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We have characterized a novel positive-acting splicing element within the developmentally regulated
alternative exon (exon 5) of the cardiac troponin T (cTNT) gene. The exon splicing element (ESE) is internal
to the exon portions of the splice sites and is required for splicing to the 3' splice site but not the 5' splice site
flanking the exon. Sequence comparisons between cTNT exon 5 and other exons that contain regions required
for splicing reveal a common purine-rich motif. Sequence within cTNT exon 5 or a synthetic purine-rich motif
facilitates splicing of heterologous alternative and constitutive splice sites in vivo. Interestingly, the ESE is not
required for the preferential inclusion of cTNT exon 5 observed in primary skeletal muscle cultures. Our
results strongly suggest that the purine-rich ESE serves as a general splicing element that is recognized by the
constitutive splicing machinery.

Most metazoan genes express pre-mRNAs that contain
multiple exons which must be precisely joined to form
mature mRNA. Extensive sequence comparisons have iden-
tified conserved pre-mRNA cis elements that flank exons

and mutation analyses have demonstrated the importance of
these elements for pre-mRNA splicing (30). Consensus se-
quences have been derived for four splicing elements: (i) the
5' splice site which includes the last 3 nucleotides of the exon
and the first 6 nucleotides of the intron, (ii) the 3' splice site
which includes the last 4 nucleotides of the intron and the
first nucleotide of the exon, (iii) a pyrimidine-rich tract of
variable length generally located immediately upstream from
the 3' splice site, and (iv) a variable heptanucleotide at the
site of lariat formation called the branch site (for simplicity,
elements ii to iv will be collectively referred to as the 3'
splice site). These sequences direct assembly of the splicing
complex, or spliceosome, by sequentially binding small
nuclear ribonucleoproteins (Ul, U2, U4, U5, and U6) and
several auxiliary factors (for reviews, see references 22 and
56). Recognition of the 5' splice site involves direct base
pairing with Ul small nuclear RNA, while recognition of the
3' splice site requires several complex interactions including
direct base pairing of U2 small nuclear RNA with the branch
site preceded by binding of U2 auxiliary factor to the
polypyrimidine tract. Several other factors have been dem-
onstrated to interact with the 3' splice site and are important
for its recognition.
While it is clear that the consensus signals are necessary

for splicing, these elements are not sufficient for splice site
selection. Because of their small size and loosely conserved
sequence, the consensus splicing elements do not contain
sufficient information to allow authentic splice sites to be
distinguished from unused or cryptic splice sites that are
commonly found within introns and exons (46, 51). Indeed,
computer-based efforts to identify splice sites in the nucle-
otide sequences of uncharacterized genes are plagued by
both false negatives and false positives (3, 51). The lack of
understanding of how splice sites are selected is further
underscored by the ability of some pre-mRNAs to undergo
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alternative splicing in which splicing to specific splice sites is
optional. In many cases, the relative levels of alternative
spliced mRNAs are regulated according to cell type or

developmental stage (53).
A complete understanding of the mechanism for splice site

selection requires the identification of all cis-acting elements
that contribute to the efficiency with which splice sites are

recognized by the splicing machinery. The lack of sequence
specificity in the consensus splicing elements suggests the
possibility that additional cis elements are involved in the
selection of some splice sites. Specifically, internal exon

sequence has been demonstrated to play a role in both
alternative and constitutive splice site selection in several
experimental systems (internal exon sequence refers to exon
sequence that is internal to the exon portions of the consen-
sus splice sites) (4, 12-14, 23, 25, 28, 29, 34, 37, 42, 48, 52,
54, 57, 61). In addition, some genetic diseases have been
found to be caused by spontaneous mutations within internal
exon sequence that lead to missplicing (38, 65). The best-
characterized exon splicing element (ESE) is in the female-
specific exon of the Drosophila doublesex (dsx) gene in
which a repeated 13-nucleotide sequence in the downstream
exon located more than 200 nucleotides from the 3' splice
site is required for 3' splice site activation (24, 26, 42). dsx 3'
splice site activation is mediated by binding of the trans-
former (tra) and transfonner-2 (tra-2) gene products to the
exon repeats (60). In vertebrates, specific internal exon
sequences required for splicing have yet to be defined and
characterized.
We have been using the avian cardiac troponin T (cTNT)

gene as a model gene to investigate the role of internal exon
sequence in splice site selection. Expression of the cTNT
gene is restricted to cardiac muscle and embryonic skeletal
muscle (10, 11). The cTNT gene expresses a single pre-
mRNA that contains 18 exons and is alternatively spliced
such that one exon, exon 5, is either included or excluded
from the mature mRNA (11). Developmental regulation of
alternative splicing results in a transition from >90% of
mRNAs that include the exon in early embryonic heart and
skeletal muscle to >95% of mRNAs that exclude the exon in
the adult (11). Using transfection analysis of cTNT mini-
genes, we have previously shown that mutations within the
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alternative exon resulted in exon skipping in vivo (12). In
vitro, these mutations specifically blocked splicing of exons
4 and 5, but not exons 5 and 6, suggesting that internal exon
mutations specifically disrupt 3' splice site recognition (8).
To investigate the role of internal exon sequence in regulated
splice site selection, we have established a transient trans-
fection system using two cell cultures that differ in their
regulation of exon 5 alternative splicing. In this report, we
demonstrate that cTNT exon 5 contains an ESE that has the
following characteristics: (i) it is required specifically for
splicing to the flanking 3' splice site, while splicing to the
flanking 5' splice site is independent of internal exon se-
quence; (ii) it contains a purine-rich motif that is found in
several heterologous exons within regions shown to be
required for splicing; (iii) it facilitates splicing of both alter-
native and constitutive exons from heterologous genes; and
(iv) it is not required for the regulated splicing observed in
primary skeletal muscle cultures. Our results suggest that
ESEs may be a general feature of some constitutive and
alternative exons.

MATERIALS AND METHODS

DNA constructs. Standard cloning protocols were used
(50). Oligonucleotides used for primer extension and poly-
merase chain reaction (PCR) cloning were synthesized by
the Institute for Molecular Genetics, Baylor College of
Medicine.
The APB construct was derived from SM-1 (9) by replac-

ing the cTNT genomic fragment downstream of exon 6 with
a skeletal a-actin genomic fragment containing the last exon
(exon 7) and 377 bp of 3'-flanking genomic sequence (18).
The two exons were fused at an SpeI site created by
3-nucleotide substitutions in cTNT exon 6 (leaving 55 nucle-
otides of the 57-nucleotide exon) and by the addition of an
SpeI linker to a BclI site in a-actin exon 7 located 261
nucleotides from its 3' end. Si nuclease analysis of APB
mRNAs demonstrate efficient use of the correct polyadenyl-
ation site in both muscle and nonmuscle cells (data not
shown). In addition, Northern (RNA) blot analysis indicates
that minigene pre-mRNAs are efficiently spliced (data not
shown).
The E51 and E53 mutations (12) were introduced into APB

by replacing a ClaI-XhoI fragment containing exon 5. To
replace cTNT exon 5 with skeletal troponin I (sTNI) exon 2
and derivatives, the first 2 and last 3 nucleotides of exon 5
were changed to create PvuII and SnaBI sites, respectively.
These restriction sites cut at the intron-exon junctions of
exon 5, allowing the precise removal of the exon. Three
30-bp DNAs containing the APSR, AE25, and AE2CON
replacement exons were synthesized directly or by PCR and
cloned blunt ended into the PvuII-SnaBI vector. All clones
were confirmed by sequencing of the exon and at least 50
nucleotides of both flanking introns.
ADMR (see Fig. 2B) was constructed by using PCR-

generated restriction sites to replace cTNT exon S and
immediately flanking introns with the comparable region of
sTNI exon 2 without introducing significant changes in
intron sizes.
The AE5C vector (see Fig. 3A) was constructed by cloning

a ClaI-XhoI fragment from E53 into the ClaI-XhoI sites of
E52 (12). To expand the size of the exon, both orientations of
the following fragments from pBR322 were cloned into the
ClaI site: 15-, 26-, 34-, 76-, and 110-bp HpaII; 30- and 40-bp
HinPI; and 48- and 107-bp HpaII-Taq. The integrity and

orientation of inserts and the integrity of splice sites were
confirmed by sequencing.
ABBC (see Fig. 4A) was constructed by a collapse

from the second nucleotide of intron 5 (BbsI site) to a
DdeI site located 86 nucleotides upstream of exon 6. The
intron sequence immediately flanking exon 5 in ABBC
(GTITCAGT [vertical line denotes BbsI-DdeI fusion site])
does not recreate a functional 5' splice site. ABCE51 and
ABCPSR were constructed from inserts generated by PCR
using an oligonucleotide that primed 5'-ward from the 3' end
of the E51 or PSR exon. PCR fragments were treated with T4
DNA polymerase to remove A residues added to the 3' end,
cut with ClaI (upstream site), and cloned into ABBC ClaI-
BbsI fragments (blunt ended).
To construct the ,uBRB series (see Fig. SA), APB was

modified such that the 5' end of exon 5 was fused to the 3'
end of the Rous sarcoma virus long terminal repeat, and a
BamHI site was introduced 24 nucleotides downstream of
exon 5. PCR-generated fragments from APB, AE51, APSR,
and AE25 that included the first nucleotide of the exon to 3'
of an XhoI site in the downstream intron were used to
replace a BamHI-XhoI fragment of the modified plasmid.
The resulting plasmids were identical except for the substi-
tutions shown in Fig. 2A.
,LAVWT.BSC (see Fig. 6A) was constructed using a

truncated avian sarcoma virus (ASV) env construct gener-
ously provided by R. Katz and A. M. Skalka (Fox Chase
Cancer Center). The intron contains a deletion of about
4,450 nucleotides and removes the gag and pol sequences
(29). This deletion leaves intact about 100 nucleotides up-
stream of the 3' splice site and 125 nucleotides downstream
of the 5' splice site. PCR primers containing the appropriate
restriction enzyme sites were used to amplify and clone the
ASV env fragment shown in Fig. 6A between the Rous
sarcoma virus long terminal repeat and skeletal a-actin exon
7, removing all cTNT sequence from APB. DNA fragments
to be tested for splicing-enhancing activity were blunt end
cloned between BglII and SpeI sites (see Fig. 6A). cTNT
exon 5 and sTNI exon 2 were derived from synthetic
double-stranded oligonucleotides. GAR and MGAR concat-
amers (see Fig. 8B) were derived from 9-nucleotide oligonu-
cleotides and their complements that base paired to give
single-nucleotide 5' overhangs which ensured concatamer-
ization in a single orientation. Following concatamerization,
ends were filled in and double-stranded concatamers were
isolated on gels for cloning. All clones were confirmed by
sequencing.
p,IHBG.D (see Fig. 7A) was constructed by PCR-assisted

cloning in a modified design of Dominski and Kole (15). The
entire intron 1 of the human ,-globin gene was duplicated to
create an 8-nucleotide middle exon (GACGTfAG) contain-
ing an AatII site (bold print) incorporated into the first
nucleotide of exon 1 (G) and the last 3 nucleotides of exon 2
(CAG). Cleavage with AatII and removal of the ACGT 3'
overhangs (not underlined) using T4 DNA polymerase left
the exon portions of the ,-globin splice sites intact (under-
lined). Fragments to be tested for splicing-enhancing activity
were blunt end cloned into this site, as described for
,uAVWT.BSC above. All clones were confirmed by sequenc-
ing.

Cell culture, transfection, RNA extraction, and analysis.
Media and medium components were obtained from GIBCO/
BRL. The preparation of embryonic day 11 chicken breast
muscle cultures was as described by Mar et al. (36). Tran-
sient transfections were done by the method of Chen and
Okayama (5) with the following modifications. Cells were
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plated at 106 (QT35) and 1.8 x 106 (primary skeletal muscle)
per 60-mm-diameter dish. QT35 and muscle cultures were
transfected with 5 to 15 ,ug of DNA per plate using aliquots
from a single cocktail. Plates were incubated in 5% Co2.
Muscle cultures were washed after 4 h, and QT35 cultures
were washed after incubation overnight. Total RNA was
extracted 48 h after the start of transfection by the guanidi-
nium thiocyanate procedure of Chomczynski and Sacchi (7)
as modified by Xie and Rothblum (67). Primer extension and
Si nuclease analysis were performed as described previ-
ously with approximately 25 ,ug of total RNA from trans-
fected cultures (half of a 60-mm-diameter plate) or 5 ,ug of
total RNA from tissue (9).

RESULTS

Alternative splicing of cTNT minigene pre-mRNAs is regu-
lated in primary skeletal muscle cultures. To define the role of
internal exon sequence in exon recognition and in the
regulation of alternative splicing, we have established a
transient transfection system which demonstrates regulated
alternative splicing of cTNT minigene pre-mRNAs. The
results from transfection analysis of cTNT minigenes have
been described previously (9, 12). Here we demonstrate that
in primary skeletal muscle cultures, mRNAs from both the
endogenous cTNT gene and transiently transfected mini-
genes preferentially include exon 5, while a nonmuscle cell
line displays a default splicing pattern for minigene pre-
mRNAs in which the exon is predominantly skipped.
The cTNT minigenes used in this study were derived from

the APB construct, which is diagrammed in Fig. 1A. The
splicing patterns of both the endogenous (primary skeletal
muscle only) and transfected gene products were assayed
simultaneously by primer extension on total cellular RNA
with an oligonucleotide complementary to cTNT exon 6.
The sizes expected from primer extension on endogenous
and minigene mRNAs are indicated in Fig. 1B.

Primary skeletal muscle cultures were prepared from
embryonic day 11 breast muscle tissue in which >90% of the
endogenous cTNT mRNAs include exon 5 (Fig. 1B, lane 5).
Like breast muscle tissue, primary breast muscle cultures
express endogenous mRNAs that predominantly include
exon 5 (Fig. 1B, lane 4). Following transfection into these
muscle cultures, cTNT minigenes also express predomi-
nantly mRNAs that include the exon (Fig. 1B, lane 2). The
percentage of APB mRNAs that include exon 5 in these
cultures varies from 70 to 85%. Therefore, primary skeletal
muscle cultures retain the splicing pattern that is character-
istic of the embryonic tissue from which they were derived
and presumably express the relevant trans-acting regulatory
factors. The APB pre-mRNA appears to contain the cis
elements required to respond to these factors.
The transition to exon 5 skipping that occurs during

muscle development in vivo does not occur in primary
skeletal muscle cultures even after extended culture times
(data not shown). These cultures also fail to express other
protein isoforms characteristic of late developmental stages
which may reflect a requirement for extrinsic cues (58).
Since we were unable to observe a transition of splicing
patterns in muscle cultures, cTNT minigenes were tran-
siently transfected into the QT35 avian fibroblast cell line for
purposes of comparison. Because QT35 cells do not express
muscle-specific genes, these cells presumably lack factors
that regulate splicing of muscle-specific pre-mRNAs. In
QT35 cultures, only 15 to 25% of minigene mRNAs include
exon 5 (Fig. 1B, lane 1). Preferential exon skipping in these

cells is taken as the default splicing pathway. The same
splicing pattern is observed in other nonmuscle cell types,
such as HeLa and Chinese hamster oocytes (data not
shown).
Using forced expression of cTNT cDNAs, we determined

that mRNAs that include or exclude exon 5 do not differ in
their relative stability in either muscle or QT35 cells (data
not shown). Therefore, the steady-state ratio of the alterna-
tively spliced mRNAs is determined primarily by splice site
selection.
To determine whether our results in primary skeletal

muscle cultures were affected by contaminating nonmuscle
cells (10 to 20% of the nuclei are in nonmuscle cells), we
constructed a minigene that was expressed only in differen-
tiated myogenic cells by replacing the Rous sarcoma virus
long terminal repeat of the APB minigene with the muscle-
specific promoter of the cTNT gene (36). We found that this
minigene and APB expressed the same percentage of
mRNAs that include exon 5 in primary skeletal muscle
cultures (data not shown). Therefore, our results from pri-
mary skeletal muscle cultures are not affected by contami-
nating nonmuscle cells.
The splice sites flanking exon 5 are not sufficient for splicing

of a heterologous constitutive exon. We have previously
reported that internal exon mutations in cTNT exon 5 lead to
skipping of the exon (12). The effects of two previously
reported exon mutations, AE51 and AE53, are shown in Fig.
2C to demonstrate that their effects are reproducible in
different constructs and different cell types. The nucleotide
substitutions for these mutations are shown in Fig. 2A. The
E51 mutation results in almost complete skipping of the exon
in both muscle and nonmuscle cultures (Fig. 2C, lanes 3 and
4), while the E53 mutation reduces but does not eliminate
exon inclusion (lanes 5 and 6). These mutations have been
demonstrated to affect splicing of exon 5 rather than mRNA
stability (12 and data not shown). These results initially
suggested the possibility that mutations within exon 5 inac-
tivated a positive-acting element that is required for exon
recognition.
We next tested whether the splice sites that flank exon 5

are sufficient for splicing of a heterologous exon of the same
size in the exon substitution construct, APSR. In this mini-
gene, cTNT exon 5 was cleanly removed from the flanking
introns and replaced with a 30-nucleotide constitutive exon
(exon 2) from the chicken sTNI gene (45) (see Methods and
Materials for details of cloning). It is important to note that
APSR is identical to APB, except that exon 5 is precisely
replaced by sTNI exon 2 without modification of the adja-
cent introns (Fig. 2A). In both muscle and QT35 cultures, the
substituted exon is completely skipped (Fig. 2C, lanes 7 and
8). The failure to detect APSR mRNAs that include sTNI
exon 2 is not due to mRNA instability, since the identical
mRNA is expressed when sTNI exon 2 is flanked by its
natural splice sites (construct ADMR [Fig. 2B and C, lanes
11 and 12]).

It was possible that the substituted sTNI exon 2 was
completely skipped because of the changes in the exon
portions of the splice sites, rather than the changes in
internal exon sequence. The first nucleotide of sTNI exon 2
is a consensus G and is unlikely to have a negative effect on
splicing. However, the last 3 nucleotides of sTNI exon 2 in
APSR altered the flanking 5' splice site such that potential
base pairing with Ul snRNA was less than that with cTNT
exon 5 (compare APB and APSR in Fig. 2A). To restore the
complete natural 5' splice site in the exon substitution
construct, the last 3 nucleotides of sTNI exon 2 were
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FIG. 1. Transient transfection analysis of cTNT minigenes in primary skeletal muscle and QT35 fibroblast cultures. (A) Diagram of the
cTNT minigene, APB. (B) Primer extension analysis. (Top) Diagrams of 5' portions of endogenous and APB mRNAs. The sizes of primer
extension products from mRNAs that include or exclude exon 5 are indicated. (Bottom) Primer extension analysis. RNA from embryonic day
18 heart muscle (lane 6) shows the products from endogenous cTNT mRNAs. These mRNAs produce a doublet, because transcription
initiation occurs at two sites separated by three nucleotides (11). Bands were quantified directly from the gel with an Ambis Radioanalytic
Imaging System, and the results are expressed as the percentage of spliced mRNA that contains the alternative exon. Lanes: F, QT35; M,
primary skeletal muscle. The diagrams are not drawn to scale. Abbreviations: RSV, Rous sarcoma virus long terminal repeat; BM, breast
muscle; HM, heart muscle.

replaced with the last 3 nucleotides of cTNT exon 5 (con-
struct AE25 [Fig. 2AJ). However, even with the complete 5'
splice site that normally flanks cTNT exon 5, sTNI exon 2
was predominantly skipped (Fig. 2C, lanes 9 and 10).
Taken together, these results demonstrated that the 5' and

3' splice sites that flank cTNT exon 5 were not sufficient for
recognition of a heterologous 30-nucleotide constitutive
exon. These results strongly indicate that a positive-acting
cis element or ESE within cTNT exon 5 facilitates exon
recognition. The fact that this element was required for exon

recognition in both muscle and nonmuscle cell types sug-
gested that it serves as a general splicing element that is
recognized by the constitutive splicing machinery (see be-
low).
The ESE is not required for regulation of alternative

splicing in primary skeletal muscle cultures. To determine
whether the ESE was required for the regulation of alterna-
tive splicing, we sought to induce alternative splicing of
ESE-minus exons that replaced cTNT exon 5. If the ESE
were required for regulated splicing, we expect the ratio of

C
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FIG. 2. Transfection analysis of exon 5 mutations and substitutions. (A) Nucleotide sequences ofcTNT exon 5 and five modified exons. Exon
sequence is shown in uppercase, and intron sequence is shown in lowercase. All constructs are identical to APB except for the nucleotide
changes indicated by black or shaded background. The potential base pairing of the 5' splice sites with Ul snRNA is indicated as follows: G-C
(1), A-U (I), G-U ( X ). The AIPSR mutation represents a complete substitution of cTNT exon 5 with a heterologous constitutive exon (sTNI exon
2) of the identical size (see text). The AE25 mutation replaces the last 3 nucleotides of sTNI exon 2 with those of cTNT exon 5 to reestablish
the complete natural 5' splice site. The AE2CON mutation replaces the last 3 nucleotides of sTNI exon 2 with the exon portion of the consensus
5' splice site. APB retains the correct cTNT open reading frame from the natural AUG codon in exon 2 to a termination codon immediately 3'
to the cTNT exon 6-a-actin exon 7 fusion. None of these mutations introduce stop codons into this open reading frame. (B) Diagram of ADMR.
The shaded region in the diagram represents a segment of the sTNI gene that replaced a comparable genomic region containing cTNT exon 5.
This substitution maintains the size of intron 4 and increases intron 5 by only 5 nucleotides. (C) Primer extension analysis of cTNT exon 5
mutants. Primer extension was performed as described in the legend to Fig. 1, and products from minigene mRNAs that include (+) or exclude
(-) exon 5 are indicated. A shorter exposure from the same gel is shown for AE51, AE53, APSR, and AE25. Differences in minigene mRNA
levels primarily reflect differences in transfection efficiency. We have determined that high levels of minigene mRNAs do not significantly affect
the ratio of alternatively spliced mRNAs in either muscle or QT35 cultures (data not shown). Lanes: F, QT35; M, primary skeletal muscle.
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FIG. 3. The ESE is not required for regulation of alternative splicing in muscle cultures. (A) Diagram of the A&E5C construct in which
cTNT exon 5 has been replaced by a 9-bp synthetic exon containing a ClaI restriction site flanked by the first and last 2 nucleotides of exon
5. Exon size was increased by inserting plasmid DNA fragments into the ClaI site (see Materials and Methods for details). Both orientations
for each fragment were tested. The names of the constructs indicate the size of the exon, and N indicates an opposite orientation of the
inserted fragment. RSV, Rous sarcoma virus long terminal repeat. (B) Primer extension analysis of the AE5C series in QT35 and primary
skeletal muscle cultures. Primer extension was performed described in the legend to Fig. 1. Each construct has been tested at least twice.
Representative results from different transfections are shown. Differences in mRNA levels reflect variability in transfection efficiency. The
asterisk marks a band representing RNAs that retain the 110-nucleotide intron 3. (C) Primer extension analysis of AE2CON. The AE2CON
substitution of cTNT exon 5 is shown in Fig. 2A. Lanes: F, QT35; M, primary skeletal muscle. Bands were quantified directly from the gel,
and the results are presented in Table 1.

RNAs with and without an ESE-minus exon to be the same
in muscle and nonmuscle cells. If the ESE were not required
for regulated splicing, ESE-minus exons should continue to
be preferentially included in muscle cultures compared to
nonmuscle cultures.

Several laboratories have demonstrated that increased
exon size results in increased splicing efficiency (1, 2, 15),
suggesting the possibility that the requirement for an ESE

could be overcome by increased exon size. The APB mini-
gene was modified such that exon 5 was replaced by a
9-nucleotide synthetic exon that contains an internal ClaI
site flanked by the first 2 and last 2 nucleotides of exon 5
(AE5C [Fig. 3A]). A series of minigenes was constructed in
which the size of the AE5C synthetic exon was increased by
inserting fragments from plasmid DNA digested with restric-
tion enzymes that generated ends compatible with ClaI. The
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TABLE 1. Quantitation of the primer extension results shown
in Fig. 3B and C

% of mRNAs that include
Clone Exon size the artificial exon:

(nucleotides)
QT35 Muscle

AESC 9 0 0

AE24 24 0 0
AE24N 24 0 0

APBa 30 25 75

AE35 35 0 0
AE35N 35 0 0

AE39 39 0 0
AE39N 39 0 0

AE43 43 0 0
AE43N 43 0 0

AE49 49 0 0
AE49N 49 10 54

AES7 57 56 89
AE57N 57 40 82

AE85 85 0 0
AE85N 85 85 >98

AE116 116 78 >98
AE116N 116 35 45

AE119 119 0 0
AE119N 119 31 77

AE2CON 30 21 83

a APB contains the unmodified exon.

design of the synthetic exon allowed different fragments to
be cloned into the ClaI site without changing the exon or
intron portion of the splice sites that normally flank exon 5.
All inserts were tested in both orientations to reveal poten-
tial sequence-dependent effects. The minigenes were tran-
siently transfected into QT35 and primary skeletal muscle
cultures. The results of primer extension are shown in Fig.
3B. The bands were quantified directly from the gel with an
Ambis Radioanalytic Imaging System, and these results are
shown in Table 1.
The results from the exon expansion series demonstrate

three points. First, artificial exons that are smaller than 49
nucleotides and are flanked by the natural splice sites of
cTNT exon 5 are not recognized in the absence of the ESE.
Second, artificial exons 49 to 119 nucleotides are alterna-
tively spliced, yielding mRNAs that include or exclude the
exon (with the exception of AE49, AE85, and AE119). Third,
all alternatively spliced exons show a higher level of exon
inclusion in primary skeletal muscle cultures than in QT35
cultures. From these results, we can draw two conclusions.
First, in the absence of the ESE, an exon flanked by the
natural splice sites of exon 5 must have a minimum size of 49
nucleotides to be recognized by the splicing machinery. This
result strongly suggests that the ESE within exon 5 serves to
compensate for the relatively small size of the exon. Second,
the ESE is not required for the preferential exon inclusion in
primary skeletal muscle cultures.

Further evidence that the ESE is not required for regu-
lated alternative splicing comes from inducing a sTNI exon 2
substitution to alternatively splice by strengthening the
flanking 5' splice site. In construct AE2CON, cTNT exon 5
has been substituted by a copy of sTNI exon 2 in which the
last 3 nucleotides of the exon were changed to CAG to match
the exon portion of the consensus 5' splice site (AE2CON
[Fig. 2A]). Interestingly, when the level of exon 2 recogni-
tion is slightly improved in this way to allow both splicing
patterns, regulation becomes apparent: there is a strong
preference for exon inclusion in muscle cells just as for
cTNT exon 5 (Fig. 3C and Table 1). Overall, the results in
Figure 3 show that exons flanked by the natural cTNT
introns but lacking the ESE still undergo preferential inclu-
sion in muscle cultures. Therefore, the ESE is not required
for the regulation of alternative splicing. The cis element(s)
required for regulation presumably lie elsewhere within the
pre-mRNA.
Exon 5 sequence is specifically required for recognition of

the flanking 3' splice site and not the flanking 5' splice site.
Mechanistically, exon recognition occurs via recognition of
the flanking splice sites. We were interested in determining
whether the ESE was required for splicing to the flanking 3'
splice site or to the flanking 5' splice site in vivo. We have
recently shown that exon mutations that lead to exon skip-
ping in vivo specifically block splicing of the upstream intron
in vitro but have no effect on splicing of the downstream
intron (8). These results suggested that recognition of the 3'
splice site flanking exon 5 is disrupted by exon mutations. To
address this question in vivo, the effects of exon mutations
on the strengths of the flanking 3' and 5' splice sites were
examined separately in cis competition assays. The 3' splice
site flanking exon 5 was forced to compete with the 3' splice
site flanking exon 6 by a deletion that removed the majority
of intron 5 including the 5' splice site (Fig. 4A). The intron
between exons 5 and 6 can no longer be spliced, forcing exon
4 to combine with exon 5 or 6. Three variant constructs were
made differing only in the sequence of exon 5: ABBC
contains the unmodified exon 5, ABCE51 contains the E51
mutation in exon 5, and ABCPSR contains sTNI exon 2 in
place of exon 5 (Fig. 2A). Following transfection into QT35
and primary skeletal muscle cultures, total RNA was as-
sayed by Si nuclease protection. The results indicated that
when exon 5 was unmodified (ABBC), the 3' splice sites
flanking both exons 5 and 6 were used (Fig. 4B, lanes 2, 3, 8,
and 9). However, when exon 5 contained the E51 mutation
(ABCE51), exon 4 combined only with exon 6 (lanes 4 and
5). When exon 5 was replaced by sTNI exon 2 (ABCPSR),
the flanking 3' splice site was predominantly skipped (lanes
10 and 11). Therefore, when exon 5 contained either the E51
mutation or was replaced by a heterologous exon, the
flanking 3' splice site was predominantly skipped. These
results are consistent with our previous in vitro results and
demonstrate that the sequence within exon 5 plays a major
role in the strength of the flanking 3' splice site in vivo.
A similar approach was used to determine the role of exon

5 sequence in the strength of the flanking 5' splice site. To
use competing 5' splice sites of equivalent strength, exon 5
and its flanking 5' splice site were duplicated and placed in
self-competition. By PCR cloning, a genomic fragment con-
taining exon 5 and 24 bp of the downstream intron replaced
exons 1 to 4 in APB to construct ,BRB (Fig. SA). The
intervening sequence between the duplicated exons cannot
be spliced because of its small size and deletion of the 3' end
of the intron. Four minigenes were constructed that were
identical except for the following modifications of the down-
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FIG. 4. Internal exon mutations disrupt splicing to the 3' splice site (3' ss) flanking cTNT exon 5. (A) Constructs forcing cis competition

between the 3' splice sites of exons 5 and 6. A 594-bp deletion in intron 5 removed the 5' splice site and prevented splicing of exons 5 and
6. The three test constructs are identical except for the following modifications: ABBC contains the unmodified exon 5, ABCE51 contains the
E51 mutation, and ABCPSR contains sTNI exon 2 in place of cTNT exon 5 (Fig. 2A). The probes used for Si nuclease analysis were 32p
5'-end-labeledAvaIl fragments derived from ABBC (lanes 1 to 7) or ABCPSR (lanes 8 to 14). The labeled end is indicated by the asterisk. The
AvaII sites are located 219 nucleotides upstream of exon 5 and 60 nucleotides downstream of the cTNT exon 6-a-actin exon 7 fusion. The
diagrams are not drawn to scale. The expected protection products are indicated. RSV, Rous sarcoma virus. (B) Si nuclease analysis. The
protected products for the ABBC probe are indicated on the left and those for the ABCPSR probe are indicated on the right.
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FIG. 5. Internal exon sequence does not affect splicing to the 5'

splice site (5' ss) flanking cTNT exon 5. (A) 5' splice site cis
competition construct. cTNT exon 5 and 24 nucleotides of the
downstream intron were duplicated. The cloning strategy intro-
duced 6 additional nucleotides to the intron between the duplicated
exons. In all constructs, the upstream exon 5 was unmodified and
the downstream exon is either unmodified or contains the E51, PSR,
or E25 modification shown in Fig. 2A. RSVLTR, Rous sarcoma
virus long terminal repeat. (B) Primer extension analysis of the
,uBRB series in QT35 cultures. The priming oligonucleotide is
complementary to skeletal a-actin exon 7. The expected primer
extension products are indicated. The ,uBRC minigene (not shown)
contains a single exon 5 and expresses an mRNA that is 1 nucleotide
larger than ,uBRB mRNAs that use the upstream 5' splice site.

stream duplicated exon (Fig. 2A): the unmodified cTNT
exon 5 (,BRB), the E51 mutation (,BRE51), sTNI exon 2
substituted for cTNT exon 5 (,BRPSR), and sTNI exon 2
containing the last 3 nucleotides of cTNT exon 5 to complete
the natural 5' splice site (,BRE25). Minigenes were tran-
siently transfected into QT35 cultures, and total cellular
RNA was assayed by primer extension with an oligonucle-
otide that anneals to skeletal oa-actin exon 7.
The primer extension results demonstrate that when both

duplicated exons are unmodified, the downstream 5' splice
site is used exclusively (Fig. 5B, lane 1). When the down-
stream duplicated exon contains the E51 mutation, the
downstream 5' splice site is still used exclusively (,uBRE51
[lane 2]). Substitution of the downstream exon 5 with sTNI
exon 2 (,uBRPSR) results in almost exclusive use of the
upstream 5' splice site (lane 3). However, when the last 3
nucleotides of sTNI exon 2 are changed to reestablish the
complete downstream 5' splice site, this site is used exclu-
sively once again (p,BRE25, lane 5). Therefore, the down-
stream 5' splice site is used despite the absence of internal

exon 5 sequence in ,uBRE25 and the E51 mutation in
,uBRE51. The failure to use the downstream 5' splice site in
,LBRPSR is likely to be due to weakening of the 5' splice site,
rather than the absence of a specific internal exon sequence.

Overall, the results presented in Fig. 4 and 5 demonstrate
that the ESE within exon 5 is required specifically for
splicing to the flanking 3' splice site. While splicing to the
flanking 5' splice site is strongly affected by the last 3
nucleotides of the exon, it is not dependent upon internal
exon sequence.
Exon 5 sequence can facilitate splicing of heterologous

exons. We made two model constructs to determine whether
the ESE within exon 5 could enhance splicing of heterolo-
gous exons. The ,uAVWT.BSC construct (Fig. 6A) contains
a truncated ASV env intron and part of both flanking exons
(a generous gift from R. Katz and A. M. Skalka) cloned into
the expression vector described above. Katz and Skalka and
their collaborators laboratories have demonstrated that the
ASV env intron is inefficiently spliced because of an intrin-
sically weak 3' splice site. In addition, splicing of the ASV
env intron is inhibited by deletions in the downstream exon
located 30 nucleotides from the 3' splice site (19, 29). The
region removed by these deletions contains a sequence motif
that is also present in cTNT exon 5 (see below).
To determine whether cTNT exon 5 could enhance splic-

ing of the ASV env intron, a synthetic DNA containing the
entire 30-nucleotide exon was inserted in both orientations
30 nucleotides downstream from the env 3' splice site
between blunt-ended BglII and SpeI sites (Fig. 6A). As a
negative control, a synthetic 30-nucleotide DNA containing
the entire sTNI exon 2 sequence was also cloned into the
vector in both orientations. Minigenes were transiently
transfected into QT35 cultures, and splicing was assayed by
primer extension on total cellular RNA with an oligonucle-
otide that anneals to skeletal a-actin exon 7.
With no insert downstream of the 3' splice site, the

,AVWT.BSC pre-mRNA remains unspliced (Fig. 6B, lane
5). This result is consistent with the results described above
in which exon deletions significantly reduced splicing. When
cTNT exon 5 is inserted in the positive orientation, 40% of
the minigene RNA is spliced (Fig. 6B, lane 1). The negative
orientation of exon 5 also stimulates splicing but at a much
lower level (lane 2). Interestingly, sTNI exon 2 also slightly
enhances splicing (lane 3), while the negative orientation of
this exon has no effect (lane 4). These results indicate that
exon 5 significantly enhances splicing of the ASV env 3'
splice site compared with other inserts of the same size.
The results presented in Fig. 6 demonstrate that the ESE

in cTNT exon 5 can facilitate splicing of a heterologous
alternatively spliced intron. We next sought to determine
whether the ESE could facilitate constitutively used splice
sites. This was accomplished with a construct derived from
the human ,-globin gene by modification of a design origi-
nally described by Dominski and Kole in which a middle
exon is created by fusion of a 5' portion of exon 2 to a 3'
portion of exon 1 (15). These researchers determined that
small internal exons of 33 nucleotides or less were not
spliced in vivo, while an exon of the next larger size tested,
51 nucleotides, was spliced. The minimum exon size for
exon recognition depends in part on the strength of the
adjacent splice sites, since improving the pyrimidine tract,
branch site, or 5' splice site increases the level of inclusion of
the 33-nucleotide internal exon (15, 16). Our experimental
series was designed to determine whether the size limitation
defined by these researchers could be overcome by incorpo-
rating the ESE of cTNT exon 5.
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FIG. 6. Facilitated splicing of ASV env intron 3' splice site. (A) Diagram of the ASWT.BSC test construct. A truncated ASV env intron
and flanking exons (heavy lines) was cloned into a Rous sarcoma virus (RSV)-driven minigene (see Materials and Methods). Inserts to be
tested for splicing-enhancing activity were cloned between BglII and SpeI sites located 30 nucleotides from the 3' splice site. The diagram
is not drawn to scale. (B) Primer extension analysis of ,uAVWT.BSC series following transient transfection into QT35 cells. The GAR and
MGAR inserts are described in the text and shown in Fig. 8. The priming oligonucleotide anneals to a-actin exon 7. Extension products from
unspliced and spliced RNAs are indicated. + and - indicate the orientations of cTNT exon 5 and sTNI exon 2. The cTNT exon 5 + construct
is missing a single nucleotide because of incomplete filling in of the BglII site, making the primer extension product 1 nucleotide shorter than
expected. Constructs that contain this nucleotide give the same result (data not shown). Lane 2 is a shorter exposure form the same gel, and
lane 13 is a longer exposure of the same gel. Band intensities of unspliced and spliced RNA were quantified directly from the gel, and the
percent spliced RNA is calculated as the ratio of spliced RNA to spliced plus unspliced RNA x 100.

The middle exon of the ,uIHBG.D minigene (Fig. 7A) was
designed such that DNA fragments introduced into the
middle exon would be flanked by the complete j-globin
splice sites including the exon components (see Materials
and Methods for details of cloning). Synthetic 30-nucleotide
fragments containing the entire cTNT exon 5 or sTNI exon
2 were cloned into ,uIHBG.D in both orientations, generating
four constructs each containing a 34-nucleotide middle exon.
The constructs were transfected into QT35 cultures and

assayed by primer extension with an oligonucleotide that
anneals to human 3-globin exon 2. Of the four test con-
structs, only the construct containing cTNT exon 5 in the
positive orientation expressed significant levels of mRNAs
that included the middle exon (Fig. 7B, lane 3). The level of
these mRNAs is relatively low (5%), but this result has been
obtained in repeated experiments. Our results are consistent
with those of Dominski and Kole (15) in that three small
exons were completely skipped by the splicing machinery.

A

B
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FIG. 7. Facilitated splicing of human 3-globin constitutive splice sites. (A) ,uIHBG.D minigene (see Material and Methods for details). (B)
Primer extension analysis of the ,uIHBG.D series following transient transfection into QT35 cells. The priming oligonucleotide anneals to
P-globin exon 2. Primer extension products from mRNAs that include or exclude the middle exon are indicated. The 1.IHBG minigene (not
shown) contains an nonduplicated P-globin intron 1 and generates spliced mRNAs that are identical to ,uIHBG.D derivatives that skip the
middle exon. Lanes 1, 2, and 4 are longer exposures of the same gel. Quantitation was performed as described in the legend to Fig. 1B.

However, when the 34-nucleotide exon contains the ESE of
exon 5, recognition of the exon is enhanced. Therefore, just
as improving the branch site, pyrimidine tract, or 5' splice
site of a small exon improves constitutive exon recognition
(15, 16), specific internal exon sequence can also improve
constitutive exon recognition. These results demonstrate
that the ESE within cTNT exon 5 can facilitate splicing to
constitutive as well as alternative splice sites.
cTNT exon 5 contains a purine-rich motif that is found in

heterologous exons within regions demonstrated to be required
for splicing. Mutations of internal exon sequences within
many different genes have a negative effect on splicing (see
introduction). Figure 8A depicts the nucleotide sequences
from five different exons that have been shown to contain
regions required for efficient splicing. Mutations that disrupt
splicing are underlined. A comparison of the sequences
within these regions reveals a common purine-rich motif
(shown in bold print). A common (but not universal) feature
of this motif is the repeated 3-nucleotide sequence GAR
where R is an A or G giving the variable common motif,
GARGARGAR. In general, the exons contain more than one
motif and motifs are variable in length.
To determine whether the purine-rich motif can enhance

splicing, a synthetic motif (GAR synthetic oligo [Fig. 8A])
was cloned into ,LAVWT.BSC and ,LIHBG.D vectors. As a

negative control, a mutated version of the motif containing
pyrimidine substitutions was also synthesized (MGAR syn-
thetic oligo [Fig. 8A]). GAR and MGAR DNA fragments of
different sizes were generated by concatamerization of the
synthetic DNA fragments (Fig. 8B). Double-stranded DNAs
with one to four repeats of the synthetic oligonucleotide
were isolated on gels and ligated into the ,LAVWT.BSC and
puIHBG.D vectors. In designing the GAR and MGAR se-
quences, care was taken not to introduce sequence features
that are known to affect splicing such as cryptic splice sites,
pseudo splice sites, or termination codons (6, 41, 44, 52, 62).
,LAVWT.BSC constructs containing one to four copies of

the GAR or MGAR oligonucleotides were transfected into
QT35 cultures and assayed by primer extension as described
above. The results, shown in Fig. 6B, clearly demonstrated
that the GAR motif significantly facilitated splicing of the
ASV env intron (lanes 6, 8, 10, and 12), while the MGAR
element had only a slight effect on splicing (lanes 7, 9, 11,
and 13). Furthermore, the level of splicing increased as the
number of GAR repeats increases. Therefore, the GAR
motif enhances splicing to the flanking 3' splice site in a

sequence-specific and additive manner.
GAR and MGAR concatamers containing three and four

copies of the synthetic motif were cloned into the blunt-
ended AatII site of p.IHBG.D as described above giving

B

GAR4 or
MGAR4

TGAR3or
MGAR3
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FIG. 8. A purine-rich motif within exon regions that are required for splicing. (A) Sequence comparison of five exons demonstrated to
contain regions that are required for splicing. The sequence begins with the AG dinucleotide of the upstream intron. For fibronectin EDIIIA
and growth hormone exon 5, the distances from the 3' splice sites are indicated. The underlined nucleotides indicate substitutions or deletions
that disrupt splicing (cTNT exon 5 [12 and this report], ASV env [29], ,-tropomyosin exon 8 [25], fibronectin exon EDIIIA [37], and bovine
growth hormone [23]). A common purine-rich motif found within these regions is shown in bold print. Synthetic DNAs containing a 9-bp copy
of a purine-rich motif (GAR) or a mutated version (MGAR) were synthesized. The underlined nucleotides in the MGAR oligonucleotide (oligo)
indicate substitutions relative to GAR. (B) Double-stranded concatamers containing one to four copies of the GAR or MGAR synthetic
oligonucleotides were isolated for cloning. The sequences (sense strand only) and sizes of the inserts are shown.

middle exons of 32 and 41 nucleotides, respectively. DNAs
were transfected into QT35 cultures, and total cellular RNA
were isolated for primer extension analysis. Figure 7B shows
that exon recognition is not significantly facilitated by either
GAR3 or MGAR3. In particularly good transfections, how-
ever, a low level of GAR3 but not MGAR3 exon inclusion
can be detected (data not shown). Overall, facilitated splic-
ing by the GAR3 insert is weak at best. In contrast, exons
containing the GAR4 insert was included in 52% of the
mRNAs (Fig. 7B, lane 9), while exons containing the MGAR
insert were predominantly skipped (7% inclusion [lane 10]).
Therefore, the GAR motif facilitated use of the constitutive
splice sites in this construct in a sequence-specific manner. It
is not clear whether the different results from GAR3 and
GAR4 are due to differences in exon size or the number of
GAR motifs or both.

DISCUSSION

A purine-rich element within cTNT exon 5 serves as a
general splicing signal. During the course of investigating
pre-mRNA cis elements involved in regulated alternative
splicing of cTNT exon 5, we have identified a novel splicing
element located within the exon. We refer to this internal
exon sequence as an ESE. The experimental evidence for
the ESE is as follows. (i) Nucleotide substitutions within the
exon that are separate from the exon portions of the splice

sites result in exon skipping in a variety of cell types. (ii) The
splice sites that normally flank cTNT exon 5 are not suffi-
cient for splicing of a heterologous constitutive exon of the
same size. (iii) Exon 5 contains a purine-rich motif found in
several exons within regions that have been shown to be
required for splicing. (iv) cTNT exon 5 sequence or a

synthetic element containing the purine-rich motif facilitates
splicing in two different test genes.
Although the purine-rich ESE was identified in an devel-

opmentally regulated alternative exon in a striated muscle-
specific gene product, we propose that this element is not
limited to alternative exons or muscle-specific genes on the
basis of the following observations. (i) The ESE is required
for recognition of exon 5 in both muscle and nonmuscle
cells. (ii) cTNT exon 5 sequence or a synthetic purine-rich
motif both facilitates splicing in nonmuscle cells and is
capable of facilitating splicing of the constitutive splice sites
of human 1-globin intron 1. (iii) The putative ESEs shown in
Fig. 8 are within exons of genes that are expressed in a
variety of cell types. (iv) cTNT exon 6, a constitutive exon,
also contains a purine-rich region in a 32-nucleotide segment
of the exon that is required for splicing to the flanking 3'
splice site (67a). (v) The ESE within cTNT exon 5 is not
required for regulation of alternative splicing, suggesting that
it serves a more general splicing function. Therefore, we

propose that the ESE in cTNT exon 5 serves as a general

GARGARGAR

CAA=ArGAG

B
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splicing cis element that is recognized by the constitutive
splicing machinery.
An important feature of the ESE described here is that it

is internal to the first and last 3 nucleotides of the exon and
therefore is distinct from the exon components of the 3' and
5' splice sites. The terminal exon nucleotides have been
demonstrated to contribute to splice site strength (17, 33,
39), and spontaneous mutations in these nucleotides can
disrupt splicing, generally leading to exon skipping in verte-
brates (21, 40, 64, 66). Presumably these nucleotides are
recognized as components of the adjacent splice sites by the
splicing machinery. Indeed, 5' splice site strength was in-
creased when the last 3 nucleotides of an exon were modified
to increase potential base pairing with Ul small nuclear
RNA (compare splicing of APSR and AE25 to AE2CON
[Figs. 2 and 3] and ,uBRPSR to ,uBRE25 [Fig. 5]). It should
also be noted that the exon 5 ESE does not contain se-
quences known to affect splicing, such as cryptic splice sites,
pseudo splice sites, or stop codons (6, 41, 44, 52, 62).
Therefore, the ESE within cTNT exon S represents a previ-
ously undescribed cis splicing element.

Several pieces of evidence suggest that positive-acting
(and perhaps negative-acting) ESEs may not be uncommon.
The deficiencies of the known splicing elements and the large
number of studies that support a role for exon sequence in
splice site selection have been discussed in the introduction.
The demonstration that selection of a splice site depends
upon its context (44) is also consistent with a role for exon
sequence in splice site selection. In addition, characteriza-
tion of spontaneous or mutagen-induced mutations in the
endogenous hypoxanthine-guanine phosphoribosyltrans-
ferase (hprt) gene have revealed a surprising number of
internal exon mutations that resulted in partial or complete
exon skipping (47, 55, 68). The effects of many of these
mutations cannot be explained by the introduction of cryptic
splice sites, pseudo splice sites, or termination codons (6, 41,
44, 52, 62). These results and the examples shown in Fig. 8
suggest the possibility that a number of alternative and
constitutive exons contain internal cis elements that affect
splice site strength. We expect that the exons most likely to
contain positive-acting splicing elements are those that are
intrinsically poor splicing substrates because of small exon
size or weak flanking splice sites.

Initially, sTNI exon 2 was thought to lack an ESE, since
this exon was completely skipped when substituted for
cTNT exon 5 (Fig. 2C). The sTNI exon is flanked by
relatively strong splice sites, which accounts for the consti-
tutive splicing of this exon in the endogenous gene (45) and
in construct ADMR (Fig. 2B). Interestingly, this exon
weakly enhanced splicing of the ASV env intron in the
positive orientation but not in the negative orientation (Fig.
6B). Whether this result is indicative of a weak ESE is not
clear.
By what mechanism does the cTNT exon 5 ESE facilitate

splicing? While the specific mechanism remains unknown,
the target for ESE activity has been localized to the flanking
3' splice site by the in vivo cis competition experiments
reported here (Figs. 4 and 5) and our previous in vitro results
(8). In addition, mutations in three of the other four putative
ESEs shown in Fig. 8A (ASV env, bovine growth hormone,
and 3-tropomyosin [23, 25, 29]) decreased the splicing effi-
ciency of an upstream intron, suggesting a potential link
between the purine-rich ESE and facilitated splicing to the
flanking 3' splice site. We are currently investigating the role
of the ESE in 3' splice site recognition in vitro. Preliminary
results suggest that the ESE within exon 5 serves as a

binding site for trans-acting factors and binding is required
for assembly of the prespliceosome complex on the flanking
3' splice site (46a).
We expect that the mechanism of ESE-mediated facilita-

tion of splicing differs from that promoting cooperation
between back-to-back 3' splice sites described in three
different genes (20, 35, 69). In all three reported cases, the
downstream AG is part of a bona fide 3' splice site containing
a consensus YAG and an associated polypyrimidine tract. In
contrast, the sequence of the ESE does not resemble a 3'
splice site, since no AG dinucleotides are preceded by a
pyrimidine and there is only one polypyrimidine tract which
is upstream of the authentic 3' splice site.
cTNT exon 5 contains two purine-rich regions separated

by a few central pyrimidines. Nucleotide substitutions
within the purine-rich 5' or 3' region of the exon resulted in
complete or partial exon skipping, respectively (mutants E52
and E53 [12] [Fig. 2]). Interestingly, the E51 mutation
changes only the central pyrimidines (Fig. 2A). While the
results with this mutation (Figs. 2C and 4B) raise the
possibility that the central pyrimidines perform a role in
exon 5 ESE function, synthetic elements containing only
purines are capable of facilitating splicing (Fig. 6 and 7). It is
currently unclear whether the E51 mutation replaces nucle-
otides that are required for optimal function or substitutes
nonessential pyrimidines with a sequence (such as four
consecutive G's) that somehow inactivates the ESE.
Clearly, the optimal sequence of the ESE remains to be
defined.
cTNT exon 5 is flanked by a nonconsensus 5' splice site

that is functionally weak (12). In contrast, the flanking 3'
splice site appears to contain strong splicing elements: the
branch site maps to an adenosine located 38 nucleotides
from the 3' splice site in a 6- of 7-nucleotide match to the
consensus sequence, and immediately upstream of the 3'
splice site are 22 uninterrupted pyrimidines (8). Why, then,
does this 3' splice site require a facilitating element located
within the exon? One possibility is that the 3' splice site is
not as strong as its sequence suggests. Another possibility is
that the ESE contributes to exon definition rather than to 3'
splice site definition. The exon definition model proposes
that the factors that recognize splice sites serve to define
exons prior to intron removal (49). Several laboratories have
demonstrated that the strength of a 5' splice site affects
recognition of the upstream intron consistent with a model
proposing interactions across the exon (31, 43, 59). The ESE
within exon 5 could serve to compensate for the weak 5'
splice site by stabilizing the interactions across the exon.
Alternatively, the ESE could substitute for the 5' splice site
during exon definition. Once exon 5 is defined, the 5' splice
site would be selected for cleavage.
As mentioned above, mutations within the first nucleotide

or last 3 nucleotides of an exon can disrupt splicing. There-
fore, these coding positions are somewhat restricted by the
requirements for pre-mRNA splicing. Our results indicate
that the overlap between information for RNA processing
and protein coding can extend to internal portions of exons.
It is not uncommon to find overlapping information within a
single RNA that codes for different processes (see, for
example, references 27, 32, and 63). The identification of a
splicing element within a coding exon has interesting impli-
cations regarding the potential restrictions that RNA pro-
cessing puts on protein evolution.
We initially studied the ESE within exon 5 with the

expectation that this novel splicing element would be in-
volved in the regulation of alternative splicing. However,
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our results strongly suggest that the ESE serves as a general
splicing element that facilitates exon recognition but is not
required for modulating the ratio of the two alternative
splicing pathways. The cis elements that serve as the pri-
mary targets for regulatory factors must therefore lie outside
of the exon.
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ADDENDUM IN PROOF

While this article was in review, the characterization of a
purine-rich exon element in the M2 exon of the IgM gene
was reported (A. Watakabe, K. Tanaka, and Y. Shimura,
Genes Dev. 7:407-418, 1993).
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