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ABSTRACT

The SR proteins constitute a family of nuclear phos-
phoproteins which are required for constitutive splicing
and also influence alternative splicing regulation. They
have a modular structure consisting of one or two
RNA recognition motifs (RRMs) and a C-terminal
domain, rich in arginine and serine residues. The
functional role of the different domains of SR
proteins in constitutive splicing activity has been
extensively studied in vitro; however, their contribution
to alternative splicing specificity in vivo has not been
clearly established. We sought to address how the
modular domains of SR proteins contribute to alter-
native splicing specificity. The activity of a series of
chimeric proteins consisting of domain swaps
between different SR proteins showed that splice site
selection is determined by the nature of the RRMs and
that RRM2 of SF2/ASF has a dominant role and can
confer specificity to a heterologous protein. In contrast,
the identity of the RS domain is not important, as the
RS domains are functionally interchangeable. The
contribution of the RRMs to alternative splicing
specificity in vivo suggests that sequence-specific
RNA binding by SR proteins is required for this
activity.

INTRODUCTION

The SR proteins are a family of structurally and functionally
related polypeptides that play an important role in constitutive
and regulated pre-mRNA splicing (reviewed in 1-4). They are
involved in multiple steps of the constitutive splicing reaction:
among other functions they promote the assembly of the
earliest pre-spliceosomal complex E (5), bridge the 5" and 3’
splice sites, recruit the UlsnRNP particle to the 5" splice site
and participate in recruitment of the U4/U6-US tri-snRNP (for
a review see 6). In addition, the discovery that some SR and
SR-like proteins remain associated with the mRNA products
after the splicing reaction and that a subset of SR proteins
shuttle from the nucleus to the cytoplasm suggested that SR
proteins may have roles not only in nuclear pre-mRNA

splicing, but may also have additional functions such as
mRNA transport or be involved in cytoplasmic events (7-9).

The role of SR proteins in alternative splicing regulation is
antagonised by members of the hnRNP A/B family of proteins,
in such a way that increased levels of SR proteins lead to the
selection of proximal 5 splice sites, whereas an excess of
hnRNP A/B proteins promotes the selection of distal 5" splice
sites (10—13). Thus, the relative level and activity of members
of the SR and hnRNP A/B families of proteins may represent
an important determinant of alternative splicing regulation (9).
However, activities that antagonise SR protein function are not
restricted to the hnRNP A/B family of proteins, as illustrated
by the recent identification in Drosophila of a new antagonist
of SR protein function, termed RSF1 (14). In addition, indi-
vidual SR proteins can sometimes antagonise each other in
alternative splice site selection, as in the case of the antagonistic
effects of SF2/ASF and SC35 on the regulation of B-tropo-
myosin (15) and of SF2/ASF and SRp20 on the regulation of
SRp20 pre-mRNA alternative splicing (16). In addition to the
10 identified members of the SR family of proteins in
mammals, a class of related RS domain-containing proteins,
termed SR protein-related polypeptides (SRrp) or SR-like
proteins, are also involved in splicing regulation (for review
see 1,17)

The SR proteins seem to be functionally redundant in consti-
tutive splicing, as illustrated by the ability of any individual SR
protein to complement an otherwise inactive cytosolic HeLa
S100 extract (reviewed in 4,18). However, several differences
in the ability of these proteins to regulate alternative splicing,
as well as the ability of individual SR proteins to commit
different pre-mRNAs to the splicing pathway, suggested that
individual SR proteins may have unique functions in splicing
regulation (19-23). Genetic approaches used to address this
question showed that SF2/ASF was essential for cell viability
in the DT40 chicken cell line (24). In addition, genetic disruption
of SRp55/B52 in Drosophila (25) and of SRp20 in the mouse
(26) caused early embryonic lethality, strongly suggesting
essential and unique functions for these genes. However, more
recent experiments in which the whole complement of
Caenorhabditis elegans SR proteins were individually
depleted using RNA interference have demonstrated that
certain SR proteins are functionally redundant (27).

The SR proteins have a modular structure that consists of
one or two RNA recognition motifs (RRMs) in the N-terminus
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and a C-terminal domain rich in arginine and serine residues
(termed the RS domain). An extensive structure—function analysis
of SF2/ASF, which is the prototype member of the SR family
of splicing regulators (28,29), indicated that both RRMs in
SF2/ASF are required for efficient binding to RNA (30,31).
The use of conventional and functional SELEX protocols
allowed the identification of high affinity binding sites for
individual SR proteins (32—-37) and led to the conclusion that
SR proteins are sequence-specific RNA-binding proteins with
distinct RNA-binding specificities (for a review see 18).
Individual SR proteins have been found to associate with
exonic splicing enhancers in many different genes, leading to
activation of otherwise inefficient upstream 3’ splice sites (38—42;
for reviews see 4,43). In addition, SR proteins can also
negatively regulate splicing of an intron, as shown in the adeno-
virus late transcript, where binding of SF2/ASF to an intronic
purine-rich sequence inhibits splicing of a 3’ splice site (44).

The RS domains have been proposed to mediate protein—
protein interactions (45) and to be important determinants of
subcellular localisation and nucleo-cytoplasmic shuttling
(8,46—48). They are able to activate splicing even when fused
to a heterologous RRM, which led to the proposal that they
function as activators of splicing (49).

An important issue is how the modular domains of SR
proteins contribute to splicing specificity, both in constitutive
and regulated splicing, and also how critical is sequence-
specific high affinity RNA binding for the function of SR
proteins in both splicing processes. It has been shown that both
the RRMs and the RS domain are essential for constitutive
splicing in vitro (30,31). The role of the modular domains of
SR proteins in constitutive splicing has recently been studied
using domain swaps between SC35 and SF2/ASF or deletion
mutants of SF2/ASF. Using a functional splicing commitment
assay and in vitro splicing it was shown that substrate specificity
in constitutive splicing is determined by the nature of the
RRMs and that the identity of the RS domain did not affect
splicing specificity, suggesting that the RS domains may have
redundant functions in constitutive splicing (23,50). These
experiments clearly demonstrated that individual domains in
SR proteins function as modules in constitutive splicing.

In contrast, the role of the modular domains of SR proteins in
regulated splicing has been less extensively studied. Analysis
of SF2/ASF deletion mutant proteins in a nuclear switch assay
in vitro established that both RRMs were necessary and
sufficient to influence the selection of proximal 5’ splice sites
and, surprisingly, that the RS domain was dispensable for this
activity. These experiments suggested that RNA binding is
required for alternative splicing (30). The alternative splicing
activity of SF2/ASF has also been shown to correlate with its
ability to promote multiple occupancy of alternative 5’ splice
sites by Ul snRNP (51). It is not clear, however, whether
sequence-specific binding to target RNAs play a role in splice
site selection.

We sought to investigate the role of the modular domains of
different SR proteins in alternative splicing regulation in living
cells. To this end, we transiently overexpressed chimeric
proteins consisting of individual domains of SF2/ASF and
SRp40, SF2/ASF and SC35 and SF2/ASF and SRp20 and
assayed changes in the pattern of splicing of two different
reporters, the adenovirus E1A pre-mRNA and a fibronectin
minigene. We demonstrate that the RRMs determine the
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alternative splicing specificity in vivo and that the RS domains
are functionally interchangeable. These results demonstrate the
modularity of SR proteins in alternative splicing regulation.

MATERIALS AND METHODS
Epitope-tagged expression plasmids

The epitope-tagged SR protein expression plasmids were
previously described. Briefly, they were constructed by PCR
amplification of cDNA clones coding for the respective SR
proteins with specific primers and the resulting PCR products
were subcloned into the pCGTHCFg T7 expression vector
(52), to generate the pCGT7-SR constructs. Transcription is
driven by the CMV enhancer/promoter and the coding
sequence begins with an N-terminal epitope tag, MASMT-
GGQQMG. This epitope tag corresponds to the first 11
residues of the bacteriophage T7 gene 10 capsid protein and is
recognised by the T7.tag monoclonal antibody (Novagen). For
the SF2/ASF and the SC35 constructs PCR products were
amplified with specific primers and subcloned into the pCGT7
expression vector as Xbal-BamHI fragments. In the case of the
SRp20 constructs, due to the presence of an internal Xbal site
in the SRp20 cDNA, the amplified fragments were designed
with Spel and BamHI sites and were subcloned into the Xbal
and BamHI sites of the pCGT7 expression vector. In the case
of the SRp40 constructs, due to the presence of an internal
BamHI site in the SRp40 cDNA, the amplified fragments were
designed with Xbal and Bcll sites and were subcloned into the
Xbal-BamHI sites of the pCGT7 expression vector. Construc-
tion of the SF2/SRp40 and SF2/SC35 chimeras was described
previously (8). Briefly, by swapping domains between the
corresponding SR proteins we took advantage of natural Sacl
and Apal sites in the SF2/ASF cDNA, between RRM1 and
RRM2 and between RRM2 and the RS domain, respectively.
PCR products comprising the indicted domains were amplified
from cDNA clones using specific primer pairs. The resulting
PCR products were assembled using the Sacl and Apal sites
and subcloned into the pCGT7 expression vector. The resulting
chimeric proteins comprise the following residues: F,F,40yg
(previously referred to as Igp,IIgpRS4; 8) consists of residues
3-197 (RRM1 and RRM?2) of SF2/ASF followed by residues
184-271 (RS domain) of SRp40; F,40,F;¢ (previously termed
IgeI140RSgp,) consists of residues 3—107 (RRM1) and 196248
(RS domain) of SF2/ASF separated by residues 86—-181 (RRM?2)
of SRp40; 40,F40ys (previously termed I, lIge,RS,))
comprises residues 2-83 (RRM1) and 184-271 (RS domain)
of SRp40 separated by residues 107-197 (RRM2) of SF2/ASF;
C,Fgs (previously termed I;;RSgp,) comprises residues 2-114
(RRM) of SC35 followed by residues 197-248 (RS domain) of
SF2/ASF.

Two new chimeric proteins, F;20gq and F,20yg, which
comprise the first or second RRM of SF2/ASF followed by the
RS domain of SRp20, were first generated and subsequently
used as templates to generate the 20,F,20p¢ and the 20,F,20xg
chimeric proteins.

In the case of 20,F,20yg, SF2/ASF and SRp20 were inde-
pendently amplified with oligo pairs 1/2 and 3/4, respectively.
The two PCR products, which have a 20 bp overlap, were used
in equimolar amounts for a second PCR amplification with
oligos 1 and 4. The resulting PCR product was purified,
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digested with Spel and BamHI and subcloned into the corre-
sponding sites of the pCG-T7 vector to generate the F,20¢
chimera, which comprises RRM2 of SF2/ASF and the RS
domain of SRp20. Subsequently, the SRp20 and F,20y
chimeras were independently amplified with oligo pairs 5/6
and 7/4, respectively. The two PCR products, which have a
20 bp overlap, were used in equimolar amounts for a second
PCR amplification with oligos 5 and 4. The resulting PCR
product was purified, digested with Spel and BamHI and
subcloned into the corresponding sites of the pCG-T7 vector to
generate the 20,F,20;4 chimera, which consists of residues 2-85
(RRM) and 105-164 (RS domain) of SRp20 separated by
residues 107-202 (RRM2) of SF2/ASF.

In the case of 20,F,20s, SF2/ASF and SRp20 were independ-
ently amplified with oligo pairs 8/9 and 10/4, respectively. The
two PCR products, which have a 20 bp overlap, were used in
equimolar amounts for a second PCR amplification with oligos
8 and 4. The resulting PCR product was purified, digested with
Spel and BamHI and subcloned into the corresponding sites of
the pCG-T7 vector to generate the F 20y chimera, which
comprises RRM1 of SF2/ASF and the RS domain of SRp20.
Subsequently, the SRp20 and the F,20ps chimeras were
independently amplified with oligo pairs 5/11 and 12/4,
respectively. The two PCR products, which have a 20 bp
overlap, were used in equimolar amounts for a second PCR
amplification with oligos 5 and 4. The resulting PCR product
was purified, digested with Spel and BamHI and subcloned
into the corresponding sites of the pCG-T7 vector to generate
the 20,F,20yg chimera, which consists of residues 2-85 (RRM)
and 105-164 (RS domain) of SRp20 separated by residues 2—-97
(RRM1) of SF2/ASF.

Two steps of PCR amplification were employed to generate
the 20,Fyg chimeric protein expression plasmid. First, SRp20
and SF2 were independently amplified with oligo pairs 5/13
and 14/15, respectively. The two PCR products, which have a
20 bp overlap, were used in equimolar amounts for a second
PCR amplification with oligo pairs 5/15. The resulting PCR
product was purified, digested with Spel and BamHI and
subcloned into the corresponding sites of the pCG-T7 vector to
generate the 20,Fyg chimera, which comprises residues 2—85
(RRM) of SRp20 followed by residues 204—248 (RS domain)
of SF2/ASF.

Oligonucleotides

#1, TCGACTAGTGCTCCCCGAGGTCGCTATGGC; #2,
TCCTCCTACGATAGCTCGGGCTACG; #3, CCCGAGC-
TATCGTAGGAGGAGTCCT; #4, TCGGGATCCCTATT-
TCCTTTCATTTGA; #5, TCGACTAGTCATCGTGATTC-
CTGTCCA; #6, CTCGGGGAGCTTTTTCACCATTCGA;
#7, TGGTGAAAAAGCTCCCCGAGGTCGC; #8, TCGAC-
TAGTTCGGGAGGTGGTGTGATT; #9, TCCTCCTACGT-
CGGCCTGTTCCACG; #10, AACAGGCCGACGTAG
GAGGAGTCCT; #11, CACCTCCCGATTTTTCACCAT-
TCGA; #12, TGGTGAAAAATCGGGAGGTGGTGTG; #13,
TGCGGCTACGTTTTTCACCATTCGA; #14, TGGTGAA-
AAACGTAGCCGCAGCCGT; #15, CTTGGATCCTTAGG-
TACGAGA.

Cell culture and transfections

HeLa cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum

(FCS). Transfections of HeLa cells and purification of total
RNA were as previously described (12,53). Briefly, 1 pug of
expression plasmid was co-transfected into HeLa cells with
6 ug of the adenovirus E1A reporter plasmid pMTEIA (54) in
the presence of 20 ug of Lipofectin (Gibco BRL). The E1A
gene plasmid pMTE1A used in the alternative splicing assays
was described previously (12,54) and was kindly provided by
B. Moran. The cells were grown to 60-75% confluence in
60 mm dishes, plasmid DNA was removed 12-16 h later and
DMEM containing 10% FCS was added for an additional 24 h.
RNA was extracted using the Total RNA Isolation Reagent
(Advanced Biotechnologies). Total RNA (5 png) was analysed
by RT-PCR with Superscript II reverse transcriptase (Life
Technologies) and AmpliTaq DNA polymerase (Perkin
Elmer), as described previously (53). EIA mRNA detection
was carried out with the exon 1 forward primer 5-GTTT-
TCTCCTCCGAGCCGCTCCGA-3’" and the 5’-end-labelled
exon 2 reverse primer 5'-CTCAGGCTCAGGTTCAGACA-
CAGG-3'". Amplified products separated by urea-PAGE were
detected by autoradiography and quantitated by
PhosphorImager analysis (BAS2000; Fujix).

For analyisis of fibronectin EDI splicing in vivo, 60-70%
confluent Hep3B cells in 60 mm dishes were transfected with
2 ug of the fibronectin minigene driven by a mutant fibronectin
promoter and 400 ng of SR expression plasmids using the
Fugene transfection reagent (Roche Molecular Biochemicals)
according to the manufacturer’s conditions. Analysis of the
invivo splicing reaction was carried out as previously
described (55).

Western analysis

For western blot analysis cell lysates were made with RIPA
buffer as described previously (53). The electrophoretically
separated proteins were transferred onto Hybond P membranes
(Amersham Pharmacia Biotech). Non-specific binding was
blocked by incubating the blot with 5% non-fat dry milk in
TBST (20 mM Tris, pH 7.6, 137 mM NaCl and 0.1% Tween
20). Proteins were detected by subsequent incubation with the
primary monoclonal antibody anti-T7.tag (Novagen) in TBST,
which recognises the epitope tag at the N-terminus of the
proteins. After extensive rinsing with TBST the blots were
incubated with secondary antibodies conjugated to horseradish
peroxidase at a 1:7000 dilution. After further rinsing in TBST
the blots were developed using ECL.

RESULTS

Domain requirements for alternative splicing specificity

In order to investigate the role of individual domains of SR
proteins in alternative splicing, we analysed the activity of a
series of chimeric SR proteins in regulated splicing of two
reporters, adenovirus E1A pre-mRNA and a fibronectin mini-
gene. The first series of SR chimeric proteins were created by
substituting individual domains of SF2/ASF with those of
SRp40 and by replacing the RS domain of SC35 with that of
SF2/ASF. These chimeras are depicted in Figure 1 and have been
previously described (8).

We first evaluated the effects of these chimeric SR proteins
on alternative splicing of the EDI fibronectin exon in vivo. We
used a well-characterised system, the o-globin/fibronectin
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Figure 1. The domain structures of SF2/ASF, SRp40, SC35 and chimeric
proteins consisting of domain swaps are shown schematically. SF2/ASF (first
row, A and B) and SRp40 (second row, A) are composed of two RRMs and a
C-terminal RS domain, whereas SC35 (second row, B) has only one N-terminal
RRM. The nomenclature is based on the origin of each domain: F indicates a
domain from SF2/ASF; 40 indicates a domain from SRp40; C, indicates a
domain from SC35. The subscript 1 or 2 indicates whether the domain derives
from RRM1 or RRM2, whereas the subscript RS indicates an RS domain.

minigene, in which the human fibronectin EDI exon, its
flanking introns and part of its neighbouring exons are inserted
in the third exon of the human o-globin gene. The expression
of this minigene is driven by a mutant version of the human
fibronectin promoter (Fig. 2A) (56-58). This alternative
splicing event involves inclusion or skipping of the alternative
EDI exon, which encodes a facultative type IIl repeat of
fibronectin (59). Inclusion of the EDI exon, also known as
EDA or EIIIA, depends on the presence of an exonic enhancer
located within the central region of the alternative exon
(38,57,60) and is highly regulated during embryo development
and in proliferative processes such as healing or liver regeneration
(reviewed in 61). Binding of SR proteins to this splicing
enhancer promotes inclusion of this alternative exon and, in
particular, it has been shown that SF2/ASF and 9G8 promote
EDI inclusion in vivo and that this effect requires the presence
of an intact EDI exonic enhancer (55).

Hep3B cells were co-transfected with a version of this
fibronectin minigene driven by the mutant fibronectin
promoter (Fig. 2A) (55,58) and plasmids expressing cDNAs
for wild-type SF2/ASF, SRp40, SC35 or the chimeric proteins
described in Figure 1. This resulted in different degrees of EDI
inclusion, compared to the extent of EDI splicing in the absence
of any co-transfected SR protein (Fig. 2). In agreement with
previous results, the highest inclusion of EDI was caused by
co-transfection of SF2/ASF, SRp40 was less stimulatory
whereas SC35 did not significantly affect the extent of EDI
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inclusion (55). Two main conclusions could be extracted from
the activity of the chimeric SR proteins used in this assay.
First, the identity of RRM2 is of crucial importance, as a
chimera in which the second RRM of SF2/ASF was replaced by
that of SRp40 showed a reduction in EDI inclusion, comparable to
the effect observed with wild-type SRp40 (F,40,Fy, Fig. 2B
and C). Likewise, the reciprocal chimera in which RRM2 of
SRp40 was replaced with that of SF2/ASF was even more
active than wild-type SF2/ASF in promoting EDI inclusion
(40,F,40ys, Fig. 2B and C). In contrast, replacing the RS
domain of SF2/ASF with that of SRp40 did not affect the
activity of the resultant chimeric protein (F,F,40ys), which
behaved as wild-type SF2/ASF, suggesting that RS domains
are interchangeable and do not affect alternative splicing
activity and/or specificity. Likewise, the C,Fpy mutant, in
which the RS domain of SC35 was replaced with that of SF2/
ASF, displays similar activity to wild-type SC35, again
demonstrating that the RS domains are interchangeable for alter-
native splicing. In every case we observed that the specificity of
splice site selection was determined by the RRMs and that the
RS domains were functionally interchangeable. The SF2/SRp40
and SF2/SC35 chimeric proteins localise to the nuclear
speckles, despite differences in their ability to shuttle from the
nucleus to the cytoplasm, which was dependent on the presence of
the RS domain of SF2/ASF (8). When the activities of the same
chimeric proteins were analysed with the E1A splicing reporter
similar conclusions were obtained. As previously reported,
SF2/ASF strongly promotes selection of the most proximal 5
splice site, giving rise to the 13S isoform, and SRp40 has a
similar activity, although the switch towards the most proximal
site is less pronounced (20). We found that the switch to the
most proximal 5" splice site in the E1A adenovirus reporter
was more or less pronounced, depending on whether RRM2
was from SF2/ASF or from SRp40, respectively (data not
shown).

To further evaluate the role of the RRMs in splice selection,
and in particular of RRM2 of SF2/ASF, we made two addi-
tional chimeric constructs in which either the first (RRM1) or
the second (RRM2) RRM of SF2/ASF was inserted between
the natural RRM and RS domain of SRp20, converting this one
RRM- into a two RRM-containing SR protein (Fig. 3A). In
addition, we constructed a chimeric protein in which the RS
domain of SRp20 was replaced with that of SF2/ASF. We over-
expressed wild-type SF2/ASF, deletion mutants of this protein,
wild-type SRp20 and the chimeric proteins described above
and assayed changes in the patterns of alternative splicing of an
adenovirus E1A splicing reporter. A purine-rich bidirectional
splicing enhancer that is located upstream of the 125 5’ splice site
and bound by a subset of SR proteins, among them SF2/ASF, has
recently been identified in the E1A pre-mRNA, but it is not
clear whether this cis-acting sequence mediates the SF2/ASF
effect on the most proximal 5’ splice site (62). All expressed
proteins accumulated to similar levels in transfected HeLa
cells, as verified by western blot analysis of whole cell lysates
(Fig. 3B). Insertion of either RRM1 or RRM2 of SF2/ASF into
SRp20 did not alter the subcellular localisation of the resulting
chimeric proteins, which localise to the nuclear speckles (not
shown).

In agreement with previous results, wild-type SF2/ASF and
the mutant lacking RRM1 (F,Fgg) strongly activated the 13S 5’
splice site, whereas SRp20 and the SF2/ASF mutant that lacks



4826

Nucleic Acids Research, 2000, Vol. 28, No. 24

.-l;b\\\ & EDI+ mRNA
EDI- mRNA
r - o
B BE;
s3=% v
= g‘_ﬂ— AL B
E = A=
E BE ~ =2 27
E W s & 0

EDIY = e - — —

FDIT - e s e . et

1.6

EDI*/EDI-

>
&

® & o
Q?ﬁé & &

& g $ &
& & &N
R

o

Figure 2. Role of the structural domains of SF2, SRp40 and SC35 proteins in
the regulation of fibronectin (FN)-EDI alternative splicing. (A) Structure of
the o-globin/fibronectin construct. All exons are included constitutively,
except for EDI, which is alternatively spliced. Empty boxes represent human
globin sequences; dashed boxes, human FN sequences; mut FN indicates a
220 bp fragment of the mutant (CRE/CCAAT-) human FN promoter. The
transcription start site is indicated by an arrow underneath the promoter.
Arrows indicate the locations of primers that overlap globin/FN exon boundaries
that were used for RT—PCR analysis. (B) Alternative splicing activity of the
chimeric SR proteins. Wild-type SF2/ASF, SRp40 and SC35 proteins and each
of the indicated chimeric proteins was co-transfected with the FN—EDI
reporter gene. RNA was harvested at 36 h post-transfection and analysed by
RT-PCR with a labelled reverse primer, denaturing PAGE and autoradiogra-
phy, as described in Materials and Methods. (C) The histogram display the
ratios between the level of radioactivity in EDI* and EDI- products. Each
experiment was repeated at least three times and data represent averages, with bars
indicating standard errors.
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Figure 3. (A) The domain structures of SF2/ASF, SRp20 and chimeric
proteins consisting of domain swaps are shown schematically. SF2/ASF (first
row) is composed of two RRMs and a C-terminal RS domain, whereas SRp20
has only one N-terminal RRM. The nomenclature is based on the origin of
each domain: F indicates a domain from SF2/ASF; 20 indicates a domain from
SRp20. The subscript 1 or 2 indicates whether the domain derives from RRM1
or RRM2, whereas the subscript RS denotes an RS domain. (B) Western
blotting analysis of wild-type and chimeric SR proteins. All expressed proteins
accumulated to similar levels in transfected Hep3B cells (this figure) and HeLa
cells (data not shown)

RRM2 (FFyy) strongly and reproducibly stimulated the 125 5’
splice site (Fig. 4) (20,48). The rationale behind the design of
the SF2/SRp20 chimeras was to test whether the presence of
RRM2 of SF2/ASF in the context of the SRp20 protein could
act in a dominant manner and confer SF2/ASF specificity to the
chimeric protein. This was indeed the case, whereas insertion of
RRM1 of SF2/ASF between the RRM and RS domain of
SRp20 does not change the splicing specificity of the resulting
chimera (20,F,20g¢), insertion of RRM2 produced a drastic
shift in the splice site selection since the mutant protein,
20,F,20gs, was as active as SF2/ASF wild-type and strongly
activated the most proximal 5’ splice site that gives rise to the
13S isoform. This experiment confirmed that the nature of the
RRM determines the selection of a particular 5 splice site. The
RS domain of SF2/ASF is not required for alternative splicing
in vivo, as shown by the activity of the SF2/ASF mutant, which
lacks the RS domain (F|F, in Fig. 4; 48). The 20,F¢ mutant in
which the RS domain of SRp20 was replaced with the corre-
sponding domain of SF2/ASF has similar activity to wild-type
SRp20, strongly suggesting that the RS domains are inter-
changeable. Quantitation of the relative use of the EIA
5 splice sites upon overexpression of the different proteins is
shown in Figure 4B.
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Figure 4. Role of SF2/SRp20 structural domains in regulating alternative
splicing of adenovirus E1A pre-mRNA. (A) Alternative splicing activity of the
SF2/SRp20 chimeric proteins. Each of the indicated chimeric proteins and
wild-type control proteins was overexpressed from plasmids co-transfected
with the E1A reporter gene. RNA was harvested at 36 h post-transfection and
analysed by RT-PCR with a labelled reverse primer, denaturing PAGE and
autoradiography, as described in Materials and Methods. The positions of 138,
12S and 9S spliced mRNAs are indicated on the left. (B) Quantitation of E1A
mRNA isoforms in transfected cells. A diagram of the E1A reporter gene
indicates the alternative 5” splice sites and splicing events that generate 13S,
12S and 9S mRNAs. The locations of the exon primers used for RT—PCR
analysis are shown. The relative amounts of 13S, 12S and 9S E1A mRNAs
were calculated from the data in (A), using a Phosphorlmager, and the percentage
of each isoform is shown. Nearly identical results were obtained in three
independent experiments.

Next, we analysed the effects of the SF2/SRp20 chimeric
proteins described above on alternative splicing of the
fibronectin splicing reporter. Hep3B cells were co-transfected
with a version of the fibronectin minigene driven by the mutant
fibronectin promoter and plasmids expressing cDNAs for the
SR proteins SF2/ASF and SRp20 in their wild-type versions or
the SF2/SRp20 chimeric proteins. Overexpression of wild-type
SF2/ASF greatly enhanced EDI inclusion, whereas wild-type
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Figure 5. Role of the structural domains of SF2/SRp20 chimeric proteins in
regulating alternative splicing of FN-EDI mRNA. (A) Alternative splicing activity
of the SF2/SRp20 chimeric proteins. Each of the indicated chimeric proteins and
wild-type control proteins was overexpressed from plasmids co-transfected with
the FN—EDI reporter gene. RNA was harvested at 36 h post-transfection and
analysed by RT-PCR with a labelled reverse primer, denaturing PAGE and
autoradiography, as described in Materials and Methods. (B) The histogram
displays the ratios between the levels of radioactivity in EDI* and EDI-
products. Each experiment was repeated at least three times and data represent
averages, with bars indicating standard errors.

SRp20 had a slightly inhibitory effect. Replacing the RS
domain of SRp20 with that of SF2/ASF (Fig. 5, 20,Fyg mutant)
did not confer SF2/ASF activity to the resulting chimeric
protein, confirming that the RS domains do not determine
specificity in alternative splicing and are functionally inter-
changeable. The construct that inserts RRM1 of SF2/ASF into
SRp20 did not significantly affect inclusion of EDI (Fig. 5,
20,F1,20gg). In contrast, insertion of RRM2 of SF2/ASF into
SRp20 resulted in a shift to inclusion of EDI, but the effects
were modest (Fig. 5, 20,F1,20gg).

In summary, we have shown that the specificity of splice site
selection in living cells is determined by the nature of the
RRMs, which function as modules, and that the RS domains do
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not contribute to alternative splicing specificity and are
functionally interchangeable. We also found that SF2/ASF
specificity in alternative splicing resides in RRM2, as was
demonstrated for constitutive splicing in vitro (50), which
suggests that the basic mechanisms of binding to targets are
common in both processes. More importantly, the functions of
the two RRM modules can be separated, as shown by the
dominant role of RRM2 of SF2/ASF in different contexts.

DISCUSSION

The SR proteins function in both constitutive and alternative
splicing, but the role of individual domains of SR proteins has
only been analysed for the constitutive splicing reaction.
Although both the RRMs and the RS domain of SR proteins
are required for constitutive splicing, the substrate specificity
of SR proteins in constitutive splicing is determined by the
RRMs and the RS domains are functionally interchangeable
(23,50).

It has not been clearly established whether general and/or
sequence-specific RNA binding by SR proteins is required for
their activity in alternative splicing regulation. In fact, contra-
dictory results have been obtained using different experimental
systems. Using in vitro assays it was shown that mutants of
SF2/ASF that lack either RRM1 or RRM2 were inactive in
alternative splicing, suggesting a correlation between RNA
binding and alternative splicing activity (30,31). It is possible,
although unlikely, that the protein tags used in these various in
vitro and in vivo systems are affecting protein function. Our
previous observations with wild-type untagged SR expression
vectors show that these constructs give the same effects as the
T7 epitope-tagged versions (20). In contrast, the same SF2/ASF
mutant proteins were shown to be active in E1A pre-mRNA
alternative splicing in vivo, although with an altered splice site
specificity, suggesting that sequence-specific interactions may
play a role in selecting particular splice sites for activation
(48). In addition, similar SF2/ASF mutant proteins lacking
either RRM1 or RRM2 were still able to facilitate Ul snRNP
binding to a pre-mRNA containing a functional 5 splice site
(63). It was proposed that SF2/ASF mediates alternative
splicing by promoting the indiscriminate binding of U1l snRNP
to alternative 5 splice sites and it has recently been shown that
hnRNP A1 antagonises SF2/ASF action by causing reduced
Ul snRNP binding to the same sites (51,64). More importantly,
mutations in hnRNP A1 and SF2/ASF showed that the opposite
effects of the proteins on 5’ splice site choice are correlated
with their effects on Ul snRNP binding (64).

In this paper, we have sought to address how the modular
domains of SR proteins contribute to alternative splicing
specificity and whether sequence-specific binding to high
affinity sites in the RNA is required for the function of SR
proteins in regulated splicing.

Adenovirus E1A pre-mRNA generates three major mRNA
isoforms that represent alternative 5” splice site utilisation and
it has been previouly shown that SF2/ASF and hnRNP A1 have
antagonistic functions in vivo, with SF2/ASF promoting the
selection of the most proximal 13S 5’splice site and hnRNP A1
selecting the most distal 95 5’splice site (12,13). It was also
shown that a mutant SF2/ASF protein that lacks RRM2, as
well as wild-type SRp20, which naturally lacks a second RRM,

selected the 125 5" splice site in transient transfection assays
(48).

Here we show that insertion of RRM2 of SF2/ASF between
the RRM and the RS domain of SRp20 rendered a chimeric
protein that was as active as wild-type SF2/ASF in promoting
selection of the most proximal 5" splice site, whereas insertion
of RRM1 of SF2/ASF did not alter the activity of SRp20. This
experiment clearly demonstrates that the nature of the RRM
determines splice site selection and, in particular, that RRM2
of SF2/ASF has a dominant role. These conclusions were
further confirmed by the activity of the SF2/SRp40 chimeric
proteins on alternative splicing of the fibronectin EDI exon,
which is dependent on binding of SR proteins to an exonic
splicing enhancer. Thus, the findings in this paper show that
splicing specificity is determined by the RRMs and, in particular,
the identity of RRM2 is important.

These experiments demonstrate that the presence of RRM2
of SF2/ASF determines specificity of splice site selection. One
likely explanation for these results is that the RNA binding
specificity of the chimeric proteins was altered in such a way
that SF2/ASF specificity of binding was conferred to those
chimeric proteins that contain RRM2 of SF2/ASF. However, it
is not clear how the RRMs in the SR proteins bind to RNA. It
has been shown that both RRMs of SF2/ASF together bind
with strong synergy to RNA. In addition, the high affinity
binding sites selected by SELEX with an SF2/ASF protein
comprising both RRMs are distinct from the sites selected with
RRM1 alone, suggesting that both RRMs of SF2/ASF act
together in binding RNA (32). In contrast, in other RNA-
binding proteins, such as the UlsnRNP-associated U1A protein,
individual RRMs have their own RNA-binding specificity and
interact independently with distinct RNA elements in pre-
mRNA (65)

In the case of the hnRNP Al protein, structural and functional
analysis of variant proteins comprising duplications, deletions
or swaps of the RRMs showed that the two RRMS have naturally
evolved as part of a double RRM structure (66,67). It is highly
likely that each RRM in the two RRM-containing SR proteins
function as a bipartite RNA-binding domain while retaining
significant modular character, similar to what has been shown
for hnRNP A1 (67).

An alternative explanation for the dominant role of RRM2 of
SF2/ASF in alternative splicing may lie in the establishment of
new protein—protein rather than protein—-RNA contacts. In such
a scenario RRM2 of SF2/ASF may help recruit additional
splicing factors to the splicesosome and modulate splicing
specificity.

It has been shown that individual SR proteins interact with
each other, with the small subunit of U2AF (U2AF35) and
with the UlsnRNP protein U170K (45,68). This has led to the
suggestion that the SR proteins may act as bridging factors to
facilitate functional interactions between the 5" and 3 splice
sites. In addition, a subset of SR proteins interacts with a protein
that binds to S/MAR regions, known as scaffold attachment factor
B or SAF-B (69), and SRp20 has been shown to bind RBMp, a
mammalian germ cell-specific RNA-binding protein (70).

Most of the SR protein—protein interactions have been
shown to be dependent on the presence of the RS domain in the
interacting proteins (45,68,71). However, the RBMp-SRp20
interaction is mediated via the SRp20 RRM (70), which
suggests that protein—protein interaction domains are present



in the RRMs. It is possible that RRM2 could help mediate
homodimeric interactions recruiting wild-type SF2/ASF
protein or, alternatively, sequestering endogenous factors such
as SRp20. This activity would explain why the sole presence of
RRM?2 of SF2/ASF results in EDI inclusion in the fibronectin
gene and selection of the 13S 5’ splice site in the E1A adeno-
virus pre-mRNA, both activities that are strongly favoured by
wild-type SF2/ASF protein. It should be taken into account
that the alternative splicing assays, both in vivo and in vitro, are
carried out in the presence of multiple endogenous SR proteins
which could be recruited to the spliceosome via protein—
protein interactions with the exogenously expressed proteins.
Thus, it is not possible at this stage to exclude the possibility
that, in addition to directly binding the substrate pre-mRNA,
the RRM2 domain can also function as a protein—protein inter-
action domain to recruit other SR proteins involved in alterna-
tive splicing of the substrate pre-mRNA.

The RS domain is a distinctive feature of the SR family of
proteins and is also present in a family of related splicing
factors, the so-called SR-like proteins. It has been proposed as
being a domain that directs protein—protein interactions and
has also been shown to be an important determinant of subcellular
localisation, but it is not clear whether individual RS domains
have redundant or unique functions. In fact, contradictory
results have been obtained using different experimental
systems. Specific roles for the RS domains of individual SR
proteins have been suggested by the high phylogenetic conser-
vation of specific sequences within the RS domains (72). The
activities of chimeric proteins containing different RS domains
fused to the RRM of the bacteriophage MS2 protein in the
splicing of substrates containing a single MS2-binding site
correlated directly with the number of RS dipeptides present in
the RS domain, suggesting that different RS domains have
unique activities (73). Individual RS domains have also been
shown to have unique properties in directing subcellular
localisation and influencing the ability of SR proteins to shuttle
from the nucleus to the cytoplasm (8,46—48). However, the RS
domains are functionally interchangeable in vivo, as shown by
the ability of chimeric proteins consisting of the RRMs of SF2/
ASF fused to RS domains of different SR proteins to rescue
cell viability in a chicken B cell line, DT40 (74). In contrast, it
was recently shown that RS domains are not all functionally
equivalent in vivo in Drosophila, as different RS domains
varied considerably in their ability to restore Tra2 function
(75).

The RS domains are essential for constitutive splicing
activity, but dispensable for regulated splicing, both in vitro and in
vivo (30,31,48). When its function was assayed in constitutive
splicing it was shown that RS domains are functionally inter-
changeable and do not contribute to splicing specificity (23,50).
We show here that replacing the RS domain of SF2/ASF by that
of SRp40 or that of SC35 by that of SF2/ASF did not affect the
activity of the resultant chimeric proteins (F;F,40yg and C,Fgg,
respectively) in alternative splicing of the fibronectin reporter,
suggesting that these RS domains are interchangeable and do
not affect alternative splicing activity and/or specificity
(Fig. 2). Similarly, replacing the RS domain of SRp20 with
that of SF2/ASF (20,Fg¢ mutant) did not alter the activity of the
chimeric protein with either the E1A or the fibronectin splicing
reporters, confirming that the RS domains are interchangeable
(Figs 4 and 5).

Nucleic Acids Research, 2000, Vol. 28, No. 24 4829

In summary, this present study has shown that substrate
specificity in alternative splicing is determined by the nature of
the RRMs and that the RS domains are interchangeable, as has
been demonstrated for the constitutive splicing reaction. These
results demonstrate the modularity of SR proteins for their
alternative splicing function in vivo. Our previous results
showing different splice site activation specificities of the SF2/ASF
mutants depending on which of the two RRMs was deleted,
together with the results shown here, strongly suggest that
sequence-specific interactions may play a role in selecting
particular splice sites for activation. The dominant role of
RRM2 of SF2/ASF could be explained by two non-mutually
exclusive models. It is possible that the presence of this
domain confers SF2/ASF RNA binding specificity to the
chimeric proteins. Alternatively, RRM2 of SF2/ASF could
mediate protein—protein interactions, bringing wild-type SF2/ASF
or other SR proteins into play.
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