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We have previously shown that a purine-rich sequence located within exon M2 of the mouse immunoglobulin
gene functions as a splicing enhancer, as judged by its ability to stimulate splicing of a distant upstream

intron. This sequence element has been designated ERS (exon recognition sequence). In this study, we
investigated the stimulatory effects of various ERS-like sequences, using the in vitro splicing system with HeLa
cell nuclear extracts. Here, we show that purine-rich sequences of several natural exons that have previously
been shown to be required for splicing function as a splicing enhancer like the ERS of the immunoglobulin 1
gene. Moreover, even synthetic polypurine sequences had stimulatory effects on the upstream splicing.
Evaluation of the data obtained from the analyses of both natural and synthetic purine-rich sequences shows
that (i) alternating purine sequences can stimulate splicing, while poly(A) or poly(G) sequences cannot, and (ii)
the presence ofU residues within the polypurine sequence greatly reduces the level of stimulation. Competition
experiments strongly suggest that the stimulatory effects of various purine-rich sequences are mediated by the
same trans-acting factor(s). We conclude from these results that the purine-rich sequences that we examined in
this study also represent examples of ERS. Thus, ERS is considered a general splicing element that is present
in various exons and plays an important role in splice site selection.

One of the most characteristic features of eucaryotic genes
is the presence of intron sequences that interrupt the coding
region. Removal of introns by pre-mRNA splicing is, there-
fore, an essential step for gene expression in eucaryotes.
Sequence comparisons and mutational studies have revealed
several conserved sequence elements that are required to
distinguish exons and introns (for reviews, see references 14
and 22). The best-conserved elements are present at the
exon-intron boundaries, namely, the 5' and 3' splice sites,
whose consensus sequences in mammals are AG/GURAGU
and CAG/G, respectively (37). In addition, a polypyrimidine
stretch of variable length and a degenerate branchpoint
sequence, preceding the 3' splice site, also play an essential
role.
Although these elements are important, they do not seem

to be sufficient to account for the accuracy of exon-intron
discrimination. Because these elements allow several mis-
match deviations from the consensus, potential splice site
sequences are present at various sites other than the authen-
tic splice sites. Generally, sequences that show a better
match to the consensus are more tightly bound by splicing
factors (30, 50) and are more frequently used as the authentic
splice sites (2, 31). However, seemingly "good" sequences
are not necessarily used as the natural splice sites; con-
versely, a sequence that is apparently distant from the
consensus is sometimes used as an authentic splice site (2,
19). Moreover, it has been shown that the selection of a
splice site depends not only on its sequence but on the
context where that sequence resides (29). These observa-
tions suggest that additional sequence elements may be
required for the selection of splice sites. Regarding this
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point, it was shown that the length of an exon (la, 9, 13, 34)
or the secondary structure of the region around splice sites
(10, 11, 25, 38, 39, 46) affects splice site selection. In
addition, there are numerous reports that suggest a role for
specific exon sequences in splicing (4, 6, 12, 15, 16, 18, 20,
24, 26, 27, 32, 33, 40, 41, 45, 48, 49).
We have previously shown that a purine-rich sequence

located within the last exon, M2, of the mouse immunoglob-
ulin p, (IgM) gene plays an essential role in the splicing of this
gene (47, 48). We found that this sequence functions as a
splicing enhancer: it stimulated splicing of a distant intron
that is present in the upstream region. This stimulatory effect
was observed even with introns derived from different genes
(48). We also found that this sequence promotes the forma-
tion of the early splicing complex (48). These results show
that the sequence that we identified within IgM exon M2
represents a novel element involved in splice site selection.
We designated this sequence element ERS (exon recognition
sequence).
Moreover, we have found that several exon sequences

whose mutation or deletion affects splice site selection
contain purine-rich sequences similar to the ERS of IgM
exon M2 (IgM-ERS) (see Table 1 in reference 48). The
examples include the avian sarcoma-leukosis virus (ASLV)
gene (12, 21), the chicken cardiac troponin T (cTNT) gene (4,
5, 49), the hypoxanthine-guanine phosphoribosyltransferase
(hprt) gene (41), the bovine growth hormone (BGH) gene
(15), the rat beta-tropomyosin gene (16), the fibronectin gene
(27), and the neural cell adhesion molecule (NCAM) gene
(42). This observation raised the possibility that the purine-
rich sequences of these genes are other examples ofERS and
that the effects of exon mutations are ascribed to the loss of
the enhancer activity of ERS. In this regard, Xu et al.
recently reported that both the purine-rich sequence of the
cTNT exon and the synthetic GAAGAGGAGG repeat se-
quence facilitate splicing of a heterologous intron in in vivo
experiments (49). This finding is consistent with our notion
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that purine-rich exon sequences found in various genes serve
as splicing enhancer elements.

In this study, we extensively examined the stimulatory
effect of natural and synthetic purine-rich sequences on the
splicing of a heterologous intron of the Drosophila melano-
gaster doublesex gene. We used the in vitro splicing system
with HeLa cell nuclear extracts, in which we can directly
examine the stimulatory effect of the purine-rich sequences
on the kinetics of the splicing reaction. We found that (i)
alternating purine sequences can function as a splicing
enhancer, while poly(A) or poly(G) sequences cannot, and
(ii) the presence of U residues within the polypurine se-
quence greatly reduces the level of stimulation. Moreover,
we provide evidence that such a purine-rich element is
recognized by a common trans-acting factor(s). We conclude
that ERS is a general splicing element that is present in
various genes and plays a vital role in splice site selection of
pre-mRNA.

MATERIALS AND METHODS

Plasmid construction. All constructions were made by
using standard cloning procedures (36) and confirmed by
sequencing.
To construct the template plasmids for the chimeric dsx

pre-mRNAs, pdsx-Sa (48) was cut with XbaI and HindIlI
and annealed oligonucleotides were inserted into these sites.
The template plasmids for competitor RNAs were generated
in the same manner except that the pSP72 vector (Promega)
was used as the starting plasmid. The oligonucleotides used
here are 5'-CTAGAXnA-3' and 5'-AGCTIXRnT-3', where
Xn and XRn represent various complementary sequences.
(See the descriptions of each sequence shown in Fig. 1 and
6 and Tables 1 and 2.)
Pre-mRNA preparation and in vitro splicing. In vitro

transcription was carried out with T7 RNA polymerase in
the presence of the cap analog (m7Gp3G) and [a-32P]GTP.
For the preparation of the competitor RNAs, the cap analog
and the radiolabeled nucleotides were omitted. HeLa cell
nuclear extracts were prepared as described previously (8).
The splicing reaction was carried out with 10 pl of a
previously described reaction mixture (35). The reaction
products were electrophoresed and quantitated with a
BA100A Bio-image analyzer (FUJIX).

Competition experiments were carried out as follows. We
first incubated a HeLa cell nuclear extract with competitor
RNA on ice for 10 min. Radiolabeled pre-mRNA and 10x SP
solution (200 mM creatine phosphate, 5 mM ATP, 20 mM
MgCl2) were then added to give the standard splicing condi-
tions (35). Incubation was carried out at 30°C for a further 40
min, and the reaction products were analyzed.

RESULTS

Stimulation of splicing by exon sequences from various
genes. Several examples of purine-rich exon sequences are
shown in Fig. 1B. Deletions or substitutions of these nucle-
otide sequences were previously shown to affect the splicing
of each gene transcript (see the legend for Fig. 1). To
investigate the stimulatory effect of these purine-rich exon
sequences, we used the variants of the single-intron sub-
strate derived from the Drosophila doublesex (dsx) gene and
carried out in vitro splicing with HeLa cell nuclear extracts.
The basic construct used in this study contains the entire
third exon, the third intron, and 20 nucleotides (nt) of the 5'
portion of the fourth exon of the dsx gene as well as short
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FIG. 1. (A) Schematic representation of Drosophila doublesex
(dsx) chimeric pre-mRNAs. Exon sequences (boxes) and intron
sequences (lines) are shown. The linker sequence in the 3' exon
(small box between box 4 and shaded box) that is derived from the
pSP72 vector and the insertion site of the test sequence (shaded box)
are indicated. The lengths (in nucleotides) of the exons and introns
are indicated below the respective regions of the construct. The 3'
exon contains 30 nt of the dsx fourth exon and 14 nt of linker
sequence derived from pSP72. (B) Natural exon sequences em-
ployed for examination of stimulatory effect on splicing. Deletions
or substitutions of these sequences are shown to affect splicing of
the upstream intron (for IgM [47, 48], ASLV [12, 21], cTNT [4, 49],
and BGH [15]) or result in exon skipping (for cTNT [4, 5, 49] and
hprt [41]). The purine residues of these sequences are shown by
shading. The numbers above the sequences indicate the positions in
the original exon. The sequence of hprt-m is exactly the same as that
of hprt except for one base substitution (A to T) at the indicated
position. env, envelope gene.

leader and trailer sequences derived from the pSP72 vector
(Fig. 1A). The polypyrimidine stretch of this third intron was
previously shown to be suboptimal (18, 44). Therefore,
splicing does not occur with this substrate in a HeLa cell
nuclear extract in the absence of any extra exon sequence at
the 3' end of the construct (Fig. 2, lanes 1 to 3). However,
when we introduced the ERS of IgM exon M2 to the 3' side
of the downstream exon, splicing was strongly stimulated
(Fig. 2, lanes 4 to 6) (48). Using this system, we tested the
stimulatory effect of the purine-rich sequences from other
genes, such as the ASLV, TNT, hprt, and BGH genes (Fig.
1B). We found that all of these sequences can stimulate
splicing, although to different extents (Fig. 2, lanes 7 to 15
and 19 to 21). For example, the levels of stimulation by the
hprt and BGH sequences are approximately 1/10 and 1/6,
respectively, of that by the IgM sequence, as judged by the
accumulation of the final spliced products at 40 min (data not
shown). In this case, the difference between such stimula-
tory effects is due not to the difference in the downstream
exon sizes but rather to the sequence contents, because the
hprt-m sequence has almost no stimulatory effect on splicing
although it is approximately the same size as the IgM
sequence. Thus, the purine-rich sequences of natural exons
in other genes, like that of the IgM gene, could function as
splicing enhancers.
Two lines of evidence suggest that it is the polypurine

sequences that are important for splicing stimulation. First,
a purine-to-pyrimidine mutation that was reported to affect
hprt splicing in culture cells (41) also decreased the stimula-

MOL. CELL. BIOL.

+18..



POLYPURINE EXON SEQUENCES AS A SPLICING ENHANCER 1349

-\22 20 40 0 24 200 00 4

02040 0 2040 0 20 40 02040 02040 0 20 40 0 20 40

A.,I
- :~N-

d~ *- * 4*

ro

0 OS 4W4

(min)

3

m li m r nII Ii n n

0204002040 02040 02040 02040 02040 02040 02040 (min)

aA"A 3 T
di . 3 A

7a4tz
_ i=3

.0*

2 3 4 5 6 7 8 9 l0 '1 '2 13 '4 15 16 17 '8 '9 20 2'

FIG. 2. Stimulation of upstream splicing by various exon se-
quences. In vitro splicing of chimeric dsx pre-mRNAs in a HeLa cell
nuclear extract is shown. The substrates used in this experiment
contain the sequences listed in Fig. 1B at the site indicated in Fig.
1A. The pre-mRNAs (10 fmol each) were incubated in a HeLa cell
nuclear extract at 30°C for the times indicated at the top of each
lane. Electrophoresis was carried out with a 5% polyacrylamide gel
containing 8 M urea. The bands for the RNA products are shown
schematically on the right (with sequences represented as in Fig.
1A; semicircle, lariat RNA molecule). Lanes 1 to 3, dsx pre-mRNA
with no exon sequence (-); lanes 4 to 6, dsx-IgM; lanes 7 to 9,
dsx-ASLV; lanes 10 to 12, dsx-TNT; lanes 13 to 15, dsx-hprt; lanes
16 to 18, dsx-hprt-m; lanes 19 to 21, dsx-BGH.
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FIG. 3. Stimulation of upstream splicing by synthetic polypurine
sequences. The synthetic polypurine sequences listed in Table 1
were connected to dsx pre-mRNA, and their stimulatory effects on
splicing were tested. After the standard reaction for the times
indicated at the top of each lane, RNAs were extracted and
electrophoresed on a 5% polyacrylamide gel containing 8 M urea.
The bands for the RNA products are shown schematically on the
right (with sequences represented as for Fig. 1A; semicircle, lariat
RNA molecule). Lanes 1 to 3, dsx-poly(A); lanes 4 to 6, dsx-poly(G);
lanes 7 to 9, dsx-AAG8; lanes 10 to 12, dsx-GGA8; lanes 13 to 15,
dsx-AG12; lanes 16 to 18, dsx-AAGG6; lanes 19 to 21, dsc-(A3G3)4;
lanes 22 to 24, dsx-(A6G6)2.

tory effect of the hprt exon sequence in our system (Fig. 2,
lanes 13 to 18). This decrease is rather small and may not be
necessarily clear in the figure, especially since the band
present near the spliced product band is degraded. However,
while faint bands corresponding to the 5' exon and the lariat
intermediate were observed with the hprt sequence, no
bands corresponding to these products were observed with
the hprt-m sequence. This difference became more apparent
in another film of longer exposure (data not shown). Second,
deletion of the pyrimidine-rich portion of the BGH sequence
did not affect splicing stimulation (data not shown). Thus,
the polypurine segments of the exons listed in Fig. 1 seem to
represent important sequences for splicing stimulation.

Splicing stimulation by synthetic polypurine sequences. To
confirm the importance of the polypurine sequence and to
investigate the sequence requirements for splicing stimula-
tion in more detail, we connected various synthetic polypu-
rine sequences to dsx pre-mRNA and tested their stimula-
tory effects on splicing. In this experiment, 24 nt of various
polypurine sequences was used (Table 1). When the poly(A)

TABLE 1. Synthetic polypurine sequences tested for
splicing stimulation

Sequence of:
Element

XbaI Insert HindIII

Poly(A) CTAGA AAAAAAAAAAAAAAAAAAAAAAAA AAGCT
Poly(G) CTAGA GGGGGGGGGGGGGGGGGGGGGGGG AAGCT
AAG8 CTAGA AAGAAGAAGAAGAAGAAGAAGAAG AAGCT
GGA8 CTAGA GGAGGAGGAGGAGGAGGAGGAGGA AAGCT
AG12 CTAGA AGAGAGAGAGAGAGAGAGAGAGAG AAGCT
AAGG6 CTAGA AAGGAAGGAAGGAAGGAAGGAAGG AAGCT
(A3G3)6 CTAGA AAAGGGAAAGGGAAAGGGAAAGGG AAGCT
(A6G6)2 CTAGA AAAAAAGGGGGGAAAAAAGGGGGG AAGCT

AAG4 CTAGA AAGAAGAAGAAG AAGCT
AAG2 CTAGA AAGAAG AAGCT

or poly(G) sequence was connected, splicing was not stim-
ulated at all (Fig. 3, lanes 1 to 6). In contrast, eight
consecutive repeats of AAG had a strong stimulatory effect
on the upstream splicing (Fig. 3, lanes 7 to 9). The extent of
stimulation was approximately the same as that by the IgM
sequence (data not shown). Other sequences (such as GGA,
AG, and AAGG repeats) also stimulated splicing, although
at lower efficiencies (Fig. 3, lanes 10 to 18). The levels of
stimulation by these sequences were approximately 4.5-, 3-,
and 3.5-fold less, respectively, than that by the AAG repeat.
A3G3 repeats and A6G6 repeats failed to stimulate splicing
(Fig. 3, lanes 19 to 24). These results demonstrate that
alternating purine sequences can stimulate the splicing of the
upstream intron, even without any pyrimidine residues in the
sequences. Moreover, our results show that the stimulatory
effects are variable, depending on the given polypurine
sequences.
Next, we examined whether the length of polypurine

sequence affects the efficiency of splicing stimulation. In
addition to the dsx pre-mRNA containing eight repeats of
AAG (dsx-AAG8), we constructed substrates containing four
(dsx-AAG4) and two (dsx-AAG2) repeats of AAG (Table 1).
Because of the presence of purine residues adjacent to the
connection site, these pre-mRNAs contain 30, 18, and 12 nt
of consecutive polypurine stretches, respectively. As shown
in Fig. 3, the pre-mRNA with eight AAG repeats was spliced
very efficiently (Fig. 4, lanes 1 to 3). The pre-mRNA with
four AAG repeats was spliced slightly less efficiently (Fig. 4,
lanes 4 to 6). The pre-mRNA with two AAG repeats was
spliced but with much lower efficiency, approximately one-
fifth, than the pre-mRNA with eight AAG repeats (Fig. 4,
lanes 7 to 9). The results show that the stimulatory effect of
the polypurine sequence depends on the length of the
stretch.

Effect of pyrimidine residues on splicing stimulation. The
natural exon sequences that we tested for splicing stimula-
tion contain several pyrimidine residues within the purine-
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FIG. 4. Effect of the length of the polypurine sequence on
splicing stimulation. Polypurine sequences containing eight, four,
and two repeats of AAG (Table 1) were connected to dsx pre-
mRNA, and their stimulatory effects on splicing were tested. After
the standard reaction for the times indicated at the top of each lane,
electrophoresis was carried out on a 5% polyacrylamide gel contain-
ing 8 M urea. Lanes 1 to 3, dix-AAG8; lanes 4 to 6, dsx-AAG4; lanes
7 to 9, dsx-AAG2. The bands for the RNA products are shown
schematically on the left (with sequences represented as for Fig. 1A,
semicircle, lariat RNA molecule).

rich region (Fig. 1B). To examine the effect of the pyrimidine
residues on splicing stimulation, we replaced eight purine
residues of dsx-AAG8 pre-mRNA with pyrimidine residues
and divided the polypurine stretch of this pre-mRNA in three
different ways (Table 2). In dsx-Py-1 pre-mRNA, the poly-
purine stretch was divided into two parts by alternating C
and U(T). In dsx-Py-2 and dsx-Py-3 pre-mRNAs, the poly-
purine stretches are divided into three and five parts, respec-
tively. As shown in Fig. 5, dsx-Py-1 pre-mRNA was spliced
almost as efficiently as dsx-AAG8 (Fig. 5, lanes 1 to 6). In
contrast, splicing of dsx-Py-2 and dsx-Py-3 pre-mRNAs was
almost undetectable (Fig. 5, lanes 7 to 12). These results
suggest that the length of the consecutive purine residues is
critical for splicing stimulation.
Moreover, the comparison of dsx-Py-1 and dsx-AAG2

pre-mRNAs is informative. The dsx-Py-1 pre-mRNA that
contains two stretches of 11-nt purine residues was spliced
much more efficiently than the dsx-AAG2 pre-mRNA that
contains a single stretch of 12-nt purine residues (Fig. 4,
lanes 7 to 9; Fig. 5, lanes 4 to 6). This suggests that multiple
polypurine stretches have an accumulative effect on splicing
even when they are separated by pyrimidine residues.

Next, we asked whether C and U residues have any
different effects on splicing stimulation. In this connection,
the IgM sequence that strongly stimulates splicing contains
four C residues within the polypurine stretch, while the hprt

TABLE 2. Synthetic polypurine sequences containing
pyrimidine interruptions

Sequence of:
Element

XbaI Insert HindIII

AAG8 CTAGA AAGAAGAAGAAGAAGAAGAAGAAG AAGCT
Py-1 CTAGA AAGAAGAACTCTCTCTGAAGAAGA AAGCT
Py-2 CTAGA AAGACTCTAGAAGAAGCTCTAAGA AAGCT
Py-3 CTAGA ACTAGAAGCTAAGACTAGAAGCTA AAGCT

2 3 4 5 6 7 8 9 10 I 12

FIG. 5. Effect of pyrimidine residues on splicing stimulation.
Synthetic sequences that contain several pyrimidine residues within
the polypurine stretch (Table 2) were connected to dsx pre-mRNA,
and their stimulatory effects on splicing were tested. In dsx-Py-1,
d&x-Py-2, and dsx-Py-3 pre-mRNAs, a polypurine stretch is divided
into two, three, and five parts, respectively, by pyrimidine residues.
After the standard reaction for the times indicated at the top of each
lane, RNAs were electrophoresed on a 5% polyacrylamide gel
containing 8M urea. Lanes 1 to 3, dsx-AAG8; lanes 4 to 6, dsx-Py-1;
lanes 7 to 9, dsx-Py-2; lanes 10 to 12, dsx-Py-3. The bands for the
RNA products are shown schematically on the left (with sequences

represented as for Fig. 1A; semicircle, lariat RNA molecule).

sequence that weakly stimulates splicing contains four T(U)
residues (Fig. 6A). To investigate the differential effect of the
two pyrimidine residues, all the C's of the IgM sequence
were replaced with T(U)s and all the T(U)s of the hprt
sequence were changed to C's. When the C's in the IgM
sequence were changed to T(U)s, the stimulatory effect of
the IgM sequence was completely lost (Fig. 6B, lanes 1 to 6).
In contrast, when the T(U)s in the hprt gene were changed to
C's, the stimulatory effect of the hprt sequence was en-
hanced approximately 10-fold (Fig. 6B, lanes 7 to 12). These
results demonstrate that the presence of U residues in the
polypurine stretch greatly reduces the level of splicing
stimulation by the polypurine sequence, while C residues
seem to be neutral.

Involvement of common trans-acting factors in the stimula-
tory effects of polypurine sequences. The results described
above indicate that polypurine stretches with several struc-
tural features have a function similar to, if not the same as,
that of the ERS of the IgM gene. We have previously shown
in the competition experiment that the stimulatory effect of
the IgM-ERS is mediated by a trans-acting factor(s) (48). To
see whether the same factor(s) is involved in splicing stim-
ulation by other polypurine sequences, we carried out com-
petition experiments, using different competitors and differ-
ent substrates.

In the first series of experiments, the nuclear extracts were
preincubated on ice with various competitor RNAs and then
the chimeric dsx pre-mRNA containing the IgM-ERS was
added to the reaction mixture. The splicing reaction was
carried out at 30°C for a further 40 min. We first used two
competitors containing different regions of the IgM gene.
Cont4O RNA contains 40 nt of IgM exon M2 that does not
stimulate splicing, while IgM40 contains 40 nt of the region
that covers the IgM-ERS (48). Consistent with the previous
results, Cont4O RNA did not affect splicing (Fig. 7A, lanes 1
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FIG. 6. Effect of U residues on splicing stimulation. (A) The
purine-rich sequences of the IgM and the hprt exons. Pyrimidine
residues are indicated by the ifiled circles. (B) In vitro splicing of the
drc-IgM and drx-hprt derivative pre-mRNAs. In dvr-IgMcr and
drx-hprtTc pre-mRNAs, the C and T residues indicated by the filled
circles (in panel A) are mutated to T and C residues, respectively.
After the standard reaction for the times indicated at the top of each
lane, RNAs were extracted and electrophoresed on a 5% polyacryl-
amide gel containing 8 M urea. Lanes 1 to 3, dcx-IgM; lanes 4 to 6,
dvx-IgMcr; lanes 7 to 9, dvx-hprt; lanes 10 to 12, dvc-hprtTc. The
bands for the RNA products are shown schematically on the right
(with sequences represented as for Fig. 1A; semicircle, lariat RNA
molecule).

to 3), while IgM40 RNA inhibited splicing (Fig. 7A, lanes 4
and 5). Moreover, other polypurine stretches such as the
ASLV exon sequence and the synthetic AAG repeat se-
quence also inhibited splicing of dsx-IgM pre-mRNA effec-
tively (Fig. 7A, lanes 6 to 9).

Next, we carried out the in vitro splicing, using the
chimeric dsx pre-mRNAs with various exon sequences as
the substrates and ASLV RNA as the competitor. As shown
in Fig. 7B, ASLV RNA interfered with the splicing activities
of all the tested dsx pre-mRNAs, namely, dsx-ASLV (lanes
1 to 3), dsv-IgM (lanes 4 to 6), dsx-TNT (lanes 7 to 9),
dsx-AAG8 (lanes 10 to 12), and dsx-BGH (lanes 13 to 15)
pre-mRNAs. Together with the results in Fig. 7A, these
results show that the stimulatory effects of various polypu-
rine sequences are mediated, at least in part, by a common
trans-acting factor(s) that specifically interacts with such
sequences.

DISCUSSION

We previously identified a novel splicing element within
exon M2 of the mouse IgM gene (47, 48) that was required
for splicing of the upstream introns of exon M2 and that
functioned as a splicing enhancer. We designated this se-
quence element ERS (48). Here, we have demonstrated that
the same type of splicing element is present in at least

61O a a

I3 4ij *4-
aD b a .A

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

FIG. 7. Competition experiments with RNAs containing polypu-
rine sequences. (A) In vitro splicing carried out with dsx-IgM
pre-mRNA as the substrate in the presence of various competitor
RNAs. HeLa cell nuclear extracts were first incubated on ice with
the competitor RNAs indicated above the gel. The dsc-IgM pre-
mRNA was then added to the reaction mixture, and splicing was
carried out at 30°C for a further 40 min. The amounts of the
competitors used in the experiment are shown on the top of each
lane. Lane 1, no competitor RNA; lanes 2 and 3, Cont40 RNA
containing a portion of IgM exon M2 that does not stimulate splicing
(48); lanes 4 and 5, IgM40 RNA containing the first 40 nt of IgM exon
M2 (48); lanes 6 and 7, ASLV RNA that contains the ASLV
sequence (Fig. 1); lanes 8 and 9, AAG8 RNA containing eight
repeats of AAG (Table 1). (B) In vitro splicing carried out with
various substrates in the presence ofASLV RNA. HeLa cell nuclear
extracts were first incubated on ice with various amounts of ASLV
RNA (shown at the top of each lane). The dax pre-mRNAs contain-
ing various polypurine sequences were then added, and the reaction
was continued for a further 40 min. Lanes 1 to 3, dvx-ASLV; lanes
4 to 6, dvx-IgM; lanes 7 to 9, dvx-TNT; lanes 10 to 12, dsx-AAG8;
lanes 13 to 15, dvc-BGH. RNA products are shown schematically on
the left (with sequences represented as for Fig. 1A; semicircle, lariat
RNA molecule).

several exons of other genes. Sequence comparison showed
that purine-rich sequences similar to the IgM-ERS are often
found within the exon sequences that have been reported to
play an important role in splice site selection. Among those

A
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examples, the enhancing effect of a TNT exon on splice site
selection was recently demonstrated in vivo by Xu et al.
(49). In the present study, we have tested the stimulatory
effects of various exon sequences (ASLV, TNT, BGH, and
hprt exon sequences) in the in vitro splicing system and
demonstrated that these sequences, like the IgM-ERS, can
stimulate splicing. We also found that all of these sequences
promote the formation of the prespliceosome complex (data
not shown). On the basis of the similarity of the sequences
and the similar effects on splicing, these sequences are
considered other examples of ERS. This notion was also
demonstrated by the competition experiments, in which
various combinations of competitor RNAs and substrate
pre-mRNAs were tested. These competition experiments
strongly suggest that a common trans-acting factor(s) is
involved in the splicing stimulation by these polypurine
sequences. We conclude that ERS is present in exons of
various genes and that the previously suggested role of exon
sequences in splicing can be attributed, at least in part, to
ERS.
A salient feature of ERS that emerged from our experi-

ments is that ERS does not represent a rigid sequence: it
allows a certain flexibility in its content. Just like other
splicing elements, different ERS may have different activi-
ties or strengths that are determined by the sequence con-
tent. By testing the splicing enhancer activity of various
synthetic polypurine sequences, we have found that at least
four parameters could influence the strength of a given ERS.
First, the content of the purine residues of a polypurine
stretch is important. A polypurine stretch with alternating A
and G can stimulate splicing, while a poly(A) or poly(G)
sequence cannot. Moreover, the extent of stimulation is
variable among various alternating polypurine sequences.
Second, the length of the polypurine stretch is important. A
longer stretch has a stronger stimulatory effect on the
upstream splicing. Third, the presence of U residues within
the polypurine stretch is deleterious to the stimulatory
effect, while C residues seem to be neutral. Finally, the
presence of multiple stretches of polypurine sequences
within an exon seems to have accumulative effects on
splicing.
Although we have shown the positive effect of exon

sequences (ERS) in this study, the negative effect of exon
sequences should also be considered. In vitro experiments
using P-globin pre-mRNA have shown that a sequence
containing many U residues inhibits splicing when it is
present in the downstream exon (13). Moreover, in vivo
selection of the mutants in the hprt gene has been described
previously (41). This experiment revealed eight exon muta-
tions that result in aberrant splicing. Interestingly, seven of
these mutations were A-, G-, or C-to-T substitutions. These
results imply that a certain sequence containing U residues
could function as an inhibitoxy element. Good candidates for
such element are stop codons (TAA, TAG, and TGA),
because there are reports that suggest the negative effect of
the stop codons on splicing (7, 28). The dramatic effects of
the mutual substitutions of C's and T's seen in Fig. 6 might
be caused by the formation or disruption of such an inhibi-
tory element.

In this study, we have shown four examples of ERS
present within alternatively spliced exons (the IgM, ASLV,
TNT, and BGH genes) and one example present within a
constitutively spliced exon (the hprt gene). Considering the
relatively loose sequence requirements, ERS appears to be
present within a large number of exons besides these exam-
ples. Thus, ERS is thought to be a general splicing element

rather than a regulatory element of specific genes. This
raises the following questions: what is the precise role of
ERS during splice site selection, and how does this sequence
element specify the splice sites to be used?

Regarding these points, we have previously proposed that
the three sequence elements-the 3' splice site sequences
(including the branchpoint sequence and polypyrimidine
stretch), ERS, and the 5' splice site sequence downstream of
an exon-are recognized as a whole and that the sum of the
activities or strengths of these elements determines the 3'
splice site (48). The following observations support this
model. (i) These three elements can compensate each other
for splicing activity. For example, as shown in the previous
(48) and present studies, ERS can compensate for the
defectiveness of the polypyrimidine stretch of dsx pre-
mRNA. Similarly, splicing of dsx pre-mRNA occurs in the
absence of ERS, when either the suboptimal polypyrimidine
stretch is improved or the consensus 5' splice site sequence
is inserted in the downstream exon (data not shown). (ii)
Mutations of the downstream 5' splice site sequence (refer-
ence 43 and references therein) often result in exon skipping
in vivo. In the case of the cTNT gene, mutations of ERS
result in exon skipping (49). These observations suggest that
the three sequence elements near and within an exon are
recognized as a unit. It has recently been proposed that the
recognition factors bound at the splice sites communicate
across an exon to define the exon region prior to intron
removal (34). ERS may facilitate the process of such exon
recognition. In this connection, it would be important to
investigate the effect of ERS on splicing, in the presence of
the downstream 5' splice site. In this respect, in vivo
experiments using constructs of multiple introns would be
especially informative.
As described previously, Xu et al. showed that the purine-

rich sequence of cTNT exon 5 and the synthetic GAAGAG
GAGG repeat sequences facilitate splicing in vivo (49). They
also showed that insertion of these sequences into a short
exon promotes inclusion of that exon in mRNA. These
results are quite consistent with our experiments and pro-
vide evidence that the purine-rich element (ERS) functions
as the determinant of exons and introns in vivo.

In their work, Xu et al. (49) used the term ESE (exon
splicing element) to describe the splicing element within an
exon. This term is used to designate all kinds of splicing
elements within an exon, including gene-specific elements
required for the regulation of alternative splicing, general
positive-acting elements and putative negative-acting ele-
ments. For example, they say that the repeated 13-nt se-
quence of the Drosophila doublesex female exon (3) is the
best-characterized ESE. Therefore, ERS is considered a
type of ESE and corresponds to what is called a purine-rich
ESE.
To clarify the role of ERS in splice site selection, it is also

important to identify the factors that are involved in the
recognition of ERS and in splicing stimulation. We previ-
ously found that the 5' end of Ul small nuclear RNA
(snRNA) is specifically cross-linked to the ERS of the IgM
gene (48). This observation raised the possibility that Ul
small nuclear ribonucleoprotein (snRNP) may recognize
ERS through base pairing at its 5' end. However, the data
presented in this study are not consistent with this possibil-
ity. For example, if the base-pairing interaction were the
major determinant, a poly(G) sequence that can form three
G-C pairs and four G-U pairs with the 5' end of Ul snRNA
(5'-AUACUUACCU) would be able to stimulate splicing.
But the poly(G) sequence had no effect on the upstream
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splicing. In addition, the strong negative effect of U residues
on splicing stimulation cannot be explained simply by the
base-pairing interaction with Ul snRNA. Furthermore, we
found that single-stranded DNA that contains the same
sequence as ASLV RNA does not interfere with splicing (1).
Thus, the base-pairing interaction between Ul snRNP and
ERS is not likely to be the major determinant of ERS
recognition. Presumably, some other factors besides Ul
snRNP are responsible for the recognition of ERS and Ul
snRNP plays a more indirect role in ERS recognition.
Considering the stimulatory effect of Ul snRNP on the
upstream splicing (17, 23), Ul snRNP may play a role
primarily in splicing stimulation rather than in ERS recogni-
tion. The role of Ul snRNP and other factors in ERS
recognition and splicing stimulation should be clarified by
further investigation.
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