the WERI nuclear extract was UV cross-linked with radiola-
beled DCS RNA and then subjected to RNase A digestion.
The radiolabeled DCS cross-linked proteins were immunopre-
cipitated with anti-hnRNP H antibodies and then subjected to
SDS-PAGE analysis. As shown in Fig. 4A, the DCS-labeled
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FIG. 6. (A) Western blot analysis of different amounts of mock-depleted
(lanes 1, 3, and 5) or hnRNP H-depleted (lanes 2, 4, and 6) WERI nuclear
extract (NE) probed with anti-hnRNP H and anti-hnRNP F antibodies (top) or
anti-KSRP antibody (bottom). (B) SDS-PAGE of recombinant hnRNPs H (lane
1) and F (lane 2) stained with Coomassie blue. N-terminal histidine-tagged
hnRNPs H and F were expressed in E. coli in an inducible T7 RNA polymerase-
based system. After overexpression and cell lysis, protein was dissolved in 6 M
urea, loaded on a Ni-NTA column, and refolded in a linear gradient of 6 to 1 M
urea. The renaturated protein was then eluted in 0.25 M imidazole.

pS8 was immunoprecipitated with the anti-hnRNP H antibody,
indicating that the p58 DCS binding protein is indeed hnRNP
H.

We previously identified by gel mobility shift analysis a pro-
tein complex that assembles onto the DCS RNA in WERI
extract but not HeLa extract (48). This DCS complex contains
hnRNP F, p58, and KSRP as well as other proteins. To prove
that hnRNP H is a component of the DCS complex, we per-
formed gel mobility shift assays in the presence of the hnRNP
H antibody. As shown in Fig. 4B, the DCS complex can be
observed by gel shift assay in the ASP40 fraction of the WERI
extract (lane 2) but not in the same fraction of the HelLa
extract (lane 1). When the anti-hnRNP H antibody was added
to the WERI ASP40 fraction, the DCS complex was super-
shifted in the native gel (lane 4), indicating that hnRNP H is
indeed a protein component of the DCS splicing enhancer
complex.

hnRNP H is associated with the src pre-mRNA assembled
into spliceosomes. Many experiments indicate that the DCS
complex is required for src N1 exon splicing. Short DCS RNAs

FIG. 7. hnRNP H restores src pre-mRNA splicing in hnRNP H-depleted
extract. (A) Splicing of the src BS7 pre-mRNA. In a 25-pl volume, reaction
mixtures contained 6 wl of mock-depleted extract (M; lane 1), hnRNP H-de-
pleted extract (D; lane 2), or hnRNP H-depleted extract supplemented with
increasing amounts (0.1, 0.5, and 1 pg) of recombinant hnRNP H (lanes 3 to 5).
(B) Splicing of the Ad pre-mRNA in mock-depleted extract (lane 1), hnRNP
H-depleted extract (lane 2), or hnRNP H-depleted extract supplemented with
increasing amounts (0.1, 0.5, and 1 pg) of recombinant hnRNP H (lanes 3 to 5).
(C) Quantitation of hnRNP H depletion-reconstitution levels of src BS7 RNA
species shown in panel A. (D) Splicing of the src BS7 pre-mRNA in mock-
depleted extract (lane 1), hnRNP H-depleted extract (lane 2), or hnRNP H-
depleted extract supplemented with increasing amounts (0.1, 0.5, and 1 pg) of
recombinant hnRNP F (lanes 3 to 5).
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FIG. 8. hnRNP H interacts with hnRNP F. (A) Recombinant hnRNP F and
KSRP were translated in a rabbit reticulocyte lysate and labeled with [**S]me-
thionine (lanes 7 and 8). Radiolabeled hnRNP F and KSRP were incubated with
histidine-tagged recombinant hnRNP H bound to Ni-NTA agarose beads. After
incubation, beads were either treated with RNase A (lanes 3 and 6) or not
treated (lanes 2 and 5). As negative controls, 3*S-labeled hnRNP F and KSRP
were incubated with Ni-NTA beads in the absence of hnRNP H (lanes 1 and 4).
(B) Coimmunoprecipitation of hnRNP F with hnRNP H by anti-hnRNP H
antibody. Radiolabeled hnRNP F (**S-F) was incubated with anti-hnRNP H-
coupled protein A beads in the absence (lane 1) or presence (lane 2) of hnRNP
H. Radiolabeled luciferase (3°S-LC) was used as negative control (lane 4). After
washing, the proteins were recovered from the beads in 2% SDS and resolved by
SDS-PAGE.

competitively inhibit N1 exon splicing in vitro (48). Antibodies
to the DCS complex proteins hnRNP F and KSRP both
strongly inhibit splicing of the N1 exon, and purified KSRP can
restore splicing activity to an extract inhibited with the anti-
KSRP antibody (49). However, it has not been directly shown
that hnRNP H or other DCS complex proteins bind to the
full-length pre-mRNA during in vitro splicing. The binding of
proteins to the N1 splicing enhancer has always been tested by
using short DCS RNA probes. Moreover, it was not clear
whether these proteins remained bound to the pre-mRNA
after the spliceosome assembled or only functioned early in the
assembly process. Indeed, studies have shown that some
hnRNPs are displaced from the pre-mRNA during spliceo-
some assembly (3, 63). To look at these issues, we examined
whether hnRNP H remained associated with the pre-mRNA
during the splicing reaction.

The hnRNP H antibody was used to immunoprecipitate
splicing complexes assembled in vitro on either src (BS7) or Ad
pre-mRNA substrate (Fig. 5). The positive control, anti-Sm
monoclonal antibody Y12, recognizes the common Sm
snRNPs. As seen previously, Y12 immunoprecipitates the un-
spliced pre-mRNA as well as the intermediates and products
of the splicing reaction for either the src or Ad pre-mRNA
(lanes 3 and 8) (5, 13, 25). The protein A beads alone or the

MoL. CELL. BIOL.

preimmune serum showed trace amounts of nonspecific bind-
ing that was 20-fold below that seen with the anti-Sm serum
(lanes 2, 4, 7, and 9). Strikingly, the anti-hnRNP H antibody
also efficiently immunoprecipitated the RNA species from the
src pre-mRNA splicing reaction (lane 5). For the src RNAs,
this anti-hnRNP H immunoprecipitation was nearly as efficient
as the anti-Sm reaction. In contrast, the Ad RNAs showed
much weaker reactivity with anti-hnRNP H than with anti-Sm
(lanes 8 and 10). These results indicate that hnRNP H is
indeed bound to the full-length src pre-mRNA. Moreover, the
immunoprecipitation of the reaction intermediates and prod-
ucts indicates that hnRNP H is present in the src pre-mRNA
complexes containing the spliceosome and does not come off
during spliceosome assembly and catalysis.

hnRNP H is required for efficient N1 exon splicing in vitro.
We also tested whether the antibody to the C-terminal peptide
of hnRNP H would inhibit splicing when added directly to the
splicing extract similar to the anti-hnRNP F antibody examined
previously. Unfortunately, although the anti-hnRNP H serum
inhibited splicing, so did the preimmune serum from the same
rabbit (data not shown). Thus, the effect of the anti-hnRNP H
antibody on splicing could not be assessed. As an alternative
means to directly examine the involvement of hnRNP H in src
N1 splicing, immunodepletion-reconstitution experiments were
performed. An affinity column was prepared with the anti-
hnRNP H antibody to deplete hnRNP H from the WERI
nuclear extract. After repeated passage of the nuclear extract
through affinity columns carrying either anti-hnRNP H or pre-
immune serum, the extent of the hnRNP H depletion was
determined by Western blotting. As shown in Fig. 6A, the
anti-hnRNP H antibody significantly reduced but did not fully
deplete the hnRNP H in the nuclear extract. The hnRNP H in
the depleted extract was at 18% of the level in the mock-
depleted nuclear extract (compare lanes 5 and 6). hnRNP F
and KSRP were not detectably reduced. As shown in Fig. 7A
and C, the splicing of src BS7 pre-mRNA was decreased four-
to fivefold in the hnRNP H-depleted nuclear extract, corre-
sponding well with the amount of residual H protein (compare
lanes 1 and 2). The remaining H protein in the depleted extract
is still in excess of the input pre-mRNA for in vitro splicing.
Thus, the activity remaining after depletion probably results
from this residual protein.

Unexpectedly, the second step of the splicing reaction which
generates released lariat and the ligated exon product was
affected more strongly by hnRNP H depletion than the first
step (Fig. 7A). The cause of this difference is not clear. As seen
in Fig. 5, the enhancer complex continues to interact with
spliceosomal components after the first step, and so the ab-
sence of hnRNP H could well affect later rearrangements in
the spliceosome. However, from the point of view of control-
ling splice site choice, one would expect an effect on assembly
of the spliceosome and hence the first step. Since the interac-
tion of hnRNP H with pre-mRNA can be seen in the absence
of ATP (data not shown), we presume that hnRNP H binds to
the splicing substrate prior to spliceosome assembly. It may be
that the hnRNP H depletion affects both steps of splicing, but
under the conditions tested here the first step is not rate lim-
iting for the reaction. The depletion of hnRNP H had no effect
on splicing of the Ad pre-mRNA (Fig. 7B, lane 2) or a 3-globin
pre-mRNA (data not shown).

To confirm the function of hnRNP H in src splicing, we
reconstituted the hnRNP H-depleted nuclear extract with bac-
terially expressed hnRNP H. Recombinant hnRNP H was pu-
rified from E. coli and shown to be homogeneous (Fig. 6B, lane
1). After renaturation and purification, this recombinant
hnRNP H was fully active for binding to poly(rG) RNA (data
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not shown). Addition of this recombinant hnRNP H to the
immunodepleted extract restored the splicing activity for the
src BS7 pre-mRNA (Fig. 7A, lanes 3 to 5; Fig. 7C). Again,
there was no effect of added hnRNP H on the splicing of the
Ad pre-mRNA (Fig. 7B).

The restoration of splicing activity was specific to hnRNP H.
Recombinant hnRNP F was also produced in E. coli (Fig. 6B,
lane 2). The addition of recombinant hnRNP F to the hnRNP
H-depleted extract did not restore the splicing activity (Fig.
7D, lanes 3 to 5). Thus, the src pre-mRNA has a specific
requirement for hnRNP H for full splicing activity.

hnRNP F and hnRNP H form heterodimers. So far we have
identified hnRNP F, KSRP, and hnRNP H as components of
the DCS splicing enhancer complex. We next examined the
interactions of these proteins with each other in the absence of
RNA. We tested whether in vitro-translated hnRNP F and
KSRP bound to histidine-tagged recombinant hnRNP H cou-
pled to Ni-NTA agarose. As shown in Fig. 8A, the in vitro-
translated hnRNP F bound to the resin coupled hnRNP H
(lane 2) but not to the resin alone (lane 1). The in vitro-
translated KSRP showed a weak interaction with hnRNP H
(Fig. 8A, lane 5). To show that these proteins were directly
interacting with hnRNP H and were not binding to the resin
through an intervening in RNA, the resin bound proteins were
treated with RNase A (70). After RNase treatment and wash-
ing with buffer, the hnRNP F remained associated with hnRNP
H (Fig. 8A, lane 3). However, KSRP lost its interaction with
hnRNP H upon RNase treatment (Fig. 8A, lane 6), indicating
that the weak coprecipitation of KSRP and hnRNP H is pre-
sumably through an intervening RNA molecule. The interac-
tion between hnRNPs H and F can also be observed in immu-
noprecipitation experiments where the in vitro-translated
hnRNP F was coimmunoprecipitated with hnRNP H by the
anti-hnRNP H antibody (Fig. 8B, lane 2). hnRNP F alone was
not immunoprecipitable with the hnRNP H-specific antibody
(lane 1). A control luciferase protein also showed no interac-
tion with hnRNP H (Fig. 8B, lane 4).

The above experiments were carried out in roughly physio-
logical salt (100 mM NacCl), and the interaction between
hnRNPs H and F was lost when the NaCl concentration was
above 200 mM (data not shown). These results indicate that
hnRNP F can interact with hnRNP H under standard splicing
conditions and that these proteins could be present in the DCS
complex as a heterodimer. Further experiments will be needed
to determine the exact stoichiometry of the proteins in the
DCS complex.

DISCUSSION

Splicing of the c-src N1 exon is controlled by a splicing
enhancer sequence in the downstream intron. The conserved
core of this sequence (called the DCS) assembles a complex of
regulatory proteins. We previously identified two proteins in
this complex, hnRNP F and KSRP, and showed that they were
needed for N1 splicing in vitro. We have now isolated a third
major component of the DCS complex and identified it as
hnRNP H. hnRNP H is needed for efficient splicing of the N1
exon in vitro and is likely to play a critical role in the assembly
of the DCS complex. Thus, one cellular function for hnRNP H
is in regulating alternative splicing patterns. This does not
preclude other functions.

We isolated hnRNP H by Mono Q and anti-Sm (Y12) af-
finity chromatography. Since antibody Y12 had not previously
been shown to bind hnRNP H, we thought it likely that hnRNP
H coimmunoprecipitated with Sm proteins in the Mono Q
peak fraction. However, Western blot analysis of the Mono Q
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fraction with antibody Y12 detected none of the standard Sm
proteins. Instead, a band with the same mass as hnRNP H was
observed (data not shown). After cloning the protein, we con-
firmed that hnRNP H cross-reacts with antibody Y12 by
immunoprecipitation of the in vitro-translated hnRNP H. In-
terestingly, the in vitro-translated hnRNP F was not immuno-
precipitable with antibody Y12 (data not shown). The Sm
snRNPs share a sequence motif that could serve as the epitope
to antibody Y12 (27, 29, 58). However, we have not found this
motif in the hnRNP H sequence, and thus the basis for the
antibody Y12 reactivity is still not clear.

We previously showed that hnRNP F is in the DCS complex
by using a monoclonal antibody to specifically precipitate
hnRNP F cross-linked to the DCS RNA (48). This antibody
also had reactivity to hnRNP H by Western blot analysis (44).
However, this hnRNP H reactivity was much weaker than with
hnRNP F, which may explain why we did not immunoprecipi-
tate the H protein and identify it previously.

After comparing the sequences of hnRNPs F and H, we
raised an antibody to the unique C-terminal peptide of hnRNP
H. This antibody is specific to hnRNP H by both Western
blotting and immunoprecipitation assays. Using this hnRNP H
antibody, we depleted the hnRNP H and not hnRNP F from
the nuclear extract. The immunodepleted nuclear extract was
significantly reduced in N1 splicing. The addition of recombi-
nant hnRNP H to the depleted extract restored the splicing
activity, indicating a role for hnRNP H in N1 exon splicing.
Because both the depletion of hnRNP H and the inhibition of
splicing were only partial, there are limits to the interpretation
of this experiment. We cannot say that hnRNP H is required
for any splicing activity, only that it is needed for full activity.
The residual splicing after the hnRNP H depletion does not
likely result from the highly related hnRNP F protein substi-
tuting for hnRNP H, as addition of hnRNP F to the hnRNP
H-depleted extract did not restore activity. Moreover, the re-
sidual 18% of the hnRNP H remaining in the depleted extract
is still in excess of the pre-mRNA in the in vitro splicing
reaction, and this depletion produces a fourfold reduction in
splicing. It thus seems likely that hnRNP H is indeed essential
to the reaction and that a complete depletion, if it were
achieved, would show a complete inhibition of splicing.

Although they are very similar in protein sequence (78%
identical), several studies have revealed functional distinctions
between hnRNP F and hnRNP H. Phorbol ester treatment of
cultured cells strongly down-regulates the expression of
hnRNP F but not the expression of hnRNP H (30). Yeast
two-hybrid screening identified an interaction between hnRNP
F and the nuclear cap-binding protein complex (CBC). Subse-
quent gel mobility shift assays showed that CBC-RNA com-
plexes bind preferentially to hnRNP F over hnRNP H (22).
These authors also showed that partial immunodepletion of
hnRNP F led to partial inhibition of splicing in vitro. Far-
Western blotting analysis identified hnRNP F, but not hnRNP
H, as interacting with transportin 1, a mediator of nucleocyto-
plasmic transport for certain hnRNPs (55, 60). Studies of the
rat B-tropomyosin gene transcript have implicated hnRNP H
in the regulation of alternative splicing in that system (26a).
These results imply important activity differences between the
two proteins H and F.

Given that hnRNP H can bind directly to hnRNP F,
hnRNPs H and F may at times function as a heterodimer. Gel
mobility shift results indicate that both hnRNP F and hnRNP
H are present in the DCS complex simultaneously. The com-
plex is known to contain F and yet can be completely super-
shifted by the hnRNP H-specific antibody. Determining the
stoichiometry and interactions of each protein in the DCS
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complex will be important in identifying any functional differ-
ences between these two highly homologous proteins.

The DCS is 33 nucleotides long and is composed of at least
three different functional elements, GGGGGCUG, CUCU
CU, and UGCAUG (14, 50, 50a). Additional elements outside
the DCS are also required for enhancer function. The G tract
in the DCS is likely to be the binding site for hnRNP H, since
hnRNP H is known to bind tightly to poly(rG) (44). A similar
element GGGGGAUG is also present upstream of the DCS,
and G-rich elements have been identified within several other
intronic splicing regulatory elements (11, 47). In the chicken
B-tropomyosin pre-mRNA, UV cross-linking experiments
identified a 55-kDa protein binding to intronic (A/U)GGG
enhancer elements that activate alternative splicing (61). It is
not clear yet whether this protein is hnRNP H.

Spliceosome assembly is a very dynamic process. The inter-
actions between the different components of the splicing ap-
paratus change at the different steps of assembly (64). Some
interactions with the pre-mRNA are transient, occurring only
at a specific step in the pathway. It has been shown that many
hnRNPs that initially bind to the pre-mRNA in splicing extract
are displaced upon assembly of the spliceosome (63). How-
ever, immunoprecipitation of splicing products and intermedi-
ates with anti-hnRNP H antibody indicates that hnRNP H is
present in the spliceosome of the src pre-mRNA. This en-
hancer protein evidently maintains its interaction with the src
pre-mRNA throughout splicing.

So far, we have identified hnRNP F, hnRNP H, and KSRP
as components of the DCS complex, responsible for activating
N1 exon splicing. All of these proteins are non-cell-type spe-
cific factors. This is not unexpected, as the enhancer has some
activity in nonneural cells (50). However, the enhancer is
stronger in neuronal cells, and in vitro the assembly of the
full-sized DCS complex is specific to neuronal extract. It is not
clear what causes the neuron-specific assembly of the complex.
The availability of recombinant hnRNPs F and H and KSRP
will allow us to develop assays for the cooperative assembly of
these proteins into a splicing enhancer complex. Ultimately,
one would like to examine how these proteins interact with
each other to assemble onto a specific RNA sequence and how
the assembled enhancer complex interacts with the spliceo-
some.
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