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We have identified an 86-kDa protein containing a single amino-terminal RNA recognition motif and two
carboxy-terminal domains rich in serine-arginine (SR) dipeptides. Despite structural similarity to members of
the SR protein family, p86 is clearly unique. It is not found in standard SR protein preparations, does not
precipitate in the presence of high magnesium concentrations, is not recognized by antibodies specific for SR
proteins, and cannot complement splicing-defective S100 extracts. However, we have found that p86 can inhibit
the ability of purified SR proteins to activate splicing in S100 extracts and can even inhibit the in vitro and in
vivo activation of specific splice sites by a subset of SR proteins, including ASF/SF2, SC35, and SRp55. In
contrast, p86 activates splicing in the presence of SRp20. Thus, it appears that pairwise combination of p86
with specific SR proteins leads to altered splicing efficiency and differential splice site selection. In all cases,
such regulation requires the presence of the two RS domains and a unique intervening EK-rich region, which
appear to mediate direct protein-protein contact between these family members. Full-length p86, but not a
mutant lacking the RS-EK-RS domains, was found to preferentially interact with itself, SRp20, ASF/SF2,
SRpSS, and, to a slightly lesser extent, SC35. Because of the primary sequence and unique properties of p86,
we have named this protein SRrp86 for SR-related protein of 86 kDa.

Mammalian gene expression is dependent on the precise,
efficient removal of intervening sequences from pre-mRNA.
For alternatively spliced genes, the pattern of exon inclusion
can result in the production of multiple functionally distinct
protein products from the same gene (59, 70). While the over-
all mechanism of intron removal is likely to be RNA catalyzed,
regulated splicing in higher eukaryotes depends on the action
of multiple protein components (reviewed in reference 7). A
family of proteins that plays a vital role in both constitutive and
alternative splicing is characterized by the presence of one or
two amino-terminal RNA recognition motifs (RRMs) and a
carboxy-terminal domain rich in serine and arginine residues
(SR proteins; reviewed in references 8, 20, and 40). Because
many SR protein family members can individually complement
splicing-deficient S100 extracts, it first appeared that they
might be functionally redundant. However, more recent stud-
ies have shown that individual SR proteins display substrate
specificity (19, 56, 68, 79) and targeted disruption of a single
SR protein-encoding gene (ASF/SF2) is cell lethal (69). In
addition, individual SR proteins have distinct functions in al-
ternative splicing events and can even negatively regulate splic-
ing (23, 29, 41, 42). Thus, overall regulation of alternative
splicing is likely to be intimately tied to the concentration
and/or activity of various SR proteins between different cell
types (27, 56, 75).

Consistent with substrate-specific effects, individual SR pro-
teins have been shown to display distinct RNA binding speci-
ficity (2, 28, 32, 57, 63, 64, 81). One of the first SR proteins to
be identified, ASF/SF2, can bind to 5’ splice sites, leading to
recruitment of Ul snRNP (32, 81). However, SR proteins also
bind to purine-rich splicing enhancer sequences typically lo-
cated within exons flanked by weak splicing signals (8, 40). The
binding of SR proteins to enhancer elements leads to the
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activation of splicing through the formation of bridge com-
plexes mediated by protein-protein interactions across either
introns or exons (1, 3, 32, 60, 62, 71). These interactions have
been observed mainly through two-hybrid and immunoprecipi-
tation analyses and include interactions between SR superfam-
ily members (2, 32, 71, 72, 79), between SR proteins and
non-SR splicing factors (13, 26, 65), and between SR proteins
and putative nuclear matrix components (4).

Despite the growing body of knowledge concerning the ef-
fects of SR proteins on alternative splicing, little is known
about how these factors are themselves regulated. SR proteins
are subject to phosphorylation, and it appears that their phos-
phorylation state changes as splicing proceeds (10, 30, 72, 76).
Several kinases capable of phosphorylating SR proteins have
been identified, but it remains to be determined exactly how
these enzymes, and the level of SR protein phosphorylation,
affect function (13, 16, 25, 26, 37, 51, 54, 61, 67). In addition to
phosphorylation, other factors have been shown to inhibit SR
protein function. The activity of ASF/SF2 can be counteracted
by the effects of the hnRNP A/B proteins, but the mechanism
of this inhibition is not clear (42, 43, 73). Furthermore, recent
studies have identified p32 and RSF1 as inhibitors of SR pro-
tein function (38, 50). Originally found to copurify with ASF/
SF2 (35), p32 has been shown to regulate splicing through
direct inhibition of ASF/SF2. RSF1, a Drosophila melanogaster
RNA binding protein, was shown to both antagonize ASF/SF2
in vitro and relieve the B52/SRp55 overexpression phenotype
in flies. However, despite these advances, much about the
regulation of SR proteins remains unknown.

Here we report the identification and characterization of a
novel 86-kDa protein (SRrp86) containing a single consensus
RRM at its amino terminus and two carboxy-terminal RS do-
mains separated by an unusual glutamic acid-lysine (EK)-rich
region. SRrp86 is a nuclear protein that closely resembles
members of the SR protein family; however, despite structural
similarity, it cannot complement splicing-deficient S100 ex-
tracts and can actually inhibit the rescue of splicing by SC35,
ASF/SF2, and SRp55. In contrast, SRrp86 activates splicing in
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the presence of SRp20. Similarly, SRrp86 blocks the activation
of alternative splice sites promoted by SC35, ASF/SF2, and
SRp55 but does not block splice site selection in the presence
of SRp20. When combined with SRp20, SRrp86 either has no
effect or can modestly increase splice sites activated by SRp20,
depending on the concentration of each protein. Thus, it ap-
pears that SRrp86 acts to regulate the activity of distinct SR
protein family members. Such regulation is apparently due to
direct protein-protein interaction mediated by the two RS do-
mains and an intervening EK-rich region in SRrp86.

MATERIALS AND METHODS

Sequence analysis of SRrp86. A rat intestinal cDNA expression library (a
generous gift from Larry Chan) was screened with radiolabeled RNA probes as
previously described (46). A clone containing a partial open reading frame
(ORF) was isolated during the initial screen and then used to probe a rat brain
c¢DNA library (Stratagene). One of the clones from this screen contained a
full-length ORF. Additional cDNA clones were obtained from screening of rat
c¢DNA libraries and from Genome Systems. The 5’ and 3’ ends were further
mapped using rapid amplification of cDNA end protocols from rat and human
RNA preparations (18). Sequencing was performed using fmole sequencing kits
(Promega), and deduced amino acids and alignments were compiled and com-
pared using Mac-DNASIS.

Protein expression and purification. Using PCR mutagenesis, a HindIII site
was inserted 33 nucleotides upstream of the initiation codon of a rat cDNA clone
containing the full-length ORF of SRrp86. This ORF was cloned into pcDNA
AMP at the HindIII site. The ARS mutant was generated by removing amino
acids 204 to 455 using reverse PCR (14). The pcDNA AMP constructs were in
vitro translated using the TnT system (Promega). For baculovirus expression,
wild-type (WT) SRrp86 was cloned into the Stul site of pAcHLT-B and the ARS
mutant was cloned into the Xhol site of pAcHLT-C (Pharmigen). ASF/SF2,
SC35, SRp55, and SRp75 were each cloned into the EcoRI site of pAcHLT-A,
and SRp20 was cloned into the EcoRI site of pAcHLT-C. The resulting plasmid
constructs were then cotransfected into Sf9 cells with linearized BaculoGold, and
recombinant viruses were generated and amplified. The splicing factor-express-
ing viruses, as well as a control virus expressing XylE (pAcHLT-XylE; Pharm-
ingen), were used to infect Sf9 or Hi5 cells for recombinant protein expression.
For protein purification, insect cells were infected with high-titer virus and
incubated at 27°C for 48 to 72 h. Cells were harvested and resuspended in lysis
buffer (10 mM Tris [pH 7.5], 130 mM NaCl, 1% Triton X-100, 10 mM NaF, 10
mM NaP;, 10 mM NaPP;, 0.5 mM phenylmethylsulfonyl fluoride) on ice for 20
min and then sonicated twice for 30 s (each time). Lysates were cleared by
centrifugation at 30,000 X g for 30 min and then incubated with Ni-nitrilotriace-
tic acid (NTA) resin at 4°C for 1 h. Bound proteins were washed with buffer
containing 50 mM NaPO, (pH 7.5), 300 mM NaCl, 10 mM imidazole, and 10%
glycerol and then eluted with buffer containing 50 mM NaPO, (pH 7.5), 300 mM
NaCl, 10% glycerol, and 250 mM imidazole. Purified proteins were dialyzed
against buffer E (20 mM Tris [pH 8], 100 mM KCI, 0.2 mM EDTA [pH 8], 0.5
mM dithiothreitol) with 5% glycerol and frozen at —70°C. Purified SR proteins
were prepared from calf thymus as previously described (74). Prior to use,
aliquots were centrifuged and resuspended in buffer E with 5% glycerol. Protein
concentrations were determined using the Pierce BCA Protein Assay.

Antibody production. Purified SRrp86 was isolated and used to immunize
rabbits (East Acres Biologicals). Antibodies were affinity purified over a column
of SRrp86 coupled to Affi-Gel 10 (Bio-Rad). Bound antibody was eluted by
treatment with 100 mM glycine (pH 2.5), after which the pH was immediately
neutralized by the addition of 1 M Tris (pH 8), followed by dialysis against buffer
E with 20% glycerol.

Western analysis. Proteins were separated by sodium dodecyl sulfate (SDS)-
12% polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinyli-
dene difluoride (PVDF) membranes (Millipore) in a semidry transfer cell (Bio-
Rad). For detection of SRrp86, membranes were blocked for 1 h in buffer
containing 5% nonfat dry milk, 10 mM Tris (pH 8), 0.9% NaCl, and 0.1% Tween
20 and then incubated for 1 h with anti-SRrp86 antibodies diluted 1:2,000 in
blocking buffer. Membranes were washed with blocking buffer and incubated for
1 h in a 1:2,000 dilution (in blocking buffer) of horseradish peroxidase-conju-
gated anti-rabbit antibodies (Amersham). Blots were then washed several times
in blocking buffer and then in phosphate-buffered saline (PBS) prior to visual-
ization using ECL reagents (Amersham). SR proteins were detected using mono-
clonal antibodies mAB104 (55), mAB1H4 (44), anti-SC35 (21), and BI1C8 (5)
and the procedures described above, except that the blocking buffer was changed
to 3% bovine serum albumin (BSA) and 10 mM B-glycerophosphate in TBST (50
mM Tris [pH 7.5], 150 mM NacCl, 0.05% Tween 20). Membranes were incubated
with monoclonal antibodies for 1 h and then washed with TBST. Secondary
horseradish peroxidase-conjugated anti-mouse serum (Amersham) was diluted
1:2,000 in blocking buffer and incubated with membranes for 30 to 40 min and
then washed several times in TBST and PBS.

In vitro transcription and splicing assays. Transcription and splicing of sub-
strate RNAs were carried out as previously described (17, 47, 48). An adenovi-
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rus-derived substrate (17) was linearized with BamHI and transcribed with T7
RNA polymerase (Promega). The Cis-parent (15) and SP64 5'D-16X (53) tem-
plates were linearized with BamHI and transcribed with SP6 RNA polymerase.
Products from reactions of both substrates were resolved on 8% denaturing gels,
whereas those from splicing reactions using the adenovirus-derived substrate
were resolved on 15% gels.

Both 5’ splice site selection (1.5 h) and 3’ splice site selection (1 h) reactions
were spliced in nuclear extract supplemented with indicated recombinant pro-
teins at 30°C. S100 complementation was carried out at 30°C for 1 h with
adenovirus-derived substrates in the presence of purified SR proteins or SRrp86
as indicated. Proteins were incubated with RNA prior to addition of either
nuclear or S100 extract.

For depletion studies, HeLa cell nuclear extracts were incubated with anti-
SRrp86 antibodies on ice for 30 min. Extracts were then transferred to 2/3
volume of protein A-Sepharose beads equilibrated with buffer E containing 20%
glycerol and incubated at room temperature with gentle rocking for 30 min. The
beads were then pelleted, and the supernatants were tested for splicing ability.

Treatment of nuclear extract with immobilized SRrp86 was carried out by
incubation of 1 volume of nuclear extract with 2 volumes of SRrp86 beads or
mock beads at room temperature for 40 min. Following brief centrifugation,
supernatants were removed and used for splicing of adenovirus-derived pre-
mRNAs either alone or supplemented with purified SR proteins as described
above. Pelleted beads were washed extensively with buffer E and resuspended in
Laemmli loading buffer for subsequent Western analysis of bound proteins.

In vivo splicing. The HindIll/BamHI fragment of 5'D-16X was cloned into
pcDNA AMP to create an in vivo splicing substrate. HeLa cells grown to ap-
proximately 70% confluency were transfected using 20 pl of TransIT-LT2 (Pan
Vera Corporation) with 1 pg of pcDNA 5'D-16X in conjunction with either 6 pug
of control vector (pcDNA), pcDNA SRrp86, or the pcDNA ARS mutant. Cells
were harvested 24 h after transfection, and total RNA was isolated using TRI
REAGENT (Molecular Research Center, Inc.). Reverse transcription (RT)-
PCR analysis was done as previously described (79). EI1A transfections were
similar, except that they contained 500 ng of pMTEIA (77) and 200 ng of
pcDNA, pcDNA SRrp86, or pcDNA ASF/SF2. RT-PCR analysis was done as
previously described (9). PCR was limited to 20 to 25 cycles, and products were
resolved on 8% (5'D-16X) or 5% (E1A) denaturing gels and visualized using a
PhosphorImager. Product bands were quantitated using IPLab Gel (Signal Ana-
lytics Corporation).

SRrp86 affinity chromatography. Recombinant SRrp86 and the ARS mutant
were purified as described above, except that HEPES (pH 7.6) was substituted
for Tris in the lysis buffer and dialysis was performed against 0.1 M NaHCO; and
0.5 M NaCl (binding buffer). For coupling, either an equivalent molar amount of
one of the two proteins or buffer containing ethanolamine was incubated with
CNBr-activated Sepharose 4B (Pharmacia) with gentle rocking at room temper-
ature for 1 h. The beads were then pelleted and washed with 5 volumes of binding
buffer; this was followed by blocking of the remaining active sites by incubation
with 1 M ethanolamine (pH 8) for 2 h at room temperature. The coupled beads
were washed with alternating cycles of 0.1 M acetate (pH 4) and 0.5 M NaCl or
0.1 M Tris (pH 8) and 0.5 M NaCl, followed by storage at 4°C in PBS containing
0.2% sodium azide. Prior to use, protein-coupled beads were equilibrated in
buffer E with 5% glycerol.

Far-Western analysis. Membrane-bound protein binding assays were carried
out as previously described (78), with the following modifications. Briefly, West-
ern blots containing purified SR proteins were blocked for 1 h in buffer contain-
ing 100 mM KCl, 20 mM Tris (pH 8), 1 mM dithiothreitol, 0.1 mM EDTA, 3 mM
MgCl,, 10% glycerol, 5% BSA, and 0.1% Tween 20. Blots were then incubated
in 10 ml of blocking buffer with 45 pl of in vitro-translated, 3>S-labeled WT
SRrp86 or the ARS mutant for 2 h at room temperature. Membranes were then
washed four times for 5 to 10 min each in blocking buffer without BSA, dried,
and exposed to PhosphorImager plates.

Nucleotide sequence accession number. The sequence of the full-length ORF
described here has been submitted to the GenBank database and assigned
accession no. AF234765.

RESULTS

Identification of SRrp86. In an effort to identify sequence-
specific RNA binding proteins, we devised a method to screen
cDNA expression libraries with short, radiolabeled RNA
probes (46). During one of these screens, we isolated a clone
that avidly bound both WT and mutant RNA probes. Despite
the lack of obvious binding specificity, a portion of the cDNA
was sequenced to determine its identity. From the partial
cDNA sequence, the protein contained an amino-terminal
RRM and two regions rich in SR dipeptides. Subsequently,
full-length ¢cDNA clones and/or overlapping expressed se-
quence tag sequences were obtained from rat, mouse, and
human sources. By Northern blot analysis, a single mRNA
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FIG. 1. Amino acid sequence of SRrp86. (A) The amino acid sequence of rat SRrp86 is shown with the RRM shaded and the conserved RNP-2 and RNP-1 boxes
in italics. The RS domains are in white with a gray background, while a unique region rich in glutamic acid and lysine (EK-rich region) is in white with a black
background. The human and rat proteins are 86% identical, with the exception of a 16-amino-acid insertion in the human protein. (B) SRrp86 was in vitro translated
(IVT) in the presence of [>*S]methionine and subjected to SDS-PAGE. Molecular masses are in kilodaltons.

species of approximately 4 kb was detected in all of the tissues
examined (data not shown). The deduced amino acid sequence
predicts a protein of 495 amino acids with a calculated molec-
ular mass of 56.8 kDa and an isoelectric point of 10.90 (Fig.
1A). The single RRM is located between residues 71 and 127
and the two RS domains are located between residues 195 and
260 and residues 345 and 429, separated by a unique EK-rich
region whose function is unknown. The EK region contributes
extensively to the overall charge of the protein and, together
with potential phosphorylation of the serine residues within
the RS domain, likely accounts for its anomalous migration at
86 kDa on SDS-PAGE (Fig. 1B).

The full-length sequence exhibits little overall homology to
any known protein at either the nucleotide or the amino acid
level. The two most closely related proteins, with 25 and 18%
identity over the full-length protein, respectively, are drosoph-
ila protein SRp54 and its human homolog, an arginine-rich
nuclear protein, p54 (12, 31, 79). When comparisons were
restricted to the RS domains, the percent identity increased for
both SRp54 and p54 (36 and 33%, respectively). Despite rel-
atively limited homology, the primary structure of p86 is sim-
ilar to that of members of the SR protein family, suggesting
that it is a new member of this growing superfamily. On the
basis of its sequence and functional properties, we have named
this protein SRrp86 for SR-related protein of 86 kDa, using
nomenclature suggested by Fu (20).

Histidine-tagged recombinant SRrp86 was expressed in in-
sect (Sf9 or HiS) cells using the baculovirus system and subse-
quently purified over Ni-NTA agarose. The recombinant pro-
tein migrated on SDS-PAGE with an apparent molecular mass
of 86 kDa (see Fig. 5A), which is substantially higher than the
predicted molecular mass but consistent with the migration of
in vitro-translated protein (Fig. 1B). A deletion mutant lacking
the RS domains and the intervening EK-rich region (hereafter
referred to as the ARS mutant) migrated at its expected size
(26 kDa), in agreement with the hypothesis that these domains
are primarily responsible for the anomalous migration of full-
length SRrp86. Similar disparities between predicted molecu-

lar mass and observed migration on SDS-PAGE have been
reported for other RS domain-containing proteins, including
Ul 70K, p54, and SRp75 (12, 52, 76).

Full-length recombinant SRrp86 was used to raise poly-
clonal antisera in rabbits. Western blot analyses using affinity-
purified antibodies showed that anti-SRrp86 antibodies recog-
nize a protein of approximately 86 kDa in HeLa nuclear
extract, similar in size to the recombinant protein (Fig. 2A).
Interestingly, SRrp86 is not present in either S100 extracts or
the purified SR protein preparations. In addition, SRrp86 is
not recognized by antibodies against SR proteins, including
mAB104 (55), mAB1H4 (44), and anti-SC35 (21) (data not
shown). Thus, despite structural similarity, SRrp86 is clearly
different from canonical SR protein family members.

SRrp86 is not required for pre-mRNA splicing. To examine
whether SRrp86 is required for splicing, nuclear extracts were
immunodepleted of SRrp86 and then tested for the ability to
splice an adenovirus-derived RNA substrate (Fig. 2C) or an
a-tropomyosin (a-TM) substrate (data not shown). In both
cases, depletion of SRrp86 did not affect splicing activity (Fig.
2C). Western blot analyses of the depleted extracts showed
that SRrp86 had been reduced to undetectable levels, yet splic-
ing was unaffected, suggesting that SRrp86 is not essential for
splicing (Fig. 2B).

A well-established activity common to all of the core SR
proteins is the ability to complement splicing-deficient cyto-
plasmic S100 extracts. This activity is observed with prepara-
tions containing all of the core SR proteins (74), as well as with
individually purified and/or recombinant proteins (11, 34, 76,
79). Since SRrp86 is not found in S100 extracts (Fig. 2A), we
sought to determine whether SRrp86 could complement in
vitro splicing reactions performed with S100 extracts. In con-
trast to SR proteins, recombinant SRrp86 was unable to re-
store splicing (data not shown). However, when SR proteins
and SRrp86 were simultaneously added to S100 extracts, the
presence of increasing amounts of SRrp86 inhibited the ability
of SR proteins to activate splicing activity (Fig. 2D). Deletion
of the RS-EK-RS domains (ARS) abolished the ability of
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FIG. 2. SRrp86 inhibits SR proteins but is not required for splicing. (A)
Affinity-purified antibodies against SRrp86 were used to probe a Western blot of
nuclear extract (NE), S100 extract, and purified SR proteins. The asterisk de-
notes a 77-kDa protein that cross-reacts with anti-SRrp86 antibodies only under
denaturing conditions. (B) Nuclear extracts were immunodepleted of SRrp86
and subjected to Western blot analysis using antibodies against SRrp86. Note
that the cross-reactive 77-kDa protein did not coimmunoprecipitate. Molecular
masses in kilodaltons are shown to the left of panels A and B. (C) In vitro splicing
of an adenovirus-derived substrate was carried out in control extracts or in
extracts immunodepleted of SRrp86 (ASRrp86 NE). (D) In vitro splicing of the
same substrate as in panel C was performed in splicing-deficient S100 extracts in
the absence (lane 2) or presence (lane 3) of SR proteins purified from calf
thymus (0.5 pg). For comparison, splicing in nuclear extract is shown with the
products and intermediates of splicing as indicated. Increasing amounts of
SRrp86 (1.5 to 3 pg) inhibited complementation by calf thymus SR proteins
(lanes 4 and 5), whereas addition of the ARS mutant (1.5 to 3 pg) did not (lanes
6 and 7), nor did the addition of recombinant ASF/SF2 (1.85 to 3.7 ng; lanes 8
and 9).

SRrp86 to inhibit SR activation of splicing (Fig. 2D), suggest-
ing that the inhibition was specific to SRrp86. However, to
control for the possibility that excess recombinant protein
might nonspecifically block splicing, S100 extracts were sup-
plemented with either recombinant ASF/SF2, which resulted
in further activation of splicing (Fig. 2D) or a baculovirus-
expressed 40-kDa control protein (XylE; Pharmingen), which
had no inhibitory effect (data not shown). Thus, the inhibition
of SR protein activity by SRrp86 appears to be specific. In
addition, such inhibition does not appear to be substrate spe-
cific, as identical results were obtained with a B-globin pre-
mRNA (data not shown). Together, the complementation and
depletion indicate that SRrp86 is not required for splicing and,
instead, raise the possibility that it might actually inhibit the
function of canonical SR proteins.

Positive and negative regulation of splicing. To more rigor-
ously test the hypothesis that SRrp86 might inhibit SR pro-
teins, individual recombinant SR proteins were expressed in
Sf9 cells and used in the S100 complementation assay in the
presence of either SRrp86 or the ARS mutant. In agreement
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FIG. 3. Specificity of SRrp86 for individual SR proteins. (A) Individual re-
combinant SR proteins were used to complement S100 extract splicing of an
adenovirus-derived substrate. SRrp86 (0.75 to 1.5 pg) or an equimolar amount of
the ARS mutant was added to S100 extracts in the presence of the indicated
recombinant SR protein. The first lane in panel A shows splicing in unsupple-
mented S100 extracts. (B) Rescue of splicing in S100 extracts by pairwise com-
binations of recombinant SR proteins in the presence of SRrp86 (1.5 pg) or the
ARS mutant. In each set, a third SR protein (as indicated) was also added to
control for possible nonspecific inhibition by excess recombinant protein. The
concentrations of SRrp86, ARS, and recombinant SR proteins used in this panel
were determined in separate titration experiments.

with previous studies, recombinant SR proteins (ASF/SF2,
SC35, SRp20, and SRp55) were able to rescue splicing in S100
extracts (35, 56) although the efficiency of complementation
was significantly weaker with individual recombinant proteins
than with bulk SR proteins purified from calf thymus. Consis-
tent with the results observed in the presence of calf thymus
SR proteins, SRrp86 was able to inhibit the rescue of splicing
by ASF/SF2, SC35, and SRp55. In contrast, not only did
SRrp86 not inhibit the rescue of splicing by SRp20, it actually
activated splicing. This suggests that the inhibition of SR pro-
tein-dependent splicing by SRrp86 does not represent an over-
all nonspecific inhibition of splicing but rather a targeted in-
hibition of specific SR proteins.

Due to the inefficient rescue of splicing with single recom-
binant SR proteins (Fig. 3A), pairwise combinations of recom-
binant SR proteins were next used in the S100 complementa-
tion assay to improve the efficiency of splicing and to test the
activity of SRrp86 (Fig. 3B). Under these conditions, SRrp86
was still able to inhibit the rescue of splicing in the presence of
the combination of ASF/SF2 and SC35 (Fig. 3B, compare lanes
2 and 3) or the combination of ASF/SF2 with SRp55 (data not
shown). In contrast, when SRp20 was present in combination
with either ASF/SF2 or SC35, the addition of SRrp86 did not
inhibit the rescue of splicing and, instead, resulted in a modest
increase in spliced-product formation (lanes 6 and 7 and lanes
10 and 11, respectively). This increase was also observed in the
presence of SRp55 and SRp20 (data not shown). As in Fig. 2,
a variety of controls were performed to ensure that the inhi-
bition of splicing was specific. First, the addition of the ARS
mutant had no effect, consistent with the results shown above.
Second, addition of a third SR protein purified from baculo-
virus-infected cells resulted in increased splicing efficiency, ar-
guing against possible nonspecific inhibition of splicing. Thus,
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FIG. 4. Splice site selection by SR proteins affected by SRrp86. (A) In vitro splicing of a substrate derived from B-globin containing competing 5" splice sites
(5'D-16X) was performed in the presence of purified calf thymus SR proteins supplemented with the indicated amount of either WT SRrp86 or the ARS mutant. (B)
Splicing of an a-TM-derived substrate containing competing 3’ splice sites was performed in the presence of purified calf thymus SR proteins supplemented as in panel
A. (C) The 5'D-16X (left panel) and a-TM-derived substrates (right panel) were spliced in the presence of recombinant SR (rSR) protein ASF/SF2 (0.75 ng), SC35
(0.33 ng), SRp20 (0.6 pg), or SRp5S (1.1 pg) with or without SRrp86 (1.5 wg). As in Fig. 3B, the amounts of each of the proteins used in panel C were determined
in separate titration experiments. The precursor and products of splicing for each substrate are diagrammed to the left of each gel.

it appears that SRrp86 acts both positively and negatively to
regulate splicing.

Regulation of splice site selection by SRrp86. In several
cases, it has been demonstrated that both 5’ and 3’ in vitro
splice site selection can be altered by varying the concentration
of either bulk or specific SR proteins (22-24, 33, 41, 42).
Therefore, we sought to determine if SRrp86 might play a role
in controlling alternative splice site selection by performing in
vitro splicing assays with substrates containing alternative 5’ or
3’ splice sites in the presence of SR proteins and increasing
amounts of SRrp86 or the ARS mutant. As shown in Fig. 4A,
addition of calf thymus-purified SR proteins to splicing reac-
tions containing a B-globin-derived alternative splicing sub-
strate (53) resulted in a dramatic increase in splicing efficiency
and a modest increase in proximal splice site usage. However,
the addition of increasing quantities of recombinant SRrp86
was able to inhibit the activation of proximal splicing, from 45
to 18% proximal splice site usage. Consistent with the S100
splicing assays, the RS-EK-RS domains were required to me-
diate this switch. Similarly, with an «a-TM-derived substrate
containing alternative 3’ splice sites, SR proteins again acti-
vated proximal splice site selection (Fig. 4B) and this effect
could be counteracted by SRrp86, resulting in a decrease from
44 to 14% proximal splice site selection. As above, the addition
of control protein preparations, including the ARS mutant, did
not result in inhibition of proximal splice site selection (data
not shown). Thus, it appears that SRrp86 can antagonize the
function of canonical SR proteins in both 5’ and 3’ splice site
selection.

To examine whether individual SR proteins would be af-
fected by SRrp86 under alternative splicing conditions, splicing
extracts were supplemented with individual recombinant SR
proteins and incubated with alternative splicing substrates in
the presence or absence of SRrp86 (Fig. 4C). As in Fig. 4A, the
addition of either ASF/SF2 or SC35 to a B-globin-derived
substrate with competing 5’ splice sites resulted in activation of
splicing and an increase in proximal splice site selection (Fig.
4C). This activity could be counteracted by the addition of

SRrp86. Similar results were observed upon the addition of
SRp55 to the a-TM-derived substrate containing alternative 3’
splice sites (Fig. 4C). However, in this substrate, SRp20
strongly activated proximal 3’ splice site selection and no effect
was detected upon the addition of SRrp86. With each of the
four SR proteins tested, no changes were observed upon the
addition of the ARS mutant (data not shown) and simple
addition of SRrp86 to either of the substrates in the absence of
additional SR proteins did not affect splicing activity. The lack
of inhibition observed upon addition of SRrp86 to nuclear
extracts, compared to that seen in S100 extracts (Fig. 2 and 3),
likely reflects the overall ratio of SR proteins to SRrp86 in
nuclear versus cytoplasmic S100 extracts.

SRrp86 interacts with SR proteins. From the experiments
described above, it appears that SRrp86 can alter the activity of
SR proteins both positively and negatively. Among several
possibilities, one mechanism to account for these differential
effects could be direct interaction between SRrp86 and SR
proteins. To test this hypothesis, coimmunoprecipitation reac-
tions were performed using anti-SRrp86 antibodies. Potential
association could be detected between SRrp86 and SRp55,
SRp30a,b, and SRp20, but the interactions were fairly weak
(data not shown). Under the conditions used, complete deple-
tion of SRrp86 from nuclear extract was possible whereas
quantitative removal of SR family members was not, consistent
with the finding that extracts depleted of SRrp86 are active for
splicing (Fig. 2C).

As an alternative to immunoprecipitation, far-Western blot
analyses were then performed in which recombinant proteins
were resolved by SDS-PAGE, transferred to PVDF mem-
branes, and incubated with *3S-labeled SRrp86. As shown in
Fig. 5B, SRrp86 associated with itself, SRp20, ASF/SF2, SC35,
and SRp55 whereas no association was detected with the ARS
mutant and only minimal interaction with SRp75 was detected.
Despite the signals detected in Fig. 5B, repeat experiments
have shown that the interaction between SRrp86 and SC35 is
much weaker than the binding of SRrp86 to itself or any of the
other SR proteins used in the experiment whose results are
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FIG. 5. SRrp86 interacts with SR proteins. (A) Recombinant proteins were
expressed in baculovirus-infected cells, purified by passage over Ni-NTA aga-
rose, subjected to SDS-PAGE, and stained with Coomassie blue. Molecular
masses in kilodaltons are shown on the left. (B) Recombinant proteins separated
by SDS-PAGE as in panel A were transferred to PVDF membranes, and incu-
bated with equivalent amounts of 3*S-labeled SRrp86 or the *°S-labeled ARS
mutant. (C) CNBr-activated Sepharose was coupled to WT SRrp86 or the ARS
mutant or treated with ethanolamine (mock beads). Splicing extracts were incu-
bated with the various resins, and flowthrough extracts were used in splicing
reactions alone (lanes 1 to 3) or with the addition of purified SR proteins (lane
4). (D) Proteins retained on the resins in panel B were separated by SDS-PAGE,
and Western blot analyses were performed with anti-SR antibody mAB1H4. The
identities of known SR proteins are indicated on the left, and molecular masses
are indicated on the right in kilodaltons. A longer exposure of the bottom portion
of the gel shows the retention of SRp20.

shown in Fig. 5B, except SRp75 (data not shown). For all of
these interactions, the RS-EK-RS domains appear to play a
vital role. Far-Western blots using equivalent levels of *>S-
labeled ARS mutant protein did not result in the detection of
any of the recombinant SR proteins or of WT SRrp86. Thus, it
appears that SRrp86 preferentially interacts with a subset of
SR proteins, including itself.

To attempt to confirm these interactions, a fourth assay was
employed in which large amounts of SRrp86 were covalently
coupled to Sepharose beads and incubated with HeLa cell
nuclear extract, followed by determination of whether such
extracts are active for splicing and whether SR proteins are
retained by the SRrp86-coated resin. As shown in Fig. 5C,
pretreatment of splicing extracts with SRrp86-coated beads
severely inhibited splicing compared to mock-treated extracts
or extracts incubated with resin containing the ARS mutant
protein. However, the addition of purified SR proteins could
partially restore splicing, especially the first step. To examine
the composition of the retained proteins, antibodies against SR
proteins (four different monoclonal antibodies) were used in
Western blot analyses to identify whether specific SR proteins
were being retained. As shown in Fig. 5D, three major SR
proteins that migrate at approximately 30, 55, and 70 kDa were
found to interact with SRrp86. Longer exposures also showed
that a protein of approximately 20 kDa also interacted with
SRrp86, but either the relatively low levels of this protein in
nuclear extract or poor immunoreactivity limited detection.
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FIG. 6. In vivo regulation of 5" splice site selection by SRrp86. HeLa cells
were transfected with the in vivo splicing construct pcDNA 5'D-16X (A) or
adenovirus E1IA (B). Cells were cotransfected with either a control vector
(pcDNA) or a vector expressing SRrp86, the ARS mutant, or ASF/SF2, as
indicated. RNA was isolated 48 h after transfection, and RT-PCR was performed
to amplify the three possible spliced products, which were quantitated by Phos-
phorImager analysis, as indicated. The positions of the primers used for RT-PCR
are indicated by the arrows.

Additional minor bands were also detected, but the major
conclusion is that SRrp86 interacts with a specific subset of SR
proteins, as demonstrated by the change in the stoichiometry
of SR proteins between untreated nuclear extracts and extracts
exposed to SRrp86-coated resin. We do not know the exact
identities of these proteins, but based on migration rates, it
seems likely that they include SRp55, SRp20, and one or more
of the proteins that comigrate around 30 kDa (ASF/SF2, SC35,
and SRp30c). These interactions are apparently mediated by
direct protein-protein interaction based on the results of the
far-Western data (Fig. 5B) and the fact that pretreatment of
the extracts with RNase as shown in Fig. 5D did not alter the
pattern of proteins retained by the SRrp86-coupled resin (data
not shown).

In vivo regulation of splice site selection by SRrp86. If
SRrp86 interacts with a subset of SR proteins, modulating
their activity, then overexpression of SRrp86 in cells should be
able to alter the splicing patterns of alternatively spliced model
substrates due to sequestration and/or activation of specific SR
proteins. To test this, we examined the in vivo splicing patterns
of two alternatively spliced substrates. The first substrate (Fig.
6A) is the same as that used in Fig. 4A, containing three
alternative 5’ splice sites which compete for joining to the same
3’ splice site (53, 79). Two of these sites are derived from
duplicated 5’ splice sites, whereas the third is a cryptic splice
site that can be activated in vivo. In HeLa cells transfected with
this substrate, most (85%) of the mRNA utilized the WT 5’
(distal) splice site with only a small amount of proximal 5’
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splice site selection (Fig. 6A). However, in cells transfected
with WT SRrp86, the use of the cryptic 5’ splice site was
dramatically increased to greater than approximately 36% of
the total mRNA. In contrast, transfection of the ARS mutant
led to a nearly threefold increase in proximal 5’ splice site
selection and no cryptic splice site selection was detectable.
Similar results were obtained with an adenovirus E1A sub-
strate (Fig. 6B) (79) which contains three alternative 5’ splice
sites competing for the same 3’ splice site. Cotransfection of
ASF/SF2 with this substrate caused activation of the most
proximal 5’ splice site (13S) from 46 to 63%, consistent with
previous results (9). In contrast, cotransfection of SRrp86 re-
sulted in the activation of the most distal site (9S) from virtu-
ally undetectable levels in the control to approximately 12% of
the total spliced products. While the absolute numbers
changed from transfection to transfection, the same trend was
observed in multiple independent transfections and different
RT-PCRs for both substrates. Thus, it appears that overexpres-
sion of SRrp86 can alter the patterns of alternative splice site
selection in vivo, consistent with the hypothesis that SRrp86
interacts with and modulates the activity of distinct SR protein
family members.

DISCUSSION

SRrp86 appears to be a unique member of the SR protein
superfamily capable of regulating other SR protein family
members. To our knowledge, this is the first example of an
SR-related protein that regulates splice site selection by inhib-
iting the effects of some SR proteins while activating others,
apparently through direct protein-protein interaction. Thus, in
addition to differences in the concentration and/or the activity
of SR proteins mediated by posttranslational modification, al-
ternative splicing can also be controlled by regulatory proteins
such as SRrp86 that interact with and regulate specific SR
protein family members.

Protein characteristics. Similar to SRp75 and Ul 70K,
SRrp86 contains two regions rich in serine-arginine dipeptides
(52, 76). The region separating the two RS domains in SRrp86
contains 84 amino acids consisting of 60% lysine or glutamic
acid residues, often found as EK or KE dipeptides. Combined,
the two RS regions and the EK-rich region contribute exten-
sively to the overall charge of SRrp86 and are likely responsi-
ble for the anomalous migration of SRrp86 on SDS-PAGE.
One of the characteristics common to many SR proteins is the
presence of domains that contain alternating positive and neg-
ative charges, typically consisting of arginine alternating with
either glutamate (E) or aspartate (D) residues (36, 45). SRrp86
contains only a few RE or RD dipeptides, but the unique
EK-rich region contains an extraordinarily long stretch of al-
ternating positively and negatively charged residues. Since
SRrp86 is not recognized by any of the anti-SR protein phos-
phoepitope antibodies, the RS domains in SRrp86 are different
from those in other SR proteins, even though SRrp86 can be
phosphorylated (data not shown). Whether regulated phos-
phorylation affects the function of SRrp86 remains to be de-
termined, but preliminary evidence suggests that phosphoryla-
tion of SRrp86 does not affect its ability to interact with other
SR proteins (data not shown).

SR protein regulation and splice site selection. For splice
site selection, antagonistic relationships between the hnRNP
A/B proteins and ASF/SF2 and between PTB and U2AF have
been well characterized (39, 42, 43, 49, 58, 66). Recently, the
small number of proteins that can antagonize SR protein func-
tion has increased with the characterization of RSF1 (38) and
p32 (50). In addition, individual SR proteins can differentially
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activate or repress specific splice sites within a variety of pre-
mRNA substrates (27, 29, 56, 68, 75). Further, alternative
splicing of pre-mRNAs encoding specific SR proteins can re-
sult in the production of isoforms with differential activity (29,
80). Thus, the overall levels and activity of SR proteins be-
tween tissues and cells can clearly influence splice site selection
in a combinatorial manner (27, 75).

The initial observation that SRrp86 is able to inhibit the
activity of a subset of SR proteins, both in the rescue of splic-
ing-deficient S100 extracts and in alternative splice site selec-
tion, indicates that it may be another member of this group of
inhibitory proteins yet unique in its resemblance to canonical
SR proteins. Experiments conducted with individual SR pro-
teins suggest that SRrp86 is different from other proteins that
antagonize SR proteins in several ways. First, the antagonism
is not directed against a single SR protein. Instead, SRrp86 is
able to inhibit the activity of at least three SR proteins, includ-
ing ASF/SF2, SC35, and SRp55. Further studies intended to
determine if SRrp86 is able to inhibit the activity of other SR
proteins are under way. The second and most striking point is
that SRrp86 not only fails to inhibit SRp20 but, instead, causes
activation of splicing. This activation is observed in experi-
ments with both recombinant SRp20 alone (Fig. 4A) and in the
presence of other SR proteins (Fig. 4B). This differential reg-
ulation of SR proteins indicates a potentially important role
for SRrp86 in determining the relative activity of SR proteins
involved in splicing. Variable SRrp86 concentration differ-
ences between cells and tissues could dramatically alter alter-
native splice site selection.

The results of transient-transfection assays support the no-
tion that increases in SRrp86 levels can alter splice site selec-
tion in vivo. In cells containing only endogenous levels of
SRrp86, as well as in cells transfected with the ARS mutant,
little or no splicing to the most distal 5" splice site of either the
B-globin-derived or E1A substrate (the cryptic splice site and
9S, respectively) was observed. In contrast, in cells overex-
pressing WT SRrp86, 36% (B-globin derived) and 12% (E1A)
of the spliced mRNA utilized this site. This is likely to be an
underestimate of the change in splice site selection produced
by overexpression of SRrp86, since the experiment requires
cotransfection of both plasmids, and cells that take up only the
vector will produce the pattern seen in the control lane. Re-
gardless, in vivo overexpression of SRrp86 resulted in signifi-
cant changes in splice site selection, consistent with the hy-
pothesis that SRrp86 may act to regulate SR protein family
members.

Two interesting results suggest a possible mechanism by
which SRrp86 mediates these effects. First, in the substrates
where we observed decreases in proximal splice site selection,
corresponding increases in distal splice site selection were
never observed. Second, supplementation of extracts with ad-
ditional SRrp86 inhibited splicing in cytoplasmic S100 extracts
but had no effect in nuclear extracts. Both of these results can
potentially be explained by postulating that SRrp86 interacts
with specific SR proteins, both positively and negatively, and
the overall effects of SRrp86 depend on the stoichiometry
between these different proteins and SRrp86. For example,
SRp20 and ASF/SF2 act antagonistically to determine the
splicing patterns of pre-mRNA transcripts encoded by the
SRp20 gene itself; autoregulation of SRp20 depends on the
ratio of its own concentration to that of ASF/SF2 (29). Using
a-TM pre-mRNA substrates, we have also observed an antag-
onistic relationship between SRp20 and ASF/SF2 but observed
that inclusion of SRrp86 further enhanced the pattern of splic-
ing activated by SRp20 (unpublished data).
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Protein-protein interaction. Previous studies have shown
that SR proteins are involved in a variety of protein-protein
interactions and that the RS domains play a crucial role in
these interactions (2, 32, 71, 72). In this paper, we have shown
that specific SR proteins interact with SRrp86, dependent on
the presence of the two RS domains and the intervening EK-
rich region. The far-Western blots demonstrate that SRrp86
has the ability to interact with multiple RS domain-containing
proteins with some specificity. In addition, when large amounts
of SRrp86 were covalently coupled to Sepharose beads and
incubated with splicing extracts, multiple SR proteins were
retained. From all of the interaction assays, a common group
of SR proteins were detected that interact with SRrp86, in-
cluding SRp55, ASF/SF2, SC35, and SRp20. Furthermore, the
affinity chromatography assay (Fig. 5D) showed a marked
change in the concentration of a protein that migrates at 70
kDa and reacts with mAB104. Far-Western blots suggest that
this protein is not SRp75. Based on migration, it could be
SRp54 (79), but further studies are required to confirm this
possibility. Since RNase treatment did not alter the pattern of
retention on the affinity chromatography assay or the far-West-
ern blots, it appears that the interaction between these proteins
does not require RNA and is due to direct protein-protein
interaction. We are currently using yeast two-hybrid screens to
test the interaction between SRrp86 and specific SR proteins,
as well as to identify other potential cellular targets. It will be
interesting to eventually compare the levels of the interacting
SR proteins and SRrp86 in various cell types to determine how
the concentrations of these factors compare with the splicing
patterns of alternatively spliced pre-mRNAs. Correlation of
the changes in the ratios of these proteins with specific splicing
patterns could provide further support for the idea that the
regulation of alternative splicing is due to the relative levels of
a variety of more widely expressed splicing factors rather than
the existence of tissue- or cell-specific splicing regulators.
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