
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/99/$04.0010

Nov. 1999, p. 7347–7356 Vol. 19, No. 11

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Identification of a Bidirectional Splicing Enhancer: Differential
Involvement of SR Proteins in 59 or 39 Splice Site Activation

CYRIL F. BOURGEOIS, MICHEL POPIELARZ, GEORGES HILDWEIN, AND JAMES STEVENIN*

Institut de Génétique et de Biologie Moléculaire et Cellulaire, CNRS/INSERM/ULP,
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The adenovirus E1A pre-mRNA undergoes alternative splicing whose modulation occurs during infection,
through the use of three different 5* splice sites and of one major or one minor 3* splice site. Although this
pre-mRNA has been extensively used as a model to compare the transactivation properties of SR proteins, no
cis-acting element has been identified in the transcript sequence. Here we describe the identification and the
characterization of a purine-rich splicing enhancer, located just upstream of the 12S 5* splice site, which is
formed from two contiguous 9-nucleotide (nt) purine motifs (Pu1 and Pu2). We demonstrate that this sequence
is a bidirectional splicing enhancer (BSE) in vivo and in vitro, because it activates both the downstream 12S
5* splice site through the Pu1 motif and the upstream 216-nt intervening sequence (IVS) 3* splice site through
both motifs. UV cross-linking and immunoprecipitation experiments indicate that the BSE interacts with
several SR proteins specifically, among them 9G8 and ASF/SF2, which bind preferentially to the Pu1 and Pu2
motifs, respectively. Interestingly, we show by in vitro complementation assays that SR proteins have distinct
transactivatory properties. In particular, 9G8, but not ASF/SF2 or SC35, is able to strongly activate the
recognition of the 12S 5* splice site in a BSE-dependent manner in wild-type E1A or in a heterologous context,
whereas ASF/SF2 or SC35, but not 9G8, activates the upstream 216-nt IVS splicing. Thus, our results identify
a novel exonic BSE and the SR proteins which are involved in its differential activity.

Alternative splicing is a widespread mechanism for control-
ling gene expression in higher eucaryotes that allows the for-
mation of various messenger RNA isoforms from a single
transcribed gene (1, 9). Control of alternative splicing is pre-
dicted to require both cis- and trans-acting factors, which reg-
ulate the choice of 59 or 39 splice sites (59ss or 39ss, respec-
tively) either positively or negatively (4, 35). An increasing
number of exonic or intronic cis-acting sequences in the pre-
mRNA sequences of various genes have been described in
recent years, including splicing enhancers (see below for ref-
erences) and splicing silencers (10, 15, 37, 40, 64, 65), the
former being the most characterized cis-acting sequences.
Many splicing enhancers are purine rich and are present in
exons downstream of weak 39ss, whose utilization is then fa-
vored (16, 44, 63, 69, 78, 81). Non-purine-rich enhancers, also
present downstream of weak 39ss or in introns downstream of
the 59ss have also been identified (15, 23, 32, 45, 52, 54, 58).
Finally, it has been shown recently that splicing enhancers may
be present in exonic sequences of constitutively spliced pre-
mRNA (50, 60). Up to recently however, no exonic enhancer
located upstream of weak 59ss and activating them had been
well characterized.

Protein factors which have been proposed to be involved in
alternative splicing include the SR proteins, a family of essen-
tial splicing factors (for reviews see references 21 and 49). The
SR family includes a dozen members with designations be-
tween SRp20 and SRp75, which contain one or two RNP-type
RNA binding domains in their amino-terminal parts and an
arginine/serine-rich domain (RS domain) in their carboxy-ter-
minal regions. In constitutive splicing, SR proteins are first

involved in the formation of the early prespliceosomal com-
plex, the E complex (66), where they recruit the U1 snRNP to
the 59ss. This has been well documented for ASF/SF2, which
develops concomitant interactions with the U1 70,000 molec-
ular weight subunit (via protein-protein contact between their
respective RS domains) and with the pre-mRNA substrate
around the 59ss (through poorly specific RNA-protein interac-
tions) (39, 42, 85). Then, SR proteins are involved in spliceo-
some formation by forming bridges across introns and exons,
likely via protein-protein interactions with the U1 snRNP
bound at the 59ss on one hand and with the small subunit of
U2AF factor bound at the 39ss on the other hand (67, 77, 79).

SR protein involvement in alternative splicing regulation
was postulated after the demonstration that some individual
SR proteins influence the choice between multiple 59ss when
added to in vitro splicing assay mixtures (22, 27, 43, 82, 83) or
when transiently overexpressed in cultured cells (5, 75). Fur-
thermore, it has been shown that some SR proteins bind to
natural purine-rich enhancers specifically and that they are
able to activate the splicing of upstream introns under the
control of these enhancers (28, 44, 48, 56, 63, 66, 69). Inter-
estingly, evidence has been accumulated to show that individ-
ual SR proteins exhibit distinct properties, for instance, in
committing specific pre-mRNA to splicing pathways (20), and
that they have the ability to recognize distinct RNA sequences.
By using a SELEX approach, high-affinity binding sites for
ASF/SF2, SRp40, SC35, 9G8, and SRp20 and its Drosophila
homolog RBP1 have been identified (7, 33, 70, 71). Impor-
tantly, it has been shown that single or multiple copies of most
binding sites, except that of SC35, function as SR-dependent
enhancers in complementation assays (7, 70, 71). An approach
complementary to the classical SELEX approach, the so called
“functional” SELEX, has also been used to identify splicing
enhancers (14, 46, 59, 73). Taken together, all these studies
have led to the characterization of distinct classes of SR-spe-
cific enhancers, varying from highly purine-rich motifs recog-
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nized by ASF/SF2 to pyrimidine-rich motifs recognized by
SRp20, with more-balanced sequences recognized by SC35 or
9G8. Therefore, SR proteins, either individually or in the form
of complexes with other SR or SR-like polypeptides, should
have the ability to regulate multiple splicing events through the
use of a large variety of RNA motifs present within exons or
introns.

Although there is evidence for SR protein involvement in
natural alternative pre-mRNA models, there are only a few
examples in which the identity and the role of the factors
directly involved in the regulating process have been demon-
strated unambiguously. doublesex pre-mRNA splicing regula-
tion by RBP1 and Tra/Tra2 regulators through their binding to
doublesex repeat elements represents one of the best-charac-
terized examples (48). In contrast, it has been shown for other
systems that SR proteins are collectively involved or that one
particular SR species (the others were not analyzed) is able to
bind and to regulate splicing. Due to the complexity of the SR
protein family (for example the SRp30 proteins are formed by
at least four distinct species), however, these studies do not
provide a complete view of the individual involvement of var-
ious SR proteins within splicing regulation, and further anal-
yses are required to characterize more extensively natural al-
ternative splicing systems and the trans-acting factors which are
specifically involved.

One pre-mRNA model which has been frequently used to
analyze and compare SR protein activities is the adenoviral
E1A pre-mRNA. During early and late periods of adenovirus
infection, a splicing modulation which gives rise to various
mRNAs obtained from the alternative usage of three compet-
ing 59ss (3, 13), as well as a major downstream and a minor
upstream 39ss, occurs (26, 68, 74). We have previously shown
that the 13S-to-9S transition is triggered through a titration of
SR proteins (mainly SRp30, 9G8, SC35, and ASF/SF2) by
major-late transcripts which accumulate in nuclei late in infec-
tion (25, 38). Numerous studies have analyzed the ability of
individual SR proteins to promote various alternative splicing
patterns of E1A pre-mRNA in vitro (19, 31, 82) or in vivo (5,
62, 75, 84). However, almost no study had been dedicated to
the identification of putative cis-acting elements on the E1A
pre-mRNA (55). Here we report the identification of a purine-
rich sequence located immediately upstream of the 12S 59ss.
We demonstrate that this element positively regulates both the
downstream 12S 59ss and the minor upstream 39ss in vitro and
in vivo. Alternative activation of one or the other splicing
reaction occurs through alternative binding of different SR
proteins (in particular 9G8, ASF/SF2, and SC35 proteins) on
two motifs of the enhancer. This is the first characterization of
a bidirectional splicing enhancer (BSE) and of its specific trans-
acting factors. These results provide strong evidence for the
contrasting roles of various SR proteins in 59ss or 39ss regula-
tion.

MATERIALS AND METHODS

Constructs. Constructs for in vitro splicing assays were derived from the Sp4
plasmid, which contains almost the complete E1A unit (61). Mutants were
obtained by insertion of synthetic oligonucleotides containing the modified se-
quence between BstXI and DraIII sites (mBstX-Dra) or between a DraIII and a
BglII site created 17 bp downstream the 12S 59ss (BSE mutants). Constructs with
a mutated 13S 59ss were obtained by replacing AccI fragments of the different
mutants with the same fragment from the Sp4/13S- plasmid (55). Constructs with
duplicated 12S splice sites were derived from the Sp1 plasmid (61). The 13S 59ss
was removed by an AccI digestion followed by mild S1 nuclease digestion (the
chosen deletion extends from 213 to 14 relative to this site) and then by
insertion of a BamHI-XbaI-SalI linker. In the D/D construct, DNA fragments
from positions 24 to 136 nucleotides (nt) relative to the 12S 59ss were inserted
in both BamHI and XbaI sites. Derived plasmids containing the wild-type or
mutant BSE were constructed by replacing the XbaI fragment of the D/D vector

with synthetic oligonucleotides recreating the E1A sequence from positions 220
to 18 nt relative to the 12S 59ss.

Constructs for UV cross-linking experiments were obtained by insertion of
synthetic oligonucleotides corresponding to a wild-type or mutant BSE between
SacI and PstI sites of the pGEM-3Zf(1) vector (Promega). For transfection
experiments, EcoRI-HindIII fragments from Sp4 and derivatives, containing the
inserted E1A unit, were transferred into the pXJ41 vector (a polylinker-modified
version of the pXJ40 plasmid described in reference 80).

In vitro splicing assays. In vitro splicing assays using Sp4 transcripts and
derivatives were done as previously described (55, 61). In order to obtain efficient
216-nt intervening sequence (IVS) splicing, 10 ml of nuclear extracts (NE) effi-
cient for this reaction, supplemented with 2 ml of cytoplasmic fraction S100, was
used, and the salt concentrations were adjusted to 48 mM KCl and 2.6 mM
MgCl2. Standard NE were checked and gave qualitatively similar results (data
not shown). Complementation assays were done with a mixture of S100 fraction
(8 ml), 15 to 45% ammonium sulfate nuclear fraction (3 ml) and NE (1 ml), and
KCl at a concentration of 60 mM. Baculovirus-purified recombinant proteins
(300 to 500 ng) (7, 8, 24) were preincubated with the reaction mixture for 5 to 10
min at room temperature before the addition of the transcript. In vitro splicing
with Sp1-derived transcripts was performed for 90 min, and complementations
were done in limiting conditions with 7 ml of S100 and 5 ml of NE supplemented
with 300 to 500 ng of recombinant proteins.

UV cross-linking. UV cross-linking and immunoprecipitation experiments
were performed as described previously (7). RNA probes were radiolabeled with
either [a-32P]ATP or [a-32P]CTP, as indicated in text and figure legends.

Transfections and RT-PCR analysis. HeLa cells were grown on Dulbecco’s
modified Eagle’s medium supplemented with 2.5% fetal calf serum. Cells (;106/
60-mm-diameter plate) were transfected by the CaCl2 procedure with 4 mg of
E1A reporter construct and 4 mg of carrier pBlueScript SK plasmid DNA
(Stratagene). Approximately 10% of cells were transfected, as checked by co-
transfection of a lacZ-expressing vector. At 48 h after transfection, cells were
harvested and total RNA was extracted with Trizol reagent (Gibco-BRL) and
treated with DNase. Reverse transcription (RT) was carried out on 1.5 mg of
total RNA with Moloney murine leukemia virus reverse transcriptase (Gibco-
BRL) for 1 h at 42°C. Different sets of primers were used for specific analysis of
the different splicing reactions (as indicated in the legend for Fig. 5), according
to the primer used for the RT. Primer sequences were as follows: a, 59-TTTG
GACCAGCTGATCGAAG-39; b, 59-GAGTCTGTAATGTTGGCGGT-39; c,
59-TAACCATTATAAGCTGCAAT-39; d, 59-AAGCTTGGGCTGCAGGTCG
A-39; e, 59-TTCAGAACACAGGACTGTAG-39. The cycle numbers were kept
to a minimum (15 to 19 cycles) to avoid strong amplification bias for the different
PCR fragments. Products were resolved on 6% (30/1) polyacrylamide gels and
visualized by SYBR Green I (Molecular Probes) staining.

RESULTS

Identification of a BSE. We have shown previously that the
splicing of the upstream intron of the E1A pre-mRNA, delim-
ited by the 9S 59ss and a weak 39ss located 216 nt downstream
(Fig. 1A) absolutely requires the presence of the 13S 59ss
located 260 nt downstream but not that of the 12S 59ss, which
is located at a more appropriate distance (122 nt) (55). Thus,
this suggested that the activation of 216-nt IVS splicing does
not result from a simple process of exon definition and that
other elements must be involved. To search for other cis-acting
elements, a preliminary set of deletions of variable length,
extending between the 216-nt IVS 39ss and the 13S 59ss, was
tested. We were able to define a region surrounding the 12S
59ss, from the BstXI site to the XmaI site (positions 930 to 1006
on the viral genome), but excluding the splice site, which ap-
pears to be involved in the activation of the upstream splicing
reaction (data not shown). Because of the presence of a pu-
rine-rich sequence upstream of the 12S 59ss, we focused our
attention on the region between the BstXI site and the 12S 59ss
(Fig. 1B). This region was subjected to mutations, and the
splicing of the resulting constructs was analyzed in vitro (Fig.
1C). The splicing of the wild-type E1A gives rise to the classical
pattern of alternative products (schematized in Fig. 1A) result-
ing from the major 13S reaction, the minor 12S reaction, and
the 216-nt IVS reaction, which occurs predominantly on the
13S mRNA and generates the well-represented 11S mRNA
(Fig. 1C, lane 1). As shown in Fig. 1C, mutation of the region
upstream of the purine-rich element (mBstX-Dra; lane 2) did
not affect the 216-nt IVS splicing and significantly decreased
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the amount of 12S mRNA which migrates just below 13S exon
1. In contrast, destruction of the purine-rich element by two
sets of mutations (m*BSE and mBSE) resulted in a dramatic
decrease of both the 12S and 216-nt IVS reactions (lanes 3 and
4, respectively). Because the purine-rich sequence could be
separated into two contiguous 9-nt elements (Pu1 and Pu2
motifs; Fig. 1B), we mutated each motif independently. Muta-
tion of the Pu1 motif (GACGACGAG) led to a severe inhi-
bition of the 12S splicing but affected the upstream 216-nt IVS
reaction more weakly (Fig. 1C, lane 5), indicating that activa-
tion of both reactions may be uncoupled. In contrast, mutation
of Pu2 element (GAUGAAGAG) did not interfere with the
12S splicing and even improved it slightly, whereas it inhibited
the 216-nt IVS reaction significantly (compare lane 6 to lane
1). This suggested that the single Pu1 motif is involved in the
12S splicing activation, whereas both Pu1 and Pu2 are required
for an optimal activation of the 216-nt IVS reaction, most
likely through the activation of its weak 39ss. Finally, analysis of
the purine-rich sequence mutation in the context of an inacti-
vated 12S 59ss (lanes 9 and 10) shows that the regulation of the
216-nt IVS splicing is independent of the presence or absence
of a functional 12S 59ss. Because of the independent upstream
and downstream enhancer activities of this exonic sequence,
we called it a BSE.

Because the Pu1 and Pu2 motifs of the BSE differ by 2 nt
only (Fig. 1B), we replaced the wild-type element by a dupli-
cation of either the Pu1 or Pu2 motif (lanes 7 and 8) to assess
the level of specificity of these sequences. Interestingly, the
activation of the 12S splicing appears to be more sensitive to

the primary sequence of the elements than the activation of
216-nt IVS splicing, which is only weakly affected (compare the
12S and 11S mRNA variations in lanes 7 and 8 to those in lane
1). In particular, even the duplication of the Pu1 motif resulted
in a 12S splicing inhibition, suggesting that the inclusion of a
second Pu1 motif too close to the 12S 59ss could be deleterious
(lane 7). Whereas the existence of a splicing enhancer for the
216-nt IVS reaction was not unexpected because of the weak-
ness of its 39ss (26), the identification of a 12S splicing en-
hancer seemed rather surprising. As the 12S 59ss is strongly
competed by the predominant 13S 59ss in vitro when the wild-
type Sp4 transcript is used, it was important to determine the
effects of the BSE in the absence of a functional 13S 59ss (Fig.
1C, lanes 11 to 16). Note that with the 13S mutated transcript,
the 216-nt IVS reaction became almost undetectable, as shown
previously (55). In its wild-type context, the 12S splicing be-
came predominant in the mutant 13S 59ss transcript (lane 11).
However, mBSE or mPu1 mutations induced an almost com-
plete (lane 12) or a dramatic (lane 13) 12S splicing inhibition,
as observed previously (lanes 3 to 5), whereas the Pu2 motif
mutation was without effect (lane 14). This confirms that only
the Pu1 motif is highly required for the occurrence of the 12S
reaction. As expected, Pu1 or Pu2 duplication led to effects
that were less strong than those in the presence of the 13S 59ss,
but replacement of the Pu1 motif by a second Pu2 motif still
resulted in a significant 12S splicing inhibition (lane 16),
whereas Pu1 duplication led only to a weaker 12S inhibition
(lane 15). Thus we have identified a BSE, and our data show

FIG. 1. A purine-rich sequence separately activates two distinct splicing reactions. (A) Structure of the Sp4 transcript and mRNA for alternative splicing reactions
of the adenovirus type 2 E1A unit. Boxes represent the exons, and lines represent the introns. Note that sequences represented by hatched boxes and grey boxes act
as intronic sequences when 9S or 12S splicing reactions occur. The hairpin structure of the 216-nt intron is indicated (12). Restriction sites: B, BstXI; D, DraIII; X, XmaI.
Different mRNA isoforms obtained by alternative splicing of the Sp4 transcript are schematized below the pre-mRNA structure. (B) Sequence of the 12S 59ss region
of the E1A unit. Nucleotides 936 to 978 (in the adenovirus type 2 viral genome) of the wild-type (wt) sequence are represented. Exonic nucleotides are in uppercase,
and intronic nucleotides are in lowercase. The BSE is underlined and divided into two halves, namely, Pu1 and Pu2. Only the mutated nucleotides of the different
constructs are indicated. (C) In vitro splicing assays. Splicing reactions were carried out with various transcripts, as indicated above the lanes. Lanes 1 to 8, transcripts
with wild-type splice sites; lanes 9 and 10, transcripts with mutant 12S 59ss; lanes 11 to 16, transcripts with mutant 13S 59ss. Products of the different splicing reactions
are indicated along the sides of the gels. Asterisks, mRNA obtained by using two cryptic 59ss located between the 12S and the 13S 59ss (55); arrowhead, a premature
transcription termination.
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that both Pu1 and Pu2 motifs are involved differentially in
upstream and downstream activations.

SR proteins interact with the BSE. To analyze whether
cellular factors, in particular SR proteins, interact with the
BSE, we performed UV cross-linking experiments with pro-
teins of NE or cytoplasmic fraction S100 and a 55-nt probe
containing labeled wild-type or mutant BSE. We observed that
the BSE cross-linked with a high-molecular-weight protein
from S100 (Fig. 2A, lane 1). In contrast, the BSE interacted
efficiently with proteins of about 35 and 40 kDa present in NE
(lane 3), or in S100 supplemented with purified total SR pro-
teins (lane 2), suggesting that the two bands could represent
SRp30 and SRp40 proteins, respectively. This binding was se-
quence specific because signals were almost totally abolished
with a mutated BSE (lane 4) or by the addition of an excess of
a cold homologous competitor, but not by the addition of a
mutated competitor (data not shown). We further confirmed
the identity of these nuclear adducted proteins by immunopre-
cipitating them with an SR-specific antibody, the monoclonal
antibody 10H3 (7) (data not shown). The facts that Tra2 pro-
tein was not detected in purified SR protein preparations (72)
and that a recombinant SRp40 added to S100 extract cross-
linked to the BSE (data not shown) indicate that the 40-kDa
protein detected in NE mainly represents SRp40 rather than

Tra2. Interestingly, mutation of the Pu1 motif alone resulted in
a decrease in SRp30 band intensity while the SRp40 band was
less affected (lane 5); the converse happened with the mutated
Pu2 sequence (lane 6). This suggested first that Pu1 and Pu2
motifs correspond to real entities of the BSE and second that
SRp40 is not primarily involved in BSE-dependent 12S activa-
tion because it binds to the Pu2 motif preferentially. As ex-
pected, duplications of Pu1 or Pu2 motifs resulted in an in-
crease of the signals observed relative to those observed with a
single Pu1 or Pu2 motif (compare lanes 7 to 6 and 8 to 5).

It was of interest to analyze the ability of the three major
SRp30 proteins to interact with BSE and derivatives. Thus, we
immunoprecipitated the cross-linked SR proteins with specific
antibodies directed against each of these factors. With [a-32P]
CTP labeling of BSE, which leads to a labeling of the Pu1 motif
only, we observed an efficient binding with 9G8 (Fig. 2B, lane
2) and weaker binding with ASF/SF2 or SC35 (lanes 3 and 4),
whereas uniform [a-32P]ATP labeling resulted in more-com-
parable interactions with 9G8 and ASF/SF2 (Fig. 2C, lanes 2
and 3). To determine what the preferential 9G8 and ASF/SF2
targets are, we used other BSE-derived sequences. We show
that 9G8 binds the Pu1 probe more efficiently than ASF/SF2 by
using the mPu2 and Pu1 x2 probes (Fig. 2C, lanes 5 and 6 and
8 and 9, respectively), in agreement with the fact that the Pu1
motif GACGACGAG is very similar to a 9G8 consensus motif
AGAC(G/U)ACGAPy identified by SELEX (7). With the du-
plicated Pu2 motif, we observed the converse situation (lanes
11 and 12). Thus, our data indicate that endogenous 9G8 and
ASF/SF2 present in NE bind preferentially to the Pu1 and Pu2
motifs, respectively, but that they also bind more moderately to
the respective BSE counterpart, whereas SRp40 interacts with
the Pu2 motif preferentially (Fig. 2C; compare lanes 1 and 10
to lanes 4 and 7). Our results also show that other SR proteins
do not bind significantly to the BSE, although a weak band
perhaps corresponding to the cross-linking of SRp55 was de-
tected in certain conditions (Fig. 2A, lanes 2 and 5).

Differential splicing activation by SRp30 proteins. Results
of Fig. 1 show that the activation of 12S and 216-nt IVS reac-
tions through the BSE can be uncoupled, suggesting that the
splicing activations could be due to different trans-acting fac-
tors. To analyze the effect of different SRp30 proteins, we
added individual SR proteins to assay mixtures containing lim-
iting amounts of SR proteins (see Materials and Methods) and
we analyzed the splicing of the wild-type E1A transcript. We
observed that each SRp30 species induced the major 13S splic-
ing at the same level (Fig. 3A; compare lanes 2, 3, and 4 to
control lane 1). However, 9G8 reactivated significantly the 12S
splicing and not the 216-nt IVS reaction (lane 2), whereas
ASF/SF2 or SC35 (lanes 3 and 4) or a mixture of both proteins
(data not shown) reactivated the 216-nt IVS splicing (11S
mRNA) but not the 12S splicing. This is in agreement with the
good match between the Pu1 motif and 9G8-specific target
sequences and with the fact that the single Pu1 motif is re-
quired for optimal 12S splicing (see above). The 12S activation
by 9G8 is sequence dependent, because changing the Pu1 mo-
tif in Pu2 in the Pu2 x2 transcript resulted in a strong 12S
splicing decrease in the presence of 9G8 (lane 6). As expected
from the results shown in Fig. 1, the activation of the 216-nt
IVS reaction by ASF/SF2 and SC35 was not strongly affected
by such a purine substitution (compare lanes 7 and 8 to 3 and
4). As shown in Fig. 3B, similar results were obtained for the
12S reaction when the 13S 59ss was mutated. In particular, only
9G8 (lane 2) activated strongly the 12S splicing in a Pu1-
dependent manner, since the 12S activation is weaker with the
Pu2 x2 transcript than with the wild-type transcript (lanes 6 and
2). In contrast, the 12S splicing observed with SC35 or ASF/

FIG. 2. The BSE binds several SR proteins specifically. (A) UV cross-linking
experiments were done with [a-32P]ATP-labeled wild-type (wt) or various mu-
tated BSE RNAs (see Fig. 1B for sequences) in the presence of the S100 fraction
(lane 1), S100 supplemented by a total-SR preparation (lane 2), or NE (lanes 3
to 8). (B) Immunoprecipitation assay with [a-32P]CTP-labeled wild-type BSE.
Standard UV cross-linking reaction mixtures with NE were immunoprecipitated
with antibodies specific for individual SR proteins as indicated at the top of each
lane (9G8, ASF/SF2, or SC35). The amounts of immunoprecipitated loaded
samples correspond to about four times the amounts of control samples. (C)
Immunoprecipitation assays with [a-32P]ATP-labeled probes. Experimental con-
ditions were as described for panel B, with BSE and derivatives used as probes,
as indicated above each gel. Only 9G8 and ASF/SF2 antibodies were used in this
experiment. The time exposure for lanes 5 and 6 corresponds to three times that
for lane 4.
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SF2 was weaker and BSE independent (compare lanes 3 and
4 to lanes 7 and 8). Finally, we observed that all splicing as-
says performed in the presence of 9G8 (Fig. 3, lanes 2 and 6)
allowed a significant amount of 9S IVS in the upper part of the
gel to be detected, indicating that the common 9S or 216-nt
IVS 59ss is well recognized. Therefore the absence of activation
of the 216-nt IVS reaction by 9G8 observed in Fig. 3A is not
due to a silencing of the upstream 59ss but rather to an absence
of activation of the 39 part of the 216-nt intron.

9G8 activates the BSE-dependent 5*ss in a heterologous
context. To analyze further the role of the BSE and SRp30
proteins in the activation of the downstream 12S splicing re-
action, we inserted the BSE and the contiguous 12S 59ss in a
heterologous context. We used a simplified E1A transcript
(Fig. 4A) in which the 13S 59ss was replaced by two BSE-
lacking 12S 59ss in the control transcript (D/D). With this
transcript, the distal site was preferentially recognized by the
splicing machinery from NE (Fig. 4B, lane 1). Strikingly, the
insertion of the BSE in its natural position upstream of
the proximal 59ss resulted in a strong splicing activation and in
a complete shift toward the proximal site (lane 2), whereas the
mutated BSE had only a poor effect (lane 3). As expected, the
presence of the wild-type enhancer became more dispensable
for proximal 59ss selection when the strength of this site im-
proved (compare lanes 4 and 5 to lanes 2 and 3).

Next we analyzed the action of the three BSE-interacting
SRp30 proteins on the D/BSE-D transcript in suboptimal splic-
ing conditions (Fig. 4B). The addition of each of the individual
SR proteins, 9G8, SC35, or ASF/SF2, resulted in an efficient
recognition of the proximal 59ss for the three factors (lanes 8 to
10 compared to lane 7). However, the activation by 9G8 pro-
tein is strongly BSE dependent because mutation of the BSE
resulted in a dramatic decrease of splicing at the proximal site
and a shift toward the distal site and a cryptic site located at the

beginning of the transcript (compare lane 13 to lane 8), as in
NE (lane 11). In contrast, splicing obtained with SC35 and
ASF/SF2 was less affected by the BSE mutation (compare
lanes 14 and 15 to lanes 9 and 10), suggesting that the splicing
observed with these two SR proteins was due, primarily at
least, to their general property of favoring the use of the
proximal site in competing 59ss transcripts. Thus, we conclude
that, among the SRp30 proteins which bind to the BSE, only
9G8 exhibits a strong BSE-dependent downstream transacti-
vatory property whether the BSE and the contiguous 12S 59ss

FIG. 3. SR proteins activate 12S and 216-nt IVS splicing reactions differen-
tially. (A) In vitro splicing of transcripts with wild-type (wt) splice sites. Comple-
mentation of the splicing of two different transcripts (wt Sp4 [lanes 1 to 4] and
Pu2 x2 transcript [lanes 5 to 8]) was performed in limiting conditions (lanes 1 and
5, assays without SR protein), as described in Materials and Methods, or with
fixed amounts of individual purified recombinant SR proteins 9G8, ASF/SF2,
and SC35, as indicated at the top of each lane. (B) Same experiment as that
shown in panel A, but with mutant 13S 59ss transcripts. Lanes 1 and 5, assays
without supplemented SR protein.

FIG. 4. 9G8 factor activates 12S splicing specifically in a BSE-dependent
manner in a heterologous context. (A) Schematic representation of the transcript
with duplicated 12S 59ss. Two copies of the BSE-lacking 12S 59ss (D) each
surrounded by 4 exonic nucleotides (open region at base of arrowhead) and by
36 intronic nucleotides (thick line) were inserted between BamHI (B) and XbaI
(X) sites of a linker at the place of the natural E1A 13S 59ss, to give rise to the
D/D construct. Light grey boxes and thin line: natural exonic and intronic regions
of the E1A unit, respectively. The proximal site was next replaced by a wild-type
(D) or an improved (D1) 12S 59ss, preceded by the wild-type or mutant BSE
(mBSE), giving rise to four new constructs: D/BSE-D, D/mBSE-D, D/BSE-D1,
and D/mBSE-D1. (B) In vitro splicing assays. Standard experiments using NE
(lanes 1 to 6 and 11) or complementation experiments with a fixed amount of SR
proteins (lanes 7 to 10 and 12 to 15) were performed as described in Materials
and Methods. Splicing products resulting from the utilization of the proximal
(prox.), distal (dist.), or cryptic (crypt.) 59ss (located 88 nt upstream of the distal
site) are indicated alongside the gel. Lanes 7 and 12, assays without SR protein.
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are positioned in their wild-type context (Fig. 3) or in a heter-
ologous context (Fig. 4).

The BSE presents the same activity in vivo as in vitro. In
order to find out if the BSE identified in vitro is also active in
vivo, we inserted the E1A unit and derivatives into an expres-
sion vector and performed transfection experiments with HeLa
cells (Fig. 5A; see Materials and Methods for details). Total
extracted RNA was analyzed by RT-PCR with a limited num-
ber (15 to 19) of cycles, and the results are shown in Fig. 5B. A
first general analysis with external primers a and c revealed all
expected mRNA products, i.e., major 13S, 12S, and 9S mRNA,
as well as minor 11S and 10S mRNA resulting from the 216-nt
IVS reaction (lane 3). With these primers however, synthesis of
the DNA corresponding to the 9S mRNA was favored during
the RT and PCR processes due to the small size of the DNA,
so that a limited imbalance in 13S and 9S mRNA production
with mutated BSE constructs was amplified (lanes 4 to 6 and
data not shown). Use of primers b and d (lanes 7 to 11) and a
and e (lanes 12 to 14) allowed a more quantitative comparison
of 12S and 216-nt IVS reactions, respectively. Whereas the 12S
splicing appeared to be efficient in vivo on the wild-type E1A
construct (Fig. 5B, lanes 3 and 7), mutation of the BSE led to
a severe 12S inhibition (more than 85%; compare lanes 4 to 3
and 8 to 7). Similar results were obtained when the BSE was
mutated in m*BSE (data not shown) or mPu1 (lanes 5 and 9)
constructs. In contrast, as observed previously in vitro (Fig. 1),
the Pu2 motif mutation significantly improved the 12S splicing
efficiency relative to that of 13S (compare lanes 10 to 7 and 6
to 3). This confirms that the Pu2 motif may have a slight
deleterious effect on the 12S 59ss activation, either by binding
one SR protein too close to the 12S 59ss or by decreasing the

9G8 binding on the Pu1 motif. Effects of BSE mutations on the
216-nt IVS splicing were analyzed with primers a and e, and
the analysis revealed 13S and 11S products (lanes 12 to 14).
The data show a strong inhibition (more than 90%) of the
216-nt IVS splicing occurring on the 13S mRNA when the BSE
or Pu2 motif is mutated (compare lanes 12 to 14). Although
the 10S mRNA is still weakly detected with the mPu2 construct
by using external primers a and c (lane 6), the 216-nt IVS
splicing appeared to be more sensitive to either a Pu1 or Pu2
mutation in vivo than in vitro (Fig. 1). Finally, the 9S splicing
reaction was also stimulated, especially with the mutated BSE
or Pu1 constructs (lanes 4 and 5), and this stimulation is likely
the consequence of both 12S and 216-nt IVS splicing inhibi-
tion. Note, however, that the use of primers specific for 9S
splicing indicated that this activation is weaker than that ob-
served with primers a and c (data not shown). Taken together,
our results demonstrate that the BSE is fully functional in vitro
and in vivo and that it is absolutely required to promote 12S
59ss activation and efficient 12S splicing, as well as 216-nt IVS
39ss activation.

DISCUSSION

By searching for predicted cis elements involved in the splic-
ing activation of the E1A pre-mRNA 216-nt intron, we have
identified a novel enhancer element located in an exonic se-
quence close to the 12S 59ss, which exhibits upstream and
downstream activity (Fig. 6A). Until now, only one bidirec-
tional element has been clearly identified, i.e., that in the rat
FGFR-2 gene (6), which mediates upstream exon IIIb activa-
tion and downstream exon IIIc repression independently. The
factors which bind to this intronic element have not been
identified. It should also be noted that an exonic splicing ele-
ment within the alternative exon 6 of b-tropomyosin has been
shown very recently to be important for the use of both weak
upstream 39ss and downstream 59ss, but in this example, the
analysis of the positive effect on 59ss recognition was not un-
coupled from that on 39ss recognition (63).

We have demonstrated that the downstream activation of
the 12S mRNA reaction essentially depends on the Pu1 ele-
ment of BSE, which is highly similar to the high-affinity 9G8
binding sequences (7, 59). In agreement with this result and
cross-linking experiments (Fig. 2), we show that 9G8 strongly
activates 12S mRNA splicing whereas ASF/SF2 or SC35 can-
not activate the 12S reaction in its natural context (Fig. 3).
However, this is not due to an inefficiency of these last two SR
species to use the 12S 59ss per se because this site was used
efficiently by ASF/SF2 and SC35 either when it was moved to
a heterologous context (Fig. 4) or in the presence of a large
excess of these SR proteins (31, 75) (see below).

Up to now, only one clear natural example of downstream
activation of a 59ss has been demonstrated. In the Drosophila
fruitless gene, the female-dependent 59ss is activated by means
of Tra/Tra2 repeat elements located between 38 and 238 nt
upstream (34). A downstream activation has also been ob-
served in chimeric models in which duplicated copies of an
enhancer from a-tropomyosin exon 2 were inserted in an ar-
tificial adenovirus substrate (17) or in which the multipartite
cardiac troponin T enhancer contained in exon 5 replaced the
natural caldesmon enhancer (18). In this last model, the spe-
cific sequence, located 132 nt upstream of the activated 59ss, is
a short GACGACG motif, which is identical to the first 7 nt of
our BSE Pu1 motif. Interestingly, such a downstream 59ss
activation could be the basis of more complicated systems. For
instance, in the alternative polyadenylation of the calcitonin/
calcitonin gene-related peptide pre-mRNA, it has been pro-

FIG. 5. The BSE exhibits the same effect in vivo as in vitro. (A) Represen-
tation of the minigene used in transfection experiments. The E1A unit (see also
Fig. 1 legend) was subcloned in the pXJ41 vector (80) under the control of the
human cytomegalovirus promoter, followed by simian virus 40 (SV-40) polyad-
enylation signals. Primers used for RT and PCR are represented by arrows. The
position of the BSE is indicated. (B) Results of RT-PCR. Wild-type (wt) E1A or
mutants mBSE, mPu1, and mPu2 (see Fig. 1B for sequences) were transfected in
HeLa cells (see Materials and Methods for details). Total RNA was extracted
and analyzed by RT-PCR followed by nondenaturing polyacrylamide gel elec-
trophoresis. Lanes 2 and 11, PCR control with pXJ41-E1A plasmid as a matrix;
lane 1, pSP65/MspI marker (501, 489, 404, 242, 228, 223 and 190 bp). Different
sets of primers were used according to the various splicing reactions analyzed. In
each panel, the downstream primer was used for both RT and PCR. Primers a
and c, general E1A splicing pattern; primers b and d, 13S and 12S mRNA
analysis; primers a and e, 13S and 11S mRNA analysis.
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posed that SRp20 binding to a polypyrimidine tract might
stabilize the interaction of U1 snRNP with the enhancer 59ss
located just downstream (47). This could also be the case for
the negative regulator of splicing of Rous sarcoma virus (37,
51).

What is the exact mechanism of the downstream activation
by SR proteins or SR-related polypeptides? The general role
of SR proteins in the constitutive formation of the earliest
prespliceosomal complex E is well enough understood (39, 42,
66, 85). In contrast, the mechanism of action of SR proteins for
selecting between several 59ss is more obscure, specifically,
when strong SR protein binding sites do not exist on the pre-
mRNA or have not been defined. For instance, the presence of
increasing amounts of ASF/SF2 promotes the splicing of prox-
imal 59ss among equivalent alternative sites (27, 43), and it has
been proposed that this results in an increasing binding of U1
snRNP to all 59ss indiscriminately (19). However, this mecha-
nism could not be applied fully to the E1A pre-mRNA because
in its natural context, the 12S 59ss is not used efficiently in the
presence of ASF/SF2, even when the 13S 59ss is inactivated
(Fig. 3). The weak ability of ASF/SF2 to activate 12S splicing is
in apparent disagreement with previous observations per-
formed either in vitro (31) or in vivo after the overexpression
of ASF/SF2 (75). However, in contrast to both these previous

studies, our experiments were performed with more-limiting
amounts of active ASF/SF2 or SC35, so that the general prop-
erty of these SR proteins to enhance the use of the most
downstream 59ss might be limited.

Conversely, when a strong binding site for one competent
SR protein is present upstream of an alternative 59ss (9G8 for
the E1A 12S 59ss), we can propose an activation mechanism in
which the first event is an efficient binding of the competent SR
protein. This binding could subsequently promote recognition
of the close 59ss by U1 snRNP and/or complex formation on
the 59ss (Fig. 6B). Whether the activating SR protein is in-
volved as a single SR molecule in the U1 snRNP–59ss complex
formation or whether other molecules of the same SR species
or SR-related polypeptides are also involved is not known.

We demonstrate that, in addition to its downstream activity,
BSE exhibits an upstream activity towards the 216-nt intron
through the binding of ASF/SF2 or SC35 on the BSE Pu1 and
Pu2 motifs (Fig. 2 and 3). However, the whole activation mech-
anism is more complex than expected because we have shown
previously that the 13S 59ss also plays an important role in the
activation of the 216-nt IVS 39ss (55). Due to the occurrence of
the exon definition process, which promotes very early cross
talk between 39ss and 59ss through exonic sequences (57; re-
viewed in reference 2), the coordinated mechanism that we
reveal for 216-nt IVS 39ss activation is not unexpected (Fig.
6C). For instance, it can also occur for regulated alternative
splicing of cassette exons or mutually exclusive exons contain-
ing exonic enhancers. However, in contrast to what was found
for the E1A model, in which the 13S 59ss is already a quite
strong site, the downstream 59ss of these models are frequently
of weak strength and their improvement leads often to an
almost constitutive splicing (53, 63).

Our results, as well as those obtained previously (55) strong-
ly suggest that both the BSE and the 13S 59ss function syner-
gistically rather than additively to activate the 216-nt IVS 39ss
because a mutation of one of them severely affects 216-nt IVS
splicing. Thus, it appears that the E1A pre-mRNA model dif-
fers from that of pre-mRNA substrates containing similar ac-
tivatory elements: either doublesex repeats or SR-specific ele-
ments. Within these systems, it has been shown that activatory
elements of a similar nature function additively rather than
synergistically, implying that several elements work indepen-
dently rather than coordinately (36). For the E1A model, in
contrast, we can speculate that the enhancer complexes formed
on the 13S 59ss and BSE are different so that each of them
brings specific activatory factors which could then act synergis-
tically (Fig. 6C). The exact activation mechanism and the step
at which the synergistic process takes place are not known. One
possibility was that the BSE acts simply by strengthening the cis
activity of 13S 59ss, which is located at the upper limit (about
300 nt) for efficient involvement (2). This cannot be the only
role of the BSE, however, because we have shown that large
deletions in the E1A pre-mRNA which remove the BSE and
12S 59ss but bring the 13S 59ss closer to the 216-nt IVS do not
allow the 216-nt IVS splicing to activate significantly (unpub-
lished results).

A final particularity of the E1A model is that the 12S 59ss,
although ideally located, does not function for the cis activa-
tion of 216-nt IVS splicing (55). Interestingly, our results bring
a plausible explanation for this feature. Indeed, although only
9G8 among the tested SRp30 proteins is able to activate the
12S 59ss by interacting with the BSE, this SR is unable to
promote the upstream activity of the BSE; the converse is true
for ASF/SF2. This suggests that a coordinated process involv-
ing both the BSE and the 12S 59ss for 216-nt IVS splicing

FIG. 6. Model for alternative effect of SR proteins on E1A 12S and 216-nt
IVS splicing reactions through the BSE. (A) General activation mechanism of
both splicing reactions by the BSE. Only the region from the 216-nt IVS 39ss to
the 12S 59ss is schematized, with lines representing the introns and boxes rep-
resenting the exon. Sequences of Pu1 and Pu2 motifs of the BSE are indicated
under the exon. Both halves of the BSE are necessary to activate efficiently the
upstream 216-nt IVS splicing reaction, whereas only the Pu1 motif is required for
12S reaction activation. (B) Activation hypothesis for the downstream 12S splic-
ing reaction. 9G8 binds to the first part of the BSE (Pu1 motif) and stabilizes the
binding of the U1 snRNP at the 59 splice site, either directly by interaction with
one component of the U1 snRNP or indirectly. (C) Hypotheses for the coordi-
nated activation of the upstream splicing reaction. ASF/SF2, SC35, or possibly
SRp40 proteins bind to the BSE and enhance the recognition of the weak 216-nt
IVS 39ss, likely by protein-protein interactions with U2AF35. We do not know if
the 13S 59ss-mediated activation involves direct interactions with the splicing
machinery at the 216-nt IVS 39ss, as a simple exon definition process, or if
interactions with the BSE activation complex occur first.
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activation, comparable to that involving the BSE and the 13S
59ss, cannot be favored within the wild-type E1A RNA.

Taken together, our data strongly suggest that the BSE’s
bidirectional activity is dependent on which SR proteins bind
to the BSE, with 9G8 on one hand and ASF/SF2 and SC35 on
the other displaying distinct downstream or upstream activities
in the E1A pre-mRNA model that we analyzed. This does not
mean that these activities correspond to absolute intrinsic
properties of these SR proteins, however, because we and
others have shown that 9G8 is also able to promote upstream
39ss activation in the native doublesex pre-mRNA (48) or in
chimeric substrates containing 9G8-specific enhancers (7, 59).
Therefore, it is expected that specific characteristics of both SR
proteins and E1A pre-mRNA are involved in the distinct prop-
erties of 9G8, ASF/SF2, and SC35. In addition to the estab-
lishment of different RNA-protein interactions with the BSE
and 12S 59ss, directly dependent of their RNA binding do-
mains, it is likely that specific features related to the RS do-
mains of these SR proteins are also important. Comparisons of
RS domain activities have led to variable conclusions accord-
ing to the specificity levels of the experiments. Thus, domain
swaps between SC35 and ASF/SF2 by using a functional com-
mitment assay (11) and studying the abilities of various RS
domains to replace in vivo that of ASF/SF2 after genetic inac-
tivation of endogenous ASF/SF2 (76) have shown a good in-
terchangeability for the tested functions. In contrast, analyses
of the abilities of various RS domains to activate in vitro
enhancer-dependent splicing show that RS domains display
distinct splicing activities (29). Therefore, it is possible that,
according to the abilities of their RS domains to interact di-
rectly or indirectly with the U1 snRNP positioned downstream,
9G8 and ASF/SF2 may or may not activate U1 snRNP–12S 59ss
complex formation.

Finally, because our work is the first to establish a link
between an in vitro effect of a given SR protein and a cis-acting
element present on the E1A pre-mRNA, it was interesting to
compare our results to the numerous studies which have used
E1A pre-mRNA as a model to analyze alternative splicing
activities of individual SR proteins (5, 19, 31, 62, 75, 82, 84).
The strong 13S 59ss activation versus the activation of distal
12S and 9S sites in the presence of an excess of ASF/SF2 or
SC35 generally observed both in vitro (19, 31, 82) and in vivo
(5, 62, 75, 84) has been ascribed to a strong position-dependent
process that promotes the use of downstream 59ss. In contrast
to their role in 13S splicing regulation, the role of ASF/SF2 and
SC35 in 216-nt IVS splicing has been poorly documented.
Indeed, 216-nt IVS splicing activation after the progressive
addition of ASF/SF2 to an S100 extract was observed only in
one in vitro study (31), whereas larger amounts of ASF/SF2 in
vitro (31) or overexpression in vivo (5, 62, 75, 84) did not favor
this reaction. In these conditions, however, some alterations of
particular splicing reactions have been observed (75). In con-
trast, the overexpression of SRp40 in vivo led to 216-nt IVS
splicing activation (62, 84). Thus, all these results fit reasonably
with the fact that ASF/SF2, SC35, and SRp40, play important
roles in upstream 216-nt IVS splicing activation by interacting
with one or both motifs of BSE.

Other SR proteins tested in vitro or in vivo, including
SRp20, SRp55, and SRp75 (62, 82), as well as 9G8 (this study),
have been shown to improve 12S splicing relative to 13S splic-
ing, whereas SR protein p54 activates upstream 9S splicing
(84). Improved 12S splicing by SRp20, -55, and -75 may result
in an absence of systematic preference for the proximal 13S
59ss, as well as in a better recognition of the 12S 59ss relative to
that by ASF/SF2 and SC35. However, because only SRp30 and
SRp40 proteins bind efficiently to the BSE in conditions of

competition between endogenous SR proteins present in a NE
(Fig. 2), this indicates that SRp20, SRp55, and SRp75 should
bind the BSE only moderately, if at all. In agreement with this,
we have shown in complementation assays that SRp20 acti-
vates 12S splicing moderately, but in a manner which is not
strictly dependent on the BSE (data not shown). In fact, it is
possible that cis elements other than BSE are also present in
the E1A pre-mRNA. For instance, we have some evidence that
RNA sequences downstream of the 12S 59ss are not neutral for
12S splicing, but no clear interactions of these sequences with
nuclear proteins have been detected (unpublished results).

Finally, the identification of the BSE should also allow a
better understanding of the modulation of E1A pre-mRNA
alternative splicing which occurs during the early and late
periods of infection. Due to the complexity of the SR protein
family and to the variety of individual SR protein effects on
E1A splicing, it was not possible to provide more-detailed data
about the mechanism of SR protein titration (specially that of
SRp30) that we proposed previously (38). More recently, it has
been shown that dephosphorylation of SR proteins occurs later
in infection and might also be responsible for adenoviral pre-
mRNA splicing modulation (41). However, no significant SR
protein dephosphorylation was detected during the infection
cycle by us or others (30, 38).

In conclusion, results presented here allow us to identify a
bidirectional enhancer in the E1A pre-mRNA which is abso-
lutely required for the 12S mRNA splicing in vivo. Interest-
ingly, the enhancer activity is regulated differentially by distinct
SR proteins. Further experiments are required to determine
the molecular bases of the specific properties of 9G8, ASF/
SF2, and SC35 in this bidirectional enhancer system.
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