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tially influence splicing activity (2, 4, 17, 21, 43, 49, 50). Recently, changes in RNA structure have been suggested to play
a role in pathogenetic processes involving the tau gene (27, 31,
66) and the dystrophin gene (48).
In the fibronectin (FN) gene, the influence of secondary
structure has been suggested to play an important role in
determining alternative splicing efficiency (52). This gene is a
useful system for investigation of alternative splicing because it
occurs in three developmentally regulated but noncoordinated
sites (EDA and EDB exons and the IIICS region), giving rise
to at least 20 different polypeptides in humans (24, 37, 47).
Furthermore, the functional relevance of these alternative
splicing events has been recently shown in a genetically engineered mouse model devoid of regulated EDA splicing (53). In
particular, inclusion of the EDA exon is totally dependent on
the presence of an 81-nucleotide (nt) sequence located within
its central region (42) that was subsequently found to contain
two cis-acting elements, a purine-rich human exonic splicing
enhancer (hESE [5⬘ GAAGAAGA 3⬘]) and a human exonic
splicing silencer (hESS [5⬘ CAAGG 3⬘]), located 13 nt downstream of the ESE (10). Aside from their enhancing or silencing function, these two elements are also very different in
context dependence. In fact, while the function of the hESE
element can be exported to at least some different exonic
contexts, the hESS function was observed to strictly depend on
the complete EDA exonic context (52). Even more strikingly,
we have reported that in a hybrid exon containing both EDA
and EDB exon sequences, the hESS element acquires the
properties of an enhancer sequence (52). Our results thus
raised the possibility that the function of the hESS element in
the EDA context might be to maintain the correct display of
the ESE sequence rather than to bind specific splicing regulatory proteins (52). Indeed, the importance of RNA secondary

The splicing process is a very flexible and critical step in gene
expression. In fact, selected removal or inclusion of individual
exons from nascent mRNA molecules allows a single gene to
generate multiple proteins with different primary structures; in
these cases, the process is known as alternative splicing (1, 38).
Constitutive and alternative splicing processes are catalyzed by
the spliceosome, a very complex RNA-protein aggregate that
has been recently estimated to contain approximately 145 different proteins in addition to the five spliceosomal snRNAs (1,
38, 41, 68). These factors are responsible for accurate positioning of the spliceosome on the 5⬘ and 3⬘ splice sequences that
define the exon. However, correct positioning of the spliceosome is a very complex process owing to the degeneracy of the
splice site consensus sequences, the presence of cryptic splice
sites in large introns, and the fact that most pre-mRNAs contain multiple introns (26). Therefore, the action of several
different proteins is required to achieve accurate positioning of
the spliceosome on the splice site. Not surprisingly, alterations
in the splicing process have been increasingly reported as being
involved in many genetic diseases (5, 8, 13, 23, 58). Among the
well-known factors that may heavily influence the identification of intron-exon boundaries by the spliceosome are the exon
length (3, 65), the presence of splicing enhancer and silencer
elements (5, 38), the strength of splicing signals (26), and the
promoter architecture (19, 33). In addition to these factors, it
has been proposed that the natural tendency of RNAs to fold
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In humans, inclusion or exclusion of the fibronectin EDA exon is mainly regulated by a polypurinic enhancer
element (exonic splicing enhancer [ESE]) and a nearby silencer element (exonic splicing silencer [ESS]).
While human and mouse ESEs behave identically, mutations introduced into the homologous mouse ESS
sequence result either in no change in splicing efficiency or in complete exclusion of the exon. Here, we show
that this apparently contradictory behavior cannot be simply accounted for by a localized sequence variation
between the two species. Rather, the nucleotide differences as a whole determine several changes in the
respective RNA secondary structures. By comparing how the two different structures respond to homologous
deletions in their putative ESS sequences, we show that changes in splicing behavior can be accounted for by
a differential ESE display in the two RNAs. This is confirmed by RNA-protein interaction analysis of levels of
SR protein binding to each exon. The immunoprecipitation patterns show the presence of complex multi-SR
protein-RNA interactions that are lost with secondary-structure variations after the introduction of ESE and
ESS variations. Taken together, our results demonstrate that the sequence context, in addition to the primary
sequence identity, can heavily contribute to the making of functional units capable of influencing pre-mRNA
splicing.
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MATERIALS AND METHODS
Plasmid construction. Constructs hTot, h⌬2e, h⌬4, mTot, and m⌬A have been
previously described (10, 54). The m⌬B5, m⌬B6, Ah⌬B5, Ah⌬B5AhTh,
Ah⌬B53h, Am⌬B53h, and m/h⌬4Cm mutations were introduced by PCR-directed mutagenesis starting from the mouse EDA minigene as previously described (54). Plasmid ESEx2 was obtained by cloning into the PstI site of pBluescript II SK⫹ the sequence 5⬘ CTGATGGTGAAGAAGACACTGCACCTGA
TGGTGAAGAAGACACTGCAG 3⬘ in such a way as to allow multiple
insertions. Sequence analysis confirmed the presence of two inserts in the correct
orientation. Plasmid NF-1 IVS37 was obtained by amplification of a 170-nt-long
intronic region from nt 131 to nt 305 of IVS37 in the NF-1 gene by using sense
and antisense primers 5⬘ CCTCTTAAAGTTTAGTTGTT 3⬘ and 5⬘ ACAGTA
CTTGGCAATAGCAGATAA 3⬘.
Cell culture, transfection, and RT-PCR analysis. NIH 3T3 cells were maintained in Dulbecco’s modified Eagle medium supplemented with 10% fetal calf
serum, 50 mg of gentamicin per ml, and 4 mM L-glutamine. Approximately 1.6 ⫻
106 cells were transfected with 5 g of specific plasmid purified by CsCl gradient
centrifugation and 3 g of T antigen expression plasmid (pb5⬘sVBglII) by means
of a modified calcium phosphate precipitation method (32) or DOTAP reagent

(Boehringer Mannheim) as suggested by the manufacturer. Cells were harvested
36 h after transfection. Total RNA was then prepared from the transfected cells
by a single-step extraction method with RNAzol TMB (TEL-TEST Inc.). A
standard reverse transcription (RT) protocol with Moloney murine leukemia
virus from Gibco/BRL was used. To perform the RT-PCR assay for analysis of
the alternatively spliced products, the cDNA was synthesized with an oligo(dT)
primer and then amplified by PCR with the primers previously described for the
human and mouse minigenes (10, 54). Four independent transfections were
carried out for each construct.
Enzymatic analysis of RNA secondary structure. Single-strand-specific (S1
nuclease and T1 RNase) and double-strand-specific (V1 RNase) enzymes were
used to analyze the secondary structure of the in vitro-transcribed RNAs. Singlestranded regions were identified by cleavage with RNase T1 (which cleaves in
correspondence to guanosine residues present in single-strand regions) and nuclease S1 (which cleaves single-stranded nucleic acids without base specificity).
Double-stranded or stacked regions were also identified by cleavage with RNase
V1 (which does not possess any base specificity). A sequencing reaction performed with the same primer used in the RT analysis was used to fit all of the
observed cleavage sites in the primary nucleotide sequence. The complete mouse
sequences originally inserted into the pSVED-A vectors were cloned into the
SmaI site of the pBluescript II SK⫹ plasmid and transcribed with T7 RNA
polymerase (Pharmacia Biotech). Enzymatic digestion was performed essentially
as previously described (52). Briefly, reaction mixtures contained 1 g of RNA
and 0.02 U of RNase V1 (Pharmacia Biotech), 0.5 U of RNase T1 (Sigma), or
20 U of S1 nuclease (Pharmacia Biotech) and were incubated at 30°C for 15 min.
A control aliquot of RNA without the addition of RNases was processed simultaneously with the digested samples. The RNase cleavage sites were identified by
primer extension with a 32P-end-labeled oligonucleotide primer (5⬘ GGGTGG
TGGGTGCGTTAA 3⬘), and the RT reaction products were loaded onto a 6%
polyacrylamide sequencing gel and exposed to Kodak X-Omat AR film for 12 to
24 h. The results were then used to optimize the RNA secondary-structure
predictions performed by the mFold program (available at The European mFold
Server [http://bibiserv.techfak.uni-bielefeld.de/mfold/]) (70).
IP of SR proteins following UV cross-linking. The RNA probes used in this
study (hTot, h⌬2e, h⌬4, mTot, m⌬A, m⌬B5, m⌬B6, and NF-1 IVS37) were
obtained by cloning into pBluescript KS⫹ the human and mouse sequences both
wild type and carrying the different mutations. In order to avoid possible interference with other factors binding to the first half of the mouse and human EDA
exon, only the sequences from nt 107 to nt 270 of the human exon and from nt
103 to nt 270 of the mouse exon were cloned. Each plasmid was then linearized
with the appropriate restriction enzyme and transcribed with T7 RNA polymerase in accordance with standard procedures. Plasmid ESEx2 was transcribed with
T3 RNA polymerase and T7 RNA polymerase (to obtain a control RNA). UV
cross-linking of [␣-32P]UTP-labeled RNAs with commercial HeLa nuclear extract (C4; Biotech) was performed as described before (7). To each sample we
added 150 l of IP buffer (20 mM Tris [pH 8.0], 300 mM NaCl, 1 mM EDTA,
0.25% NP-40) together with 1 g of monoclonal antibodies (MAbs) and incubated the mixture for 2 h at 4°C on a rotator wheel. Anti-SF2/ASF (MAb 96) and
anti-SR phosphorylated domain (MAb 1H4) MAbs were purchased from Zymed
Laboratories Inc., while anti-SC35 MAb was purchased from Sigma. After the
2-h incubation, we added to each sample 30 l of Protein A/G-Plus Agarose
(Santa Cruz Biotechnologies) and incubated the mixture at 4°C overnight. On
the following morning, the beads were subjected to four washing cycles with 1.5
ml of IP buffer and then loaded onto a sodium dodecyl sulfate (SDS)–11%
polyacrylamide gel electrophoresis (PAGE) gel. Gels were run at a constant 30
mA for approximately 3.5 h, dried, and then exposed for 4 to 6 days with a
BioMax Screen (Kodak). Three independent IP assays were carried out for each
antibody. Competition experiments were performed by adding unlabeled RNA
in a 5 M excess to the reaction mixture before addition of the labeled hTot RNA.
IPs were then performed as already described.

FIG. 1. Changes in mouse and human FN EDA alternative splicing caused by the introduction of deletions into the ESE and ESS regulatory
regions. (A) Schematic representation of the human and mouse minigenes. The FN exons and introns are labeled by white boxes and lines, linker
sequences are shadowed, and ␣-globin exon 3 is indicated by black boxes. The locations of the primers used in the RT-PCR assay are shown: closed
arrows indicate human-specific primers, while open arrows indicate mouse-specific primers. The sequence of the exonic region involved in EDA
splicing regulation is reported for the human wild-type minigene (hTot) and mutants carrying a deletion of the ESE (h⌬2e), ESS (h⌬4) or for the
mouse wild-type minigene (mTot) and mutants carrying a deletion of the mESE (m⌬A) or mESS (m⌬B5 and m⌬B6). The respective ESE (hESE
and mESE) and ESS (hESS and mESS) sequences are in bigger characters. (B) RT-PCR analysis of total RNA from cells expressing each of the
indicated constructs in the NIH 3T3 cell line. PCR products either containing (⫹) or lacking (⫺) the FN EDA exon in the messenger transcribed
from the transfected minigene are indicated. M, molecular weight markers (1 kb; BRL).
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structure in the regulation of FN alternative splicing has also
been proposed for another region of the EDA exon (64) and a
report investigating the splicing of the EDB exon has indicated
the presence of an exonic splicing enhancer element(s) that
may be context dependent (39) in addition to the well-characterized intronic enhancer element (29).
Comparative study of functional sequences through evolution has been a very useful tool with which to understand
mechanisms and structures that otherwise elude interpretation
(25, 36). Recently, this approach has yielded important information regarding the evolution of the FGF-R2 gene through
alternative splicing of the mutually exclusive IIIb and IIIc units
(49). Hence, our interest in analyzing the EDA ESE function
in a highly homologous system, such as the mouse. As expected, the mouse and human exons have a very high level of
nucleotide sequence similarity and the difference between the
two sequences consists of only eight nucleotide substitutions.
This similarity is also reflected at the functional level, as the
hESE and mouse ESE (mESE) sequences have already been
reported to be interchangeable (54).
In the present study, we have characterized the effects of
introducing similar mutations into the mouse and hESS homologous regions. Our results show that these mutations introduced into the mouse and human sequences do not have the
same effect on the regulation of alternative splicing, with the
putative mouse ESS (mESS) sequence behaving as a splicing
enhancer. This unexpected finding can be accounted for by the
existence of significant differences in the two RNA secondary
structures that, following mutation, can differentially affect
ESE display. These results were confirmed by immunoprecipitation (IP) analysis, which showed a correlation between SR
protein occupancy of the ESE sequences and RNA secondarystructure predictions.
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RESULTS

In order to evaluate experimentally the importance of these
potential binding site changes, we decided to progressively
“humanize” the exon sequence of m⌬B5 toward the h⌬4 sequence. The rationale for this mutagenesis approach was that
if any of these exonic single-nucleotide substitutions was responsible for the observed changes in splicing behavior
(through either creation or deletion of SR protein binding
sites), then we would expect some mutants to display the h⌬4
splicing pattern (Fig. 1B). Figure 2A shows a schematic diagram of the mutants engineered to test this hypothesis
(Ah⌬B5, Ah⌬B5AhTh, Ah⌬B53h, and Am⌬B53h). These mutants were transfected in NIH 3T3 cells, and by RT-PCR, we
analyzed the effect on EDA exon inclusion. Figure 2B shows
that none of the mutants acquires the h⌬4 splicing pattern (all
included) and that the nucleotide substitutions, at most, cause
small shifts in the EDA ⫾ ratio. Only a complete change of all
of the exonic nucleotides to the human sequence restores the
h⌬4 pattern, as shown for the m/h⌬4Cm mutant. It should be
noted that in this construct the human G-to-C substitution at
position ⫹7 of the 5⬘ splice site is kept unchanged, also ruling
out any potential effect of differing 5⬘ splice site relative
strengths in the generation of the h⌬4 splicing pattern. It
should also be noted that this mutational analysis also rules out
the possible influence of additional SR proteins (for which no
matrices are currently available) or the presence of more elusive regulatory sequences such as the composite enhancer and
silencer elements recently identified in the cystic fibrosis transmembrane regulator (57, 59). It is thus clear that the reason
why mESS and hESS behave differently must lie elsewhere.
Determining the RNA secondary structure of the mouse
EDA exon. Previous studies performed in our laboratory had
already indicated that the function of the hESS element in the
human EDA exon is totally dependent on its original human
context (52). Thus, the potential existence of structural differences between the human and mouse sequences might well
result in different behaviors of the two RNAs when they are
subjected to similar deletions. To further analyze this issue, it
was first necessary to determine the wild-type mouse secondary
structure. To experimentally determine which of the mouse
EDA secondary structures predicted by computer analysis with
the mFold program (69–71) was closer to reality, we performed
an RNase mapping analysis of the mouse EDA exon (Fig. 3A
and B). Single-stranded regions were identified by cleavage
with RNase T1 and nuclease S1, while double-stranded or
stacked regions were identified by cleavage with RNase V1.
The results (Fig. 4B) were then compared with our previously
published secondary structure of the human EDA exon (52)
(Fig. 4A).
Figure 4A and B show that the cleavages in the first half of
the exon are very well conserved, a result that is in keeping
with the absence of nucleotide differences in the first half of

FIG. 2. Effects on the splicing process of gradually humanizing the m⌬B5 mouse sequence to the h⌬4 sequence. (A) Schematic diagram of each
mutant analyzed with the minigene system in NIH 3T3 cells. Open boxes represent the ESE and ESS sequences, respectively. Uppercase letters
represent human nucleotides, while lowercase letters denote mouse nucleotides. On the human sequence, nucleotides are numbered. Straight lines
represent exonic sequences, while broken lines represent intronic sequences. For clarity, the diagrams have not been drawn to scale. (B) RT-PCR
analysis of total RNA from cells expressing each of the indicated constructs in the NIH 3T3 cell line. PCR products either containing (⫹) or lacking
(⫺) the FN EDA exon in the messenger transcribed from the transfected minigene are indicated.
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Comparison of alternative splicing regulation in the mouse
and human EDA sequences following homologous deletions.
To compare the alternative splicing regulation of the human
and mouse FN EDA exons, we used an FN–␣-globin hybrid
minigene, named pSV␣Glob (10), into which we inserted the
mouse and human EDA exons (mTot and hTot, respectively)
together with flanking introns and exons (Fig. 1A). This is a
well-proven system for measurement of the levels of in vivo
alternative splicing of the FN EDA exon in different cellular
systems and has been used extensively in previous studies of
both human and mouse EDA exons (9, 10, 12, 52, 54). Figure
1B shows the effect on the alternative splicing of the EDA exon
of analogous deletions in the region surrounding the mESE,
mESS, hESE, and hESS elements. It can be seen that deletion
of both hESE and mESE polypurinic sequences (h⌬2e and
m⌬A mutants) causes complete exon skipping from the resulting mRNA. Thus, both hESE and mESE act as exonic splicing
enhancers, a result that has been previously described by our
laboratory (10, 54). However, when we deleted the putative
mouse silencer element (identified solely on the basis of homology with the human sequence), we did not observe the
same effects. In fact, while a deletion in the hESS element (h⌬4
mutant) causes almost total exon inclusion, the identical mutation in mESS (m⌬B5 mutant) does not appear to have any
effect on the levels of exon inclusion (Fig. 1B). Even more
strikingly, deletion of a single additional nucleotide in the
mESS element (m⌬B6) causes total exon exclusion. This result
was identical to that observed when the mESE element had
been deleted (m⌬A mutant), thus identifying the putative
mESS sequence as possessing enhancer characteristics.
Effects of stepwise changes in the m⌬B5 sequences toward
their h⌬4 homologue. The observed changes in splicing behavior may be caused by the effects of one (or more) nucleotide
substitutions on putative SR binding sites. In fact, in many
experimental systems, single nucleotide substitutions have
been known to affect ESE elements (11, 13, 14, 44). This may
be particularly relevant for the EDA exon, as proteins belonging to the SR protein family have a well-known ability to alter
EDA inclusion in the mature mRNA (19, 40, 42). The use of
SR scoring matrices to identify potential SR binding sites has
been very useful in functionally characterizing several diseasecausing mutations in the BRCA1 and SMN1 genes, as recently
reviewed (13). Therefore, we decided to apply the available
scoring matrices for SF2/ASF, SC35, SRp40, and SRp55 to the
human and mouse sequences (scoring matrices are available at
http://exon.cshl.org/ESE/ESEmatrix.html) (15). The results
showed that the 8-nt differences between the human and
mouse EDA exon sequences may have resulted in changes in
either the positioning or scoring result of several putative SR
protein binding sites (data not shown).
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In conclusion, these findings correlate well with the transfection results (Fig. 1B), which have shown that the m⌬B5
mutant displays a splicing pattern identical to that of mTot
while the m⌬B6 deletion results in exon skipping.
Recruitment of SR proteins on the human and mouse EDA
exons following deletion of the hESE (h⌬2e) and mESE
(m⌬A) sequences. In order to functionally test the recruitment
of the different SR proteins by the ESE elements of the mouse
and human wild-type and mutant sequences, we performed
UV cross-linking analysis, followed by IP with MAbs. Figure
6A shows the UV cross-linking profiles of hTot, h⌬2e, mTot,
and m⌬A with total nuclear extract from HeLa cells. The UV
cross-linked samples were subsequently immunoprecipitated
with MAbs against SF2/ASF (MAb 96) and the phosphorylated SR domain (MAb 1H4) that recognizes mainly Srp40,
SRp55, and SRp75 and MAb anti-SC35 (Fig. 6B, C, and D,
respectively). The results show that both the human and mouse
wild-type RNAs (hTot and mTot) were able to immunoprecipitate SF2/ASF, SRp40, SRp55, and SRp75 at similar levels,
with the only exception being represented by SC35, which
shows lower affinity for the mouse sequence (Fig. 6D). Interestingly, consistent with these results, the SR scoring matrices
predict the presence of a higher score in the human ESE (at
position 161) as opposed to its homologous binding site in the
mESE region (data not shown). On the other hand, neither the
h⌬2e nor the m⌬A RNA was able to immunoprecipitate any
labeled SR protein, a result that is consistent with the identification of the ESE elements as the only target for SR protein
recruitment to the EDA exon (42, 54).
Recruitment of SR proteins on the human and mouse EDA
exons following introduction of the m⌬B5 and m⌬B6 mutations. It was thus of interest to extend these analyses to the
m⌬B5 and m⌬B6 mutations and determine whether they could
affect SR recruitment by the mESE element. Figure 7 shows
the UV cross-linking profiles of hTot, h⌬2e, h⌬4, mTot, m⌬B5,
and m⌬B6 with total nuclear extract from HeLa cells before IP
analysis (Fig. 7A) and after IP with MAb 96 (Fig. 7B), MAb
1H4 (Fig. 7C), and MAb anti-SC35 (Fig. 7D). The results show
that the m⌬B5 and h⌬4 mutants are very similar to the mTot
IP pattern but the m⌬B6 mutant could not immunoprecipitate
SF2/ASF (Fig. 7B). This result is very similar to the observed
effect of the h⌬2e and m⌬A mutations (Fig. 6B and 7B), with
the difference that the m⌬B6 mutant contains the full mESE
sequence, as opposed to h⌬2e, where the ESE sequence is
deleted.
In order to complement and extend these observations, we
also performed competition experiments with unlabeled RNAs
to assess their ability to compete with the SR proteins for
binding to the human RNA (hTot). The results, shown in Fig.
8, demonstrate that all of the RNAs behaved as expected from

FIG. 3. Enzymatic determination of the RNA secondary structure of the mouse EDA exon. In vitro-transcribed mTot RNA was enzymatically
digested with S1 nuclease and RNases T1 and V1 and reverse transcribed with an antisense primer. The RT products were separated on a
sequencing polyacrylamide gel. A sequencing reaction (numbered according to the exon length) performed with the same primer was run in
parallel with the cleavages in order to precisely determine the cleavage sites. In order to cover the whole exon length, short (A) and long (B) runs
were performed. Squares, circles, and triangles indicate S1 nuclease and RNase T1 and V1 cleavage sites, respectively. Black, shaded, and white
symbols indicate high, medium, and low cleavage intensities, respectively. No enzyme was added to the reaction mixture in lane N. The mESS and
mESE positions are marked on the right of each sequencing reaction.
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the mouse and human EDA exons. This is also consistent with
a previous phylogenetic analysis that indicated that during evolution, the first two stem-loop domains (I and II) are absolutely
conserved between different species, including mice and humans (64). On the other hand, the eight nucleotide substitutions between the human and mouse sequences in the second
half of the exon result in distinct changes in the digestion
pattern, indicating that structural changes may be present. In
fact, the secondary-structure predictions for this region indicated several changes, such as the loss of single-stranded cuts
in the human CCGGGU loop (VIa) with respect to the homologous CCGGGG* sequence that is predicted to form part
of the main stem of mouse domain III (as indicated by the V1
cleavages on the two C’s). Overall, what is observed is a change
concerning the general disposition of the stem-loop elements
in the mouse and human sequences. However, it is nonetheless
important to note that the mESE sequence is localized in an
apical stem-loop position while the putative mESS sequence is
also part of a double-stranded region (thus mimicking the
hESE-hESS sequence disposition).
Analysis of the changes in the mouse and human RNA
secondary structures following homologous deletions. It was
then of interest to analyze the changes in secondary structure
following the introduction of the m⌬B5 and m⌬B6 mutations
(in particular regarding mESE display). Figure 5B and C show
the secondary-structure analysis of the m⌬B5 and m⌬B6 mutants compared to the mTot sequence (Fig. 5A). This analysis
shows that the mESE element in the m⌬B5 RNA remains in a
stem-loop configuration, as demonstrated by the presence of
single-strand-specific cleavages in its location flanked by double-stranded cleavage sites (Fig. 5B, top). In keeping with this
observation, the secondary-structure predictions indicate a local change in the secondary structure which nonetheless maintains the mESE region in a stem-loop configuration (Fig. 5B,
bottom). On the other hand, deletion of the m⌬B6 region
results in more extensive changes in the restriction cleavage
sites with respect to the mTot structural analysis (Fig. 5C, top).
In particular, it is worth noting the appearance of a strong T1
cleavage site in correspondence to guanosine G150 (indicated
by an arrow) which is totally absent in the mTot RNA, where
this G150 is predicted to be part of a stem region and is part of
a region cut by V1 RNase (Fig. 5A, top). This is consistent with
the secondary-structure predictions performed for the m⌬B6
mutant, which place the G150 nucleotide in a loop region at
the apex of a new structure while, as previously said, in the
mTot RNA this nucleotide was predicted to be part of a stem
region. In this structure, an important feature is represented by
the loss of a stem-loop configuration for the mESE region and
its partial inclusion in a stem configuration (Fig. 5C, bottom),
a situation very different from the mTot and m⌬B5 results.

1393

FIG. 4. Comparison of the RNA secondary structure of the human (A) and mouse (B) wild-type EDA sequences. The two structures were optimized by computer-assisted RNA modeling, and the
respective ESE and ESS elements are circled to facilitate their localization. Squares, circles, and triangles indicate S1 nuclease and RNase T1 and V1 cleavage sites, respectively. Black, shaded, and
white symbols indicate high, medium, and low cleavage intensities, respectively. The asterisks in the mouse secondary-structure model mark the nucleotide differences between the mouse and human
nucleotide sequences.
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the direct IP analysis. In fact, both the h⌬2e and m⌬B6 RNAs
could not compete with labeled hTot RNA for SF2/ASF (Fig.
8A) while the m⌬B5 and h⌬4 RNAs could compete for all of
the SR proteins (Fig. 8A to C). Indeed, the m⌬B6 mutant is
the RNA that shows a general reduction in competition efficiency for all of the other SR proteins examined.
Recruitment of SR proteins by artificial and naturally occurring GAAGAAGA-containing sequences. Finally, we wished
to determine the contribution of the ESE sequence to exon SR
protein recruitment with respect to the structural context.
Therefore, we performed an IP analysis of two RNAs containing GAAGAAGA sequences in different contexts. First, we
used a small artificial RNA containing two ESE sequence
repeats (ESEX2) flanked by eight nucleotides of the EDA
sequence on either side (Fig. 9A). As shown in Fig. 9B, this
RNA was found to be a rather inefficient binder of SR proteins, especially considering the fact that it carried two tandem
copies of the ESE sequence. This highlights the importance of
the context in which the binding sequence is embedded.
It was also of interest to check whether a naturally occurring

GAAGAAGA sequence was capable of binding the same complement of SR proteins as the EDA exon. For this purpose, we
chose an intronic region in IVS37 of the NF-1 gene that contains a GAAGAAGA sequence at position ⫹167 and amplified the sequence surrounding it to mimic the hESE position in
the human exon (Fig. 9C). It should be noted that, as expected,
very little homology exists within the hTot and IVS37 sequences (data not shown). The IP analyses reported in Fig. 9D
confirm that this naturally occurring GAAGAAGA sequence
cannot bind any of the SR proteins detected with the hTot
sequence. Taken together, these results provide an effective
measurement of how important correct sequence display of the
ESE in the EDA exon is for its recognition by SR protein
factors.
DISCUSSION
In this study, we report that deletions in the putative mESS
element localized in the FN EDA exon do not have the same
effects on alternative splicing as deletions originally described
for the hESS element (10). The sequences of the two exons are
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FIG. 5. Secondary-structure analysis of the ESE region in the mTot (A), m⌬B5 (B), and m⌬B6 (C) constructs. The in vitro-transcribed RNAs
were enzymatically digested with S1 nuclease and RNases T1 and V1 and reverse transcribed, and the RT products were separated on a sequencing
polyacrylamide gel. No enzyme was added to the reaction mixture in lane N. The regions containing the ESE and ESS elements are shown by a
vertical line. The upper part of each panel shows the enzymatic analysis of RNA templates of mTot, m⌬B5, and m⌬B6 constructs. The bottom
part reports the cleavages on the optimized secondary-structure predictions. Squares, circles, and triangles indicate S1 nuclease and RNase T1 and
V1 cleavage sites, respectively. Black, shaded, and white symbols indicate high, medium, and low cleavage intensities, respectively. The arrow
indicates the position of G150, which is present in a stem position in the mTot RNA but shifts to a loop configuration in the m⌬B6 mutant.
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very similar, with only 8 nt substitutions out of a total 270 nt,
and in this study we show that no single nucleotide (or subset)
can account by itself for the observed differences in splicing
behavior. However, when all specific nucleotides in the mouse
EDA exon but not the 5⬘ splice site are replaced with their
human counterparts, the mESS behaves the same way as the

FIG. 7. UV cross-linking analysis of human and mouse mutants
with HeLa nuclear extract. Each RNA was labeled with [␣-32P]UTP
and then incubated with HeLa nuclear extract before being subjected
to UV cross-linking and digestion with RNase. Samples were then run
on an SDS–11% PAGE gel and exposed to BioMax autoradiographic
film. The electrophoretic mobility of prestained molecular size markers (Broad Range; New England Biolabs) is shown on the left (A). IP
was then performed with the same amount of each UV cross-linked
sample shown in panel A with specific MAbs against different SR
proteins: SF2/ASF (B, MAb 96), the phosphorylated RS domain (C,
MAb 1H4), and SC35 (D, anti-SC35). The mobility of the SR proteins
is indicated on the left. The SF2/ASF antibody immunoprecipitates
more than one protein band owing to the presence of differently
phosphorylated forms, as specified by the manufacturer.

hESS. This raised the possibility that the nucleotide substitutions could be involved in some higher-order regulatory structure rather than in just the modification of the primary nucleotide sequence. In fact, the structural analysis performed in
this study has shown that these eight substitutions induce distinct changes in the mouse and human RNA structures. However, before analyzing these changes in detail, it is worth discussing the similarities. First of all, our RNase digestion
analysis shows a complete conservation of the first two stemloops in the human and mouse exons. This is consistent with
the fact that in the first part of the EDA exon the mouse and
human sequences are identical and have the structure proposed by a previous phylogenetic study of this region (64).
Most importantly, the detection of this expected similarity provides a good internal control for the structural differences that
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FIG. 6. UV cross-linking analysis of the wild-type human and
mouse sequences (hTot and mTot) and ESE deletion-carrying mutants
(h⌬2e and m⌬A) with HeLa nuclear extract. Each RNA was labeled
with [␣-32P]UTP and then incubated with approximately 150 g of
HeLa nuclear extract before being subjected to UV cross-linking and
digestion with RNase. Samples were then run on an SDS–11% PAGE
gel and exposed to BioMax autoradiographic film. The electrophoretic
mobility of prestained markers (Broad Range; New England Biolabs)
is shown on the left (A). IP was then performed with equal amounts of
each UV cross-linked sample shown in panel A with specific MAbs
against different SR proteins: SF2/ASF (B, MAb 96), the phosphorylated RS domain (C, MAb 1H4), and SC35 (D, anti-SC35). The mobility of the SR proteins is indicated on the left. The SF2/ASF antibody
immunoprecipitates more than one protein band owing to the presence of differently phosphorylated forms, as specified by the manufacturer.
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we observe in the 3⬘ half of the mouse and human exons. It is
in this region, in fact, that the eight nucleotide differences
between the human and mouse sequences are localized and
may thus determine the changes in the overall stem-loop dispositions. The effect of these substitutions on RNA secondary
structure is not an unexpected finding, as apparently benign
single-nucleotide polymorphisms have already been reported
to induce different structural folds in the pre mRNA structure
both in vivo and in vitro (61). Despite these differences, an
important similarity between the human and mouse structures
is the presence of the ESE sequences within terminal stemloop domains. The maintenance of this region in a singlestranded condition in both RNAs is consistent with the observation that single strandedness of RNA elements is a necessary
requirement to obtain sequence-specific protein binding, such
as in the case of the Drosophila doublesex splicing enhancer
elements with the RNA-binding domain of Tra2 (28) or
TDP-43 for UG repeated sequences (6).
At the same time, these structural differences also raise the
possibility that deletion of the human and mESS sequences
may not result in the same structural change in both RNAs
(and thus in a different recruitment of splicing factors to the
enhancers). In support of this hypothesis is the observation
that RNA secondary structure can affect the recruitment of
two nuclear factors belonging to the SR protein family of
splicing regulators (B52 and SRp55) (55, 62). Moreover, even
the binding of hnRNP A1 (a well-known splicing-antagonistic
factor) has been recently observed to be affected by RNA
secondary structure in the removal of the second intron in the
human immunodeficiency virus type 1 rev and tat pre-mRNAs
(20). Interestingly, it should be noted that this relationship
goes both ways and proteins such as hnRNP A1 (56) and the
polypyrimidine tract-binding protein (16) have been reported

to bind on either side of exons and physically loop them out of
the splicing process.
In this respect, it should be mentioned that overexpression
of hnRNP A1 causes a slight but significant decrease in the
inclusion of both mouse and human EDA exons (A. F. Muro,
unpublished data). However, the comparison of the effects of
hnRNP A1-mediated splicing inhibition on these exons has not
revealed any significant difference between the two species. In
addition, the degree of splicing inhibition detected in both
systems is lower than the observed increase in EDA inclusion
following similar levels of overexpression of SF2/ASF (19).
Taken together, these data suggest that, in the EDA system,
the inhibitory effect of hnRNP A1 may not be linked to a
specific target sequence.
On a more general note, a question that also remains to be
addressed is the presence of RNA secondary structure in vivo.
There is still no definitive answer to this question. However,
several recent lines of evidence indicate that RNA folding can
occur in vivo (61) and that this process can influence biological
processes. For example, binding of proteins to RNA trinucleotide repeats in vivo closely matches the in vitro results that
predict these repeats to be folded in a characteristic hairpin
shape (63). It could, of course, be argued that these structures
are of a very localized and specific nature. However, statistical
analysis of mRNA coding sequences has revealed that calculated mRNA folding is more stable than expected by chance,
suggesting that codon bias may favor the existence of mRNA
structures (60). Although these results have been challenged
with a different set of statistical tools and genes (67), considerations analogous to those of Seffens and Digby (60) have
been recently made concerning bacterial RNA (35). Thus, the
picture that is beginning to emerge clearly favors the possibility
that mRNA coding sequences are quite capable of harboring in
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FIG. 8. Competition and IP analysis of unlabeled mouse and human EDA sequences in the presence of labeled hTot RNA. Competition prior
to UV cross-linking was performed by incubating labeled hTot RNA and HeLa nuclear extracts with equal amounts of unlabeled hTot, h⌬2e, h⌬4,
mTot, m⌬B5, and m⌬B6 (in approximately fivefold molar excess) before IP analysis. IPs were performed with specific MAbs against SF2/ASF (A,
MAb 96), the phosphorylated RS domain (B, MAb 1H4), and SC35 (C, anti-SC35). The mobility of the SR proteins is indicated on the left. Samples
were run on an SDS–11% PAGE gel and exposed to BioMax autoradiographic film.
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vivo variable amounts of secondary structure that may affect
biological processes.
The structural data reported in this study indicate that the
m⌬B6 deletion causes the mESE element to lose the original
mTot RNA structure. It could then represent a situation analogous to that already reported to occur in a variety of 5⬘ and 3⬘
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FIG. 9. IP analysis comparing the recruitment of SR proteins by
human ESE sequences alone (GAAGAAGA) as opposed to the full
EDA exon. (A) Comparison of the two RNAs used in this experiment:
the hTot RNA contains the ESE within its original context (nt 107 to
270), while the ESEx2 RNA contains two copies of the ESE element
(flanked only by 8 nt of the EDA sequence) at the 3⬘ end of pBluescript
II SK⫹ sequences (dotted line). Numbering on the ESEx2 construct
refers to the distance from the T3 RNA polymerase promoter on
pBluescript II SK⫹. A control RNA is also included. IPs (B) were
performed with equal amounts of the UV cross-linked samples and
with the different specific MAbs against SR proteins: SF2/ASF (MAb
96), the phosphorylated RS domain (MAb 1H4), and SC35 (antiSC35). The leftmost gel contains the total UV cross-linked proteins
prior to IP. (C) Comparison of the hTot RNA with a naturally occurring, 170-nt-long intronic region containing a GAAGAAGA sequence
from IVS37 of the NF-1 gene. The numbering on the IVS37 construct
refers to intronic nucleotide positions starting from the 5⬘ splice site of
NF-1 exon 37. (D) IP profile of these two sequences with the same
antibodies used in panel B. As above, the leftmost gel contains the
total UV cross-linked proteins prior to IP. In all of the gels, the
mobility of the SR proteins is indicated on the left. Samples were run
on an SDS–11% PAGE gel and exposed to BioMax autoradiographic
film.

splice sites where RNA secondary structure prevents the U1
and U2 snRNP proteins from binding to the RNA (18, 22, 30,
45, 46, 51). In fact, inhibition of SR protein binding in the
m⌬B6 mutant has been confirmed by our IP analyses, which
show that this mutant is unable to bind (or compete for binding
of) the SF2/ASF protein and, with less efficiency, the other SR
proteins. This binding profile correlates well with the splicing
behavior of the m⌬B6 mutant, which is identical to that of the
h⌬2e and m⌬A mutants. Interestingly, overexpression of this
protein in a minigene assay has demonstrated that SF2/ASF
possesses the greatest ability of any SR protein family member
to stimulate EDA inclusion (19). This provides a likely explanation of why the maintenance of SC35, SRp40, SRp55, and
SRp75 protein binding to m⌬B6 cannot compensate for loss of
SF2/ASF binding capacity. Analogously, the fact that the
m⌬B5 mutant possesses an SR protein IP profile identical to
that of mTot is consistent with the observation that both RNAs
are spliced to the same degree.
Nonetheless, it should be noted that the correlation between
SR binding levels and splicing efficiency is not complete. It is
clear that below an SR binding level threshold, functionality is
lost, such as observed for the h⌬2e, m⌬A, and m⌬B6 mutants.
However, in the case of the h⌬4 mutant (for which we observed
full EDA inclusion), direct IP experiments detected a moderate reduction in SR binding levels, although the RNA preserves very efficient competitor activity (a factor distinguishing
it from m⌬B6 or h⌬2e RNA). It is thus clear that additional
factors, other than the SR proteins, must contribute to the final
outcome. One possibility is that the relative protein composition (“quality”) of the complex that binds the ESE might play
a role besides the quantity of SR proteins bound to the RNA
or, alternatively, that additional positive or negative splicing
factors (34) besides those immunoprecipitated by our antibodies might play a role in h⌬4 splicing. Furthermore, other undetected structural changes near the 5⬘ and 3⬘ splice sites may
have caused improvement of splicing even in the case of reduced SR binding efficiency.
In conclusion, our results show that changes in regions that
do not directly participate in protein binding can affect ESE
elements by inducing changes in mRNA conformation. The
importance of the RNA secondary structure for recruitment of
SR protein factors is also highlighted by the fact that a small
RNA that contains two tandem copies of the human ESE
sequence (GAAGAAGA) is considerably less efficient in binding the SR proteins detected by a single copy of the same
sequence in its original context (the EDA exon). In this respect, an even more striking result is the inability of a naturally
occurring intronic GAAGAAGA sequence to immunoprecipitate any of the SR proteins pulled down by the same human
sequence in its original context. The results highlight the importance of the local context in determining a functional effect
on mRNA processing. Taken together, our data demonstrate
that the sequence context, in addition to primary sequence
identity, can heavily contribute to the making of functional
units capable of influencing pre-mRNA splicing.
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