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The chicken 1-tropomyosin gene contans an internal pair of mutually exclusive exons (6A and 6B) that are
selected in a tissue-specific manner. Exon 6A is incorporated in fibroblasts and smooth muscle cells, whereas
exon 6B is skeletal muscle specific. In this study we show that two different regions in the intron between the
two mutually exclusive exons are important for this specific selection in nonmuscle cells. Sequences in the 3' end
of the intron have a negative effect in the recognition of the 3' splice site, while sequences in the 5' end of the
intron have a positive effect in the recognition of the 5' splice site. First, sequences in exon 6B as well as in the
intron upstream of exon 6B are both able to inhibit splicing when placed in a heterologous gene. The sequences
in the polypyrimidine stretch region contribute to splicing inhibition of exons 5 or 6A to 6B through a
mechanism independent of their implication in the previously described secondary structure around exon 6B.
Second, we have identified a sequence of 30 nucleotides in the intron just downstream of exon 6A that is
essential for the recognition of the 5' splice site of exon 6A. This is so even after introduction of a consensus
sequence into the 5' splice site of this exon. Deletion of this sequence blocks splicing of exon 6A to 6B after
formation of the presplicing complex. Taken together, these results suggest that both the mutually exclusive
behavior and the choice between exons 6A and 6B of the chicken 13-tropomyosin gene are trans regulated.

Alternative splicing is a general mechanism for the regu-
lation of gene expression in eukaryotic cells. The use of
alternative splice sites results in the production of different
proteins from the same gene, often in a tissue-specific or
developmentally regulated pattern (35, 51). The relative
strengths of 5' and 3' splice sites can influence alternative
splicing. The strength of a 5' splice site is defined by its
sequence, context, and the proximity to the 3' splice site (2,
14, 28, 30, 39, 41, 55). The strength of a 3' splice site is
defined both by the sequence and location of the branch
point and by the length and location of the polypyrimidine
tract (13, 16, 20, 38, 40, 44, 50, 53, 56). Nonetheless, splice
sites on either side of alternatively spliced exons ordinarily
deviate little from consensus sequences; this implies that
other parameters in cis and/or trans are necessary to deter-
mine the regulated choice of splice sites.

cis-acting sequences involved in the regulation of splice
site choice have been found outside the consensus se-
quences in the introns (16, 22, 32) and exons (5, 9, 11, 18, 19,
32, 37, 43, 48, 52) of alternatively spliced pre-mRNAs.
Studies on the mechanism of constitutive splicing suggest
that differences in the activities or amounts of general
splicing factors participate in the regulation of alternative
splicing. SF2/ASF is a splicing factor necessary for 5' splice
site cleavage and lariat formation (26) which can also influ-
ence the choice of a particular 5' splice site. In general, high
concentrations of purified SF2 promote utilization of proxi-
mal 5' splice sites (15, 25).

Regulation of alternative splicing can also be mediated by
specialized proteins that control alternative splicing of spe-
cific pre-mRNAs. Several trans-acting factors that modulate
alternative splicing have recently been identified. The first
evidence for the existence of such proteins was provided by
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studies of the hierarchy of alternative splicing in the sex
determination pathway of Drosophila melanogaster. Three
genes, sex lethal (Sxl), transformer (tra), and transformer 2
(tra-2), encode proteins that modulate splice site selection
(3, 4, 35). Also, the suppressor of the white apricot gene
product negatively regulates the splicing of the first two of
seven introns in its own pre-mRNA (54). Finally, a 97-kDa
protein represses splicing of the third intron of P element
transposase in a somatic cell-specific manner (49). These are
the only examples in which specific trans-acting proteins
have been identified as responsible for tissue- or develop-
ment-specific regulation of alternative splicing. In verte-
brates, studies of a few genes have allowed the identification
of sequences implicated in the regulation, but trans-acting
factors have not yet been identified.
We have been using the chicken 3-tropomyosin gene as a

model system for the study of the mechanisms involved in
the tissue-specific regulation of splicing. This gene contains
12 exons of which an internal pair are alternatively spliced in
a mutually exclusive fashion (Fig. 1A). Exon 6A is expressed
in smooth muscle and nonmuscle cells, while exon 6B is
skeletal muscle specific (33). Splicing in HeLa cell nuclear
extracts of a pre-mRNA that contains exons 6A, 6B, and 7
produces predominantly the expected mRNA, 6A-7, with a
minor product corresponding to the splicing of exon 6A to
6B. This minor product results from the use of a branch point
located 105 nucleotides (nt) upstream of the 3' end of the
6A-6B intron. The branch point is followed by a long
polypyrimidine stretch (80 nt) (16). A branch point at an
unusually long distance from the 3' splice site is also present
in the equivalent intron of the rat 3-tropomyosin pre-mRNA
(20). It has been shown that mutations in the polypyrimidine
region of intron 6A-6B activate the splicing of the intron
between exons 6A and 6B as well as that of the intron
between exons 6B and 7 (16). In HeLa cell extracts, inhibi-
tion of the splicing between exons 6B and 7 depends on the
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FIG. 1. (A) Schematic diagram of the region surrounding the two mutually exclusive exons of the chicken P-tropomyosin gene. Boxes
represent exons, and horizontal lines represent introns. Open boxes represent common exons. The dotted box represents the nonmuscular
exon 6A. The striped box represents the skeletal muscle-specific exon 6B. Numbers on top represent the lengths in nucleotides of exons and
introns. Positions of the restriction sites used for cloning are shown. (B) Experimentally determined secondary structure around exon 6B (7).
The diagram shows exon 6B sequences (in bold), the last 70 nt of intron IVS AB, and the first 60 nt of IVBS7. The stem-loop structures are

indicated as I, II, and III.

formation of a specific secondary structure which blocks the
utilization of the intron between exons 6B and 7 at an early
stage of spliceosome formation. This structure involves
sequences in exon 6B and in the introns upstream and
downstream of this exon (Fig. 1B [8]).
We show that both the mutually exclusive behavior and

the choice between exons 6A and 6B of the 0-tropomyosin
gene are probably trans regulated. The intron between the
two mutually exclusive exons contains elements that are

important for the regulation of both exon 6A and exon 6B.
First, sequences in exon 6B as well as in the 3' half of the
intron upstream of exon 6B are able to inhibit splicing when
placed in a heterologous gene. Sequences in the polypyrimi-
dine stretch region contribute to splicing inhibition of exons
5 or 6A to 6B in nonmuscle cells through a mechanism other
than its implication in a previously described secondary
structure around exon 6B (8). Second, we have identified a

sequence of 30 nt in the intron just downstream of exon 6A
that is essential for the recognition of the 5' splice site of
exon 6A. This is so even after introduction of a consensus

sequence into the 5' splice site of exon 6A. Deletion of this
sequence inhibits splicing between exons 6A and 6B after the
formation of the presplicing complex.

MATERIALS AND METHODS

Plasmid constructions. Constructs were prepared by using
standard cloning techniques (36) and polymerase chain re-

action (PCR) amplification. All 3-tropomyosin clones de-
rived from a 1.7-kb chicken genomic clone spanning exons 4
to 7 (33).

1-Globin chimeric constructs were from plasmid RR108
containing the human p-globin first intron and flanking exons
(44). The final 6 nt in the intron were changed to a PstI site.
All mutants were constructed by PCR amplification of a

,B-tropomyosin fragment from 10 nt upstream of the branch
point of the intron between exons 6A and 6B down to the 3'
AG (constructs Gl, G4, and G5) or to 20 nt into exon 6B (G2,
G3, and G6) (Fig. 2A and 3). In the case of G3 and G4 the
amplified fragment contains mutation p54-2AG (16). The
regions of the parental 3-globin construct that were replaced
by the PCR-amplified fragments were XhoI-PstI in con-
structs Gl and G4, XhoI-AccI in G2 and G3, and HindIll-
NcoI in G5 and G6.

All of the constructs described below were derived from
plasmids pSP65-980, pSP65-700, 700-54, 700-39, and 700-
54-16 (previously described [8, 16]). pSP65-980 contains a
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FIG. 2. (A) Diagram of the 1-globin-p-tropomyosin chimeric constructs. Splicing efficiencies relative to the parent 1-globin pre-mRNA
and the positions of the intron sequences that have been replaced with 0-tropomyosin or pBR322 sequences are shown. The striped region
in P-globin exon 2 represents p-tropomyosin exon 6B sequences. G, human 3-globin exons 1 and 2. Gl, the last 52 nt of the P-globin intron
have been substituted by 122 nt of ,-tropomyosin IVS AB sequences, starting 10 nt upstream from the branch point and ending at P-globin
exon 2. G2, the 0-globin intronic sequences are replaced by the 3-tropomyosin sequences as in Gl. The first 12 nt of 3-globin exon 2 have
been substituted by the first 20 nt of 3-tropomyosin exon 6B. G3 and G4 contain the same substitutions as G2 and Gl, respectively. However,
in both cases 60 nt in the P-tropomyosin intronic region, starting 28 nt downstream of the branch point, have been substituted by pBR322
sequences. (B) Sequences in the 3-tropomyosin IVS AB intron as well as in exon 6B inhibit splicing when placed in a heterologous gene. In
vitro splicing of P-globin chimeric constructs Gl, G2, and G3 is described above. In vitro-transcribed RNAs were incubated under splicing
conditions for the indicated times. Products of the in vitro reaction were analyzed in a 6% denaturing aciylamide gel. The structures of the
observed bands are indicated. (C) Mutation in the polypyrimidine-rich region of the ,-tropomyosin IVS AB intron restored splicing in the
chimeric construct G4. In vitro splicing of construct G4, described above, is compared with that of the native 3-globin (G). The splicing
reaction conditions are as described in Materials and Methods. The incubation times are indicated. Products of the splicing reaction were

analyzed in a 6% acrylamide denaturing gel. The structures of the various bands are indicated to the right of the autoradiogram.

,B-tropomyosin fragment that starts at a BamHI restriction
site in the intron 14 nt upstream of exon 5 and down to a

HindIII restriction site lying 41 nt into exon 7. A PvuII-
HindIII fragment was used to construct pSP65-700 (the
PvuII restriction site lies 13 nt downstream of the start of
exon 6A). The 700-54 (16) and 700-39 (8) mutants were
produced by site-directed mutagenesis on the PvuII-HindIII
fragment cloned into the M13mpl8 vector. After mutagene-
sis, the fragment EcoRI-HindIII was subcloned into the
SP65 vector. The double mutant, 700-54-16, was prepared by
site-directed mutagenesis on the EcoRI-HindIII fragment
from 700-54 cloned into M13mpl8; the primer used has been
previously described (8). The EcoRI-HindIII fragment after
mutagenesis was cloned into the SP65 vector.
The following plasmids were derived from those described

above by fusion of exon 6B to exon 7 sequences. The
deletion of the intron between exons 6B and 7 was achieved
by replacing the indicated fragments in the parental con-
structs with a PCR-amplified product, prepared by using a
primer containing the sequences of exon 6B linked to 10 or
30 nt of exon 7 sequences. 712 and 730 were derived from
plasmid SP65-980 by replacing the BstEII-HindIII fragment
with the PCR-amplified product and after subcloning the
PvuII-HindIII fragment into the pSP72 vector. 54-712 and
39-712 were derived from 700-54 and 700-39, respectively, by

replacing the BstEII-HindIII fragment with the PCR-ampli-
fied product. 54-16-712 and 6B-54-16 were derived, respec-
tively, from SP65-700 and SP65-980 by replacing the PmacI-
HindIII fragment with the PCR-amplified product generated
by using plasmid 700-54-16 as a template. 6B-A4, 6B-A6,
6B-A10, and 6B-All derived from 6B-54-16 in which the
NcoI-PmacI fragment was replaced with the equivalent
region from constructs pSVA4, pSVA6, pSVA10, and
pSVAll, respectively (3a). A4 was prepared by cloning the
fragment PvuII-HindIII from 6B-A4 into the pSP72 vector.
A6, A10, and All were derived from 54-16-712 by replacing
the NcoI-PmacI fragment with the equivalent one from
plasmids pSVA6, pSVA10, and pSVAll, respectively (3a).
A6 is a deletion of 26 nt starting 9 nt downstream of the exon
6A 5' splice site. A4 is a deletion of 33 nt starting 37 nt
downstream of the exon 6A 5' splice site. In A10, 16 nt has
been deleted starting 35 nt downstream of the exon 6A 5'
splice site. Finally, in All 15 nt has been deleted starting 55
nt downstream of the exon 6A 5' splice site. All the mutants
were verified by sequencing.

In vitro transcription and pre-mRNA splicing. Uniformly
32P-labelled, capped pre-mRNAs were prepared in vitro by
using SP6 polymerase as described elsewhere (46). The
transcripts were purified by electrophoresis in a 6% acryl-
amide-7 M urea sequencing gel. HeLa cell nuclear extracts
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were prepared by the method of Dignam et al. (10) with the
modifications of Abmayr et al. (1). In vitro splicing reactions
were performed at 30°C for the indicated times. Standard
splicing reactions were carried out in 25 p,l containing 30
fmol of 32P-labeled pre-mRNA transcript, 1 mM MgCl, 20
mM creatine phosphate, 0.5 mM ATP, 3% polyvinyl alcohol,
100 U of RNasin per ml, 12.8 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid (HEPES; pH 7.9), 12% (volV
vol) glycerol, 60 mM KCl, 0.12 mM EDTA, 0.3 mM dithio-
threitol, and 60% nuclear extract. Reactions were stopped at
the indicated times by proteinase K treatment and phenol-
chloroform extractions. Reaction products were analyzed on
6% denaturing polyacrylamide gels. Splicing intermediates
and products were identified by the kinetics of their appear-
ance; the lariat forms were identified by their change in
mobility in different percentages of acrylamide (46) and after
enzymatic debranching in HeLa S-100 fractions (45). All the
splicing reactions were repeated at least three times and with
at least two different preparations of HeLa nuclear extracts.

7:730 531-712 51-1:7:2

FIG. 3. (A) Diagram of the SP6-p-tropomyosin DNA templates.
Boxes represent exons 6A (nonmuscle and smooth muscle specific)
and 6B (muscle specific). The position of the branch point is

represented as BP. The number of nucleotides of exon 7 fused to

exon 6B is indicated. The length and relative positions of the

mutations in the intron and exon 6B are shown. The names of the

different constructs are on the left side, and their relative splicing
efficiencies are on the right. (B) Sequences in the IVS AB intron and

in exon 6B are responsible for the inhibition of splicing of exon 6A

to exon 6B in HeLa nuclear extracts. In vitro splicing reactions of

the 13-tropomyosin constructs described above were carried out as

described in Materials and Methods. The reaction times are indi-

cated; the products were separated in 6% denaturing polyacrylamide

gels. Schematic representations of the products are indicated to the

right of the autoradiogram; boxes represent exon sequences and

lines represent intron sequences. The products, both linear and

lariat, of these precursors have been previously characterized (16).
The size of the exon 6A generated after splicing of pre-mRNA
54.712 is 3 nt bigger than that of 54-16-712. This difference in size is

due to the difference in polylinker sequence following the 5P6

promoter in the two constructs (see Materials and Methods).

RESULTS

13-Tropomyosin sequences from intron 6A-6B inhibit splic-
ing when placed in a heterologous context. It has been shown
that sequences in the polypyrimidine region upstream of
exon 6B are important in the repression of the splicing
between exons 6A and 6B in HeLa cell extracts (16).
Furthermore, it has recently been shown that this region
participates in the formation of a secondary structure around
exon 6B (8). To get further information on the mechanism by
which this region inhibits the use of exon 6B in the inhibitory
HeLa cell extracts, we have introduced intron 6A-6B se-
quences into the intron between exons 1 and 2 of the human
,B-globin gene (Fig. 2A). In the first chimeric gene (Gl), 50 bp
of the intron immediately downstream of ,B-globin exon 1 and
6 bp of this same intron upstream of ,B-globin exon 2 remain
as in the wild-type 3-globin gene. Another construct (Fig.
2A, [G2]) extends the replacement in the 3' direction to
include all the distal part of the intron plus the first part of the
exon. The first 20 bp of exon 6B now replace the first 12 bp
of exon 2 of 3-globin. RNAs were transcribed in vitro by
using the SP6 RNA polymerase and then spliced in a HeLa
nuclear extract. Splicing intermediates and products were
detected by standard electrophoresis on polyacrylamide
gels. The results are shown in Fig. 2B (Gl and G2). The sizes
of the lariat intermediates are bigger than in the 3-globin
native gene because 52 nt of the ,-globin intron 1 have been
replaced with 122 nt of 3-tropomyosin sequence. Splicing of
G2 pre-mRNA yields an mRNA 8 nt longer than the one
produced by the ,-globin native gene.
The splicing of these two heterologous RNAs is strongly

inhibited compared with the wild-type 3-globin pre-mRNA
(Fig. 2B, Gl and G2). Since the substitutions in constructs
Gl and G2 do not allow formation of either stem I or stem III
in the pre-mRNAs, these experiments suggest that they
inhibit the splicing of the intron in which they lie by a
separate mechanism unrelated to their capacity to contribute
to structures I and III.
We have previously shown that substitution of part of the

polypyrimidine stretch, starting 28 nt downstream of the
branch point and finishing 18 nt upstream of exon 6B, with
pBR322 sequences stimulates splicing of the 6A-6B intron
(16). Therefore, we substituted the same region into con-
struct Gl to give G4 and into G2 to give G3. In vitro splicing
of G4 shows an activation to a level equivalent to that of the
wild-type 3-globin pre-mRNA (Fig. 2C, G4). On the other
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hand, G3 pre-mRNA shows only an activation of the first
step of the splicing reaction; the second step is absent (Fig.
2B, G3). These results indicate that sequences in the 5' end
of exon 6B are able to inhibit the second step of splicing in
HeLa cell extracts when placed in a heterologous gene.

Inhibition of ,B-globin splicing depends entirely on the
location of the inhibitory region. Placing the IVS AB (intron
between 6A and 6B) inhibitory region in front of the f-globin
construct exon 1-intron-exon 2 has no effect on exon 1-exon
2 splicing (data not shown). This is in contrast to the
structure-dependent inhibition that this same region imparts
to the downstream IVS 6B-7 (8).

Nucleotide substitutions within the intron 6A-6B and in the
5' end of exon 6B result in the activation of 6A-6B splicing in
HeLa cell extracts. We have shown that sequences in the
intron upstream of the ,-tropomyosin exon 6B as well as in
the 5' end of exon 6B have an inhibitory effect when placed
in a heterologous gene. We now ask whether replacing these
regions is sufficient to activate the homologous reaction, that
of splicing exon 6A to exon 6B.
A DNA construct that contains exon 6A, intron 6A-6B,

and exon 6B fused to 10 or 30 nt of exon 7 was made (Fig.
3A, 712 and 730). This is analogous to experiments previ-
ously done on the rat ,B-tropomyosin gene (21). The results of
the splicing reaction are shown in Fig. 3B (712 and 730). No
splicing is detected when 10 nt of exon 7 sequences were
fused to exon 6B, and there was very little activation with 30
nt of exon 7. Thus, in agreement with the results with the
heterologous P-globin constructs, the absence of the stem II
and III structure is not sufficient to activate the splicing
reaction between exons 6A and 6B.
To determine which sequences were sufficient for activa-

tion, we substituted pBR322 sequences for the intron se-
quences that had produced an activation in the heterologous
P-globin constructs. As expected, an activation of the splic-
ing reaction was observed (Fig. 3B, 54-712). To continue the
analogy with the heterologous constructs, we introduced
both the substitution in the intron upstream of exon 6B and
a mutation in the 5' end of exon 6B into 712 (Fig. 3A,
54-16-712). In this construct only the first 16 nt of exon 6B
were mutated. The results of the splicing reaction are shown
in Fig. 3B, 54-16-712. A further activation of the splicing is
produced in this double mutant, as expected from the results
for the equivalent 3-globin heterologous construct (G4). We
conclude that sequences in the intron between exons 6A and
6B as well as in the first 16 nt of exon 6B are responsible for
the inhibition of the splicing of exon 6A to exon 6B in HeLa
cell extracts by a mechanism other than their implication in
a secondary structure around exon 6B.
To localize more precisely the sequences in intron 6A-6B

involved in the inhibition, we made two other mutations.
Mutation 18 is a replacement of the last 18 nt of the intron
between exons 6A and 6B by the equivalent sequences from
the human ,3-globin gene. In mutation 39, only 14 nt are
replaced with a random sequence, starting 13 nt upstream of
exon 6B. These constructs were transcribed in vitro, and the
RNAs were spliced in HeLa nuclear extracts. Their splicing
efficiencies were compared with those of the previously
described mutations (Fig. 4). Both mutations are able to
produce an activation of the splicing reaction, although to
different extents. These results are in agreement with in vivo
experiments on the rat (18) and chicken (31, 32) ,3-tropomy-
osin genes that show that various mutations introduced into
intron 6A-6B 30 nt downstream of the branch point and
down to the 3' splice site are all able to activate the use of
exon 6B in nonmuscle cells.

:39-712 :39-730 18-712 54-7,12 54-7:311

a-E7

> 6.x16!{7

BP 54 18

:10 nt

FIG. 4. Different regions in IVS AB play a role in the splicing of
exon 6A to exon 6B in HeLa nuclear extracts. The names of the
constructs used as DNA templates for the SP6 polymerase are
indicated on the top of the figure. All of them contain exon 6A,
intron IVS AB, and exon 6B fused to 10 or 30 nt of exon 7. The
different substitutions introduced into the intron are as follows:
39-712 or 730, 14 nt of IVS AB are mutated starting 13 nt upstream
of exon 6B (8); 18-712, the last 18 nt of IVS AB are replaced with the
equivalent region from the human P-globin intron 1; 54-712 or 730,
containing the substitution shown in Fig. 2. The RNAs were spliced
in vitro for the indicated times, and the products were separated by
electrophoresis on a 6% denaturing polyacrylamide gel. The struc-
tures of the observed bands are indicated. At the bottom of the
figure is a diagram of the basic construct with the relative positions
of the intronic mutations.

The experiments described above show a striking corre-
lation between the sequences which are responsible for
splicing inhibition in the heterologous and homologous con-
structs. Nonetheless, another set of experiments shows that
the two kinds of constructs are not identical. The experi-
ments with the 0-globin pre-mRNAs were carried out by
using a HeLa cell nuclear extract which had been prepared
by using 0.21 M NaCl for resuspending HeLa cell nuclei.
The 3-tropomyosin pre-mRNA splicing reactions (homolo-
gous constructs) were done by using a nuclear extract which
had been prepared with 0.30 M KCl in the nuclear resuspen-
sion buffer. This 0.30 M KCl extract is more active than the
0.21 M NaCl extract; it supports in vitro splicing at a higher
dilution than does the 0.21 M NaCl extract (data not shown).
When we use this extract to measure the splicing efficiency
of the ,B-globin pre-mRNAs (those used for the data shown in
Fig. 2B and C), the difference in the splicing efficiency
between the wild-type pre-mRNA, G, and the mutant pre-
mRNAs Gl, G2, G3, and G4 diminishes dramatically (data
not shown). Thus, the 0-tropomyosin pre-mRNAs contain
elements not included in the regions introduced into the
3-globin gene, which contribute to the inhibition of intron
6A-6B excision and which are resistant to the partial rever-

VOL. 12, 1992



5420 GALLEGO ET AL.

sion effected by increasing some (or all) of the constitutive
splicing factors.

Activation of exon 6B in HeLa cell extracts does not allow
complete exclusion of exon 6A. The results described above
identify sequences involved in the nonutilization of exon 6B
in nonmuscle cells. The question ofwhy exon 6A is excluded
in muscle cells remains. One possible explanation could be
simple competition between splice sites, as has been shown
to be the case for the rat a-tropomyosin gene. In this gene
the exclusion of exon 2 in nonmuscle cells is the result of (i)
the inhibition of its 5' splice site due to proximity of the
branch point and (ii) the fact that the 3' splice site of exon 3
is stronger than that of exon 2 because of the long polypy-
rimidine tract associated with the branch point. Therefore,
the exclusion of a-tropomyosin exon 2 in nonmuscle cells is
cis regulated with no need for cell-specific trans-acting
factors (38, 50).
The chicken ,B-tropomyosin intron 6A-6B also has a long

polypyrimidine tract associated with the branch point (16).
Furthermore, in vivo experiments have shown that the
branch point and associated polypyrimidine tract upstream
of exon 6B are potentially stronger than those upstream of
exon 6A (31). Therefore, it is possible that the exclusion of
the 0-tropomyosin exon 6A in muscle cells results from
simple competition between splice sites.
We cannot address directly whether exclusion of exon 6A

in myotubes is merely a question of splice site competition,
since in vitro extracts of skeletal muscle cells do not support
splicing. Instead, we have activated 6B selection by muta-
genesis and asked whether exon 6A was excluded in a HeLa
cell extract. An RNA precursor containing 3-tropomyosin
exons 5, 6A, and 6B, together with the mutations able to
activate the utilization of exon 6B, was prepared in vitro and
spliced in HeLa nuclear extracts. The results are shown in
Fig. 5 (6B-54-16). The three bands migrating more slowly
than the pre-mRNA in this 6% polyacrylamide gel are all
lariat RNA products. The most slowly migrating band cor-
responds to the intermediate lariats resulting from the splic-
ing of exon 5 to exon 6A and from the splicing of exon 5 to
exon 6B. The other two bands correspond to the intermedi-
ate and final lariats resulting from the splicing of exon 6A to
exon 6B. A major band at 276 nt corresponds to the mRNA
including exons 5, 6A, and 6B (indicated at the right of the
autoradiogram in Fig. 5 as 5-6A-6B7). A minor product at
200 nt corresponds to the mRNA resulting from the splicing
of exon 5 to exon 6B (indicated in Fig. 5 as 5-6B7). This
result indicates that the complete activation of exon 6B is not
sufficient to produce the exclusion of exon 6A in HeLa cell
extracts.

Sequences downstream of the 5' splice site of exon 6A are
involved in the exclusion of exon 6A when exon 6B is active.
The results described above suggest that cell-specific trans-
acting factors play a role in the splicing regulation of exon
6A. A negative factor blocking the 5' splice site of intron
6A-6B could be present in muscle cells, or a positive factor
able to activate this 5' splice site could be present in
nonmuscle cells. The 5' splice site of intron 6A-6B diverges
in 3 bases (GAG/GUACUI) from the consensus sequence,

6B-5-1-16 til'A tf-1t;BS%S610 fiB- :l I

bBibl h 11BR113 __
_ _ __ _ _~~~~ieAlfl
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FIG. 5. Activation in HeLa nuclear extracts of exon 6B recog-
nition does not allow exclusion of exon 6A. In vitro splicing
reactions were carried out by using RNAs carrying deletions in IVS
AB just downstream of the exon 6A 5' splice site. The conditions of
the reaction are as indicated in Materials and Methods. The incu-
bation times are shown. The positions of the bands corresponding to
the pre-mRNAs, final mRNAs, and first exon are indicated by the
corresponding diagrams at the right of the figure. The slowly
migrating bands correspond to the lariat intermediates and products.
The first two are the lariat intermediates resulting from the splicing
of exon 5 to exon 6A and of exon 5 to exon 6B. The other two bands
are the intermediate and final lariats resulting from splicing of exon
6A to exon 6B.

which probably makes it a weak splice site (33). If a positive
factor were necessary for activating this 5' splice site in
HeLa cells, we should be able to identify sequences needed
in cis for the recognition of the exon 6A 5' splice site.
Deletion mutations were therefore introduced in the 6A-6B
intron between the 5' splice site of exon 6A and the branch
point.
An 80-nt deletion directly downstream of the 5' splice site

of the intron 6A-6B induces exclusion of exon 6A when
introduced into the construct 6B-54-16 (data not shown).
Smaller deletions were introduced into this region in an
attempt to define more precisely the sequences involved
(Fig. 6). Mutation A6 is a deletion of 26 nt starting 9 nt
downstream of the 5' splice site. Mutation A4 deletes 33 nt
starting 37 nt downstream of the 5' splice site. These
deletions were introduced into plasmid 6B-54-16, the DNAs
were transcribed in vitro, and the pre-mRNAs were spliced
in HeLa nuclear extracts. When deletion A6 was introduced,
no effect on the splicing reaction (compared with 6B-54-16)

Exon 6A A6 A 10
,* r

All
q1

GAAGAG] GTACTGGGG CAGGGGCGTGGGGCGAGGTGCAGCAG CC CCCTCTCTCTATCGC TG TCTCTrGAGCCACGC CA

A4
FIG. 6. Nucleotide sequences in IVS AB just downstream of exon 6A. The arrows define the sequences deleted in the different mutants.
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was observed. Very little mRNA in which exon 6A had been
excluded was detected (Fig. 5, 6B-A6). On the contrary,
when deletion A4 was introduced (Fig. 5, 6B-A4) the only
mRNA detected resulted from exon 5 splicing to exon 6B.
No mRNA or lariat RNA which resulted from the splicing of
exon 6A to exon 6B was detected. The fact that deletion A6
had no effect in the splicing reaction shows that the effect of
A4 is a consequence of the removal of specific sequences
rather than an effect of the distance between downstream
sequences and the 5' splice site following exon 6A.
To better define the sequences needed for activation of the

5' splice site of exon 6A, two other mutants were made.
Mutants A10 and All correspond respectively to the deletion
of the first 16 nt of A4 and the last 13 nt of A4. The results are
shown in Fig. 5 (6B-AlO and 6B-All). In both cases a strong
inhibition of the splicing reaction between exons 6A and 6B
is observed, although each is less strong than the effect
observed with A4; in the latter, no lariat formation resulting
from exon 6A splicing to exon 6B can be detected. We
conclude that the effect of mutation A4 is to weaken the 5'
splice site of exon 6A, preventing the splicing of exon 6A to
exon 6B when an alternative 5' splice site can be used (in this
case, the one from exon 5). This effect together with the
competition between the 3' splice sites upstream of exons 6A
and 6B allows the exclusion of exon 6A. Similar results have
been obtained by using transfected minigenes in cultured
quail myoblasts (3a).

Sequences downstream of exon 6A are essential for the
recognition of the exon 6A 5' splice site. Results in the
previous section showed that sequences in the intron down-
stream of the exon 6A 5' splice site are important for the
recognition of exon 6A in nonmuscle cells. The effect of
these sequences could be to strengthen the weak 5' splice
site downstream of exon 6A. It is possible that these
sequences are essential for the recognition of the 5' splice
site of exon 6A, even in the absence of a competitor 5' splice
site. We have introduced these deletions into a DNA con-
struct that contains only exons 6A and 6B (54-16-712). As
expected from the previous results, A6 has no effect on the
splicing reaction (Fig. 7A). Deletion A4 produced almost
complete inhibition of the splicing reaction compared with
that in the wild-type construct (54-16-712) (Fig. 7A). Dele-
tion A10 (the first 15 nt of A4) has no effect in this splicing
reaction, even though it must have an effect on the strength
of the intron 6A-6B 5' splice site (since in the presence of an
alternative 5' splice site [construct 6B-A10 in Fig. 5], the 5'
splice site of exon 6A is completely ignored). On the
contrary, deletion All (deletion of the last 13 nt of A4)
induces a strong inhibition of the splicing reaction (Fig. 7A),
although less strong than the effect of A4.
We next asked whether the sequences defined by A4 were

necessary because the 5' splice site downstream of exon 6A
is weak, matching the 5' splice site consensus in only three
of six bases (GUA CUG instead of GUA AGU). When we
changed this 5' splice site to the consensus sequence, the
splicing reaction was activated (Fig. 7B, compare A4 and
A4C), but not to the level of 54-16-712. We conclude that
sequences in the intron downstream of the exon 6A 5' splice
site are important for its recognition even in the absence of
a competing 5' splice site. When these sequences are de-
leted, the intron 6A-6B 5' splice site is completely ignored by
the splicing machinery.
The splicing reaction takes place in a complex called the

spliceosome (6, 12, 17). By using native gel electrophoresis,
two complexes have been identified during the course of the
splicing reaction. The prespliceosome complex A contains

pre-mRNA, U2 small nuclear ribonucleoprotein (snRNP)
and Ul snRNP; the mature spliceosome complex B forms
after the binding as well of U4, U5, and U6 snRNPs (23, 24,
27, 29, 42, 47, 57). We have analyzed complex formation by
using A4 pre-mRNA. The results in Fig. 7C show that this
mRNA is able to form the presplicing complex A very
efficiently, but the mature spliceosome B is not detected.
This suggests that the 5' splice site (and modulating se-
quences defined by A4) continues to participate in spliceo-
some formation after fixation of Ul and U2 snRNPs. How-
ever, we have to point out a lack of correlation of splicing
efficiency and the level of B complex. We do not understand
why the amount of B complex is lower in 54-16-712 (it is
nonetheless clearly there) than in 54-712. Further experi-
ments are in progress to clarify this point.

DISCUSSION

Elements involved in exon 6B exclusion in nonmuscle cells.
During development, a number of tissue-specific splicing
events are based on alternative, mutually exclusive choices
of exons. We have been studying one such event, the choice
of either exon 6A or exon 6B in the chicken 3-tropomyosin
pre-mRNA. In skeletal muscle, exon 6B is chosen, whereas
in all other tissues exon 6A is included in the mRNA. This
splicing behavior is highly conserved in vertebrates. In
comparing splicing of the rat (18) and chicken (31, 32)
pre-mRNAs, one is struck with the similarities of the loca-
tion of sequences shown to be necessary for the control of
this splicing event.
We have used HeLa cell nuclear extracts to examine the in

vitro splicing pattern of this region. As expected, exon 6B
was largely ignored in HeLa cell extracts; it was included as
part of a large intron extending from the 5' splice site of IVS
AB (the intron upstream of exon 6B) to the 3' splice site of
IVS B7 (the intron downstream of exon 6B). We noticed that
mutations in IVS AB that stimulated excision of this intron
simultaneously stimulated splicing of IVS B7. These stimu-
latory mutations included the substitution of pBR322 se-
quences for part of the long pyrimidine stretch found at the
3' end of IVS AB, between the far upstream branch point
(-105 nt) and the terminal AG. We have previously shown in
vitro that repression of IVS B7 in nonmuscle cells is related
to the formation of a secondary structure around exon 6B
(8). The folding of the region forms stem I, located at the
very beginning of exon 6B; stem II, formed between se-
quences in the 3' end of exon 6B and the very beginning of
the intron between exons 6B and 7; and stem III, derived
from base-pairing between the polypyrimidine region up-
stream of exon 6B and a G-rich region present in the intron
6B-7 (Fig. 1B). In vivo studies by transfection of a minigene
construct extending from exons 5 to 7 into nondifferentiated
(myoblasts) and differentiated (myotubes) muscle cells have
also identified the 5' half of exon 6B and the upstream
pyrimidine-rich region as negatively acting cis elements,
which prevent splicing of the skeletal muscle-specific exon in
myoblasts (32). Moreover, it has been shown that at least
part of this negative control depends on the existence of a
stem-loop structure involving exon sequences (stem I) (34).
Therefore, there is concordance between in vivo and in vitro
results concerning the cis elements involved in the regulation
as well as the role played by stem I in this negative
regulation. However, in vivo mutagenesis analysis affecting
stems II and III does not support their role in the inhibition
of exon 6B use in myoblasts. These results suggest that the
negative elements in the polypyrimidine region upstream of
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FIG. 7. (A) Sequences defined by A4 are essential for the recognition of the exon 6A 5' splice site. The DNA templates used for in vitro
transcription with SP6 polymerase contain the mutations that activate exon 6B in HeLa nuclear extracts (54-16-712). A4, A6, A10, and All
correspond to 54-16-712 with the deletions in the intron shown in Fig. 6. The transcripts were incubated under splicing conditions for the
indicated times, and products were separated in a 6% denaturing polyacrylamide gel. The structures of the different bands are indicated to
the right of the autoradiogram. The different size of exon 6A in A4 is due to the different polylinker sequence following the SP6 promoter in
this construction (see Materials and Methods). (B) A consensus sequence in the 5' splice site following exon 6A does not fully compensate
for the inhibitory effect of mutation A4. Transcripts 54-16-712, A4, and A4C were spliced and the products were separated as described above.
The different size of exon 6A from A4C when compared with exon 6A from 54-16-712 is due to the different polylinker sequence following
the SP6 promoter (see Materials and Methods). (C) Analysis by native gel electrophoresis of spliceosome assembly. Transcripts 54-712,
54-16-712, A4, and A4C were incubated under splicing conditions for the indicated times. Samples were directly loaded in a 4% polyacrylamide
gel. H, nonspecific complex; A, prespliceosome complex; B, mature spliceosome.

exon 6B inhibit splicing by a mechanism other than base-
pairing with the sequences in the intron downstream of exon
6B (stem III).
One of the questions we asked here was whether or not

inhibition of IVS AB splicing could be attributed to the
above-mentioned RNA structures. Two sets of experiments
presented in this study strongly support a negative role, not
linked to the secondary structure, for the intron sequences
between exons 6A and 6B in the splicing of this intron. First,
these sequences are capable of acting as a negative element
when placed at the 3' end of IVS 1 of 3-globin, completely
inhibiting splicing of globin exon 1 to exon 2. This region
does not inhibit by sequestering a limiting constitutive splic-
ing factor, since preincubation of a HeLa nuclear extract
with an excess of IVS AB mRNA does not inhibit 3-globin
splicing (data not shown). Second, we have destroyed stems
II and III, leaving IVS AB intact, by fusing exon 6B to exon
7. The experiments shown in Fig. 3B show that the elimina-
tion of stems II and III does not activate IVS AB splicing.
This result agrees with in vivo experiments in which stems II

and III have been altered in their distal arms (in IVS B7).
Such alterations did not increase exon 6B choice, either in
the chicken pre-mRNA (31) or the rat pre-mRNA (18).
How then, do the sequences at the 3' end of IVS AB

inhibit splicing of this intron in HeLa cell extracts? It is clear
that this inhibitory reaction is complex. The inhibition can be
partially overcome by various substitutions of heterologous
sequences in different parts of the 3' half of the intron.
Replacing 60 nt in the middle of the polypyrimidine stretch
region with pBR322 sequences stimulates the splicing reac-
tion. However, we can leave the 60-nt pyrimidine stretch
intact and activate the splicing reaction by substitution of the
last 18 nt of the IVS AB with the last 18 nt of the 0-globin
intron 1. The multiparameter nature of IVS AB inhibition
probably explains why inhibition of 3-globin splicing can be
partially overcome by increasing the concentration of con-
stitutive splicing factors, whereas the homologous inhibition
cannot be overcome under such conditions. Whether the
inhibition is the result of the interaction of these sequences
with a trans-acting factor from the HeLa cell extract (which

A
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would not exist in muscle cells) or is modulated by changes
in the level of ubiquitous splicing factors needs to be
determined. In any case the factor should be able to interact
simultaneously with more than one site. Alternatively, sev-
eral factors will bind to different sites, and the inhibition will
be the result of their cooperative effect.
The results presented in this study also show an important

role for exon 6B sequences in the inhibition of IVS AB. In
the chimeric 0-globin constructs, when the first 20 nt of exon
6B substitute for the first 12 nt of exon 2 of 3-globin, the
pBR322 substitution leads to less efficient restoration of
splicing. In particular, the second splicing reaction seems to
depend on eliminating exon 6B sequences. In agreement
with these results, maximum activation of the splicing reac-
tion between exons 5 or 6A to 6B is produced only after
mutation of both intron (IVS AB) sequences and exon 6B
sequences (Fig. 3B and 5).

Finally, the negative elements in the intron upstream of
exon 6B as well as in exon 6B will inhibit the splicing of the
intron downstream only when placed in the proper context.
When placed upstream of an exon 6B-7 pre-mRNA, it
inhibits 6B-7 splicing (8) in a structure-dependent manner.
When placed upstream of the 3-globin exon 1-exon 2 con-
struct, it has no inhibitory effect (data not shown).

It is possible that a complex regulation that involves
structural and nonstructural elements is responsible for exon
6B repression in nonmuscle cells. First, the formation of a
secondary structure around exon 6B inhibits the splicing
reaction between exons 6B and 7. Second, cis elements in
exon 6B and the intron upstream are critical for repressing
the splicing of exon 5 or 6A to 6B by a mechanism indepen-
dent of their participation in a secondary structure around
exon 6B.

Role of intron sequences in exon 6A selection. Transfection
assays with the rat and chicken 0-tropomyosin genes show
variable proportions of mRNAs in which the two mutually
exclusive exons are spliced together. For the wild-type
pre-mRNA this type of splicing is not seen, but introduction
of mutations that induce partial activation of exon 6B in
nonmuscle or undifferentiated muscle cells increases this
type of splicing. Thus, mutually exclusive splicing in this
region is different from that seen in exons 2 and 3 of the
a-tropomyosin pre-mRNA in which the two exons are un-
able to be spliced together because of the proximity of the
branch point to the 5' splice site. The results in Fig. 3 show
that a pre-mRNA containing exons 6A and 6B and the
mutations inducing activation of exon 6B in nonmuscle cells
is efficiently spliced in HeLa nuclear extracts.
The question of why these two exons are never spliced

together in any cell type remains. Competition between
splice sites has been shown to play an important role in
splice site choice. In the case of the a-tropomyosin gene, it
has been shown that the exclusion of exon 2 (muscle
specific) in nonmuscle cells is determined by the competition
between the branch point and polypyrimidine tract elements
of exons 2 and 3. Exon 3 is chosen over exon 2 since the
upstream intron has an extensive polypyrimidine tract and a
strong, consensus, branch point sequence.
Competition between 3' and 5' splice sites has been

proposed to play an important role in vivo in exon choice in
the chicken P-tropomyosin gene. Replacing the branch point
and following 30 nt upstream of exon 6A with the corre-
sponding region upstream of exon 6B increases the use of
exon 6A in myotubes (differentiated muscle cells) (31).
Mutation of the exon 6A 5' splice site to a consensus
sequence leads to an enhanced expression of exon 6A in

myotubes. This competition, although important, cannot be
the only element involved in exon 6A exclusion, since
mutations activating exon 6B are not sufficient to produce
total exclusion of exon 6A in myoblasts. In fact, mutations
that result in the use of exon 6B in HeLa cell extracts do not
automatically lead to exclusion of exon 6A. This suggests
that a mechanism for the nonutilization of exon 6A may exist
in skeletal muscle cells. One possibility is that nonmuscle
cells contain a factor which is required for exon 6A inclusion
and that this factor could be independent of the mechanism
by which exon 6B is excluded in such cells. The results of
the experiments presented in Fig. 5 and 7 are compatible
with this idea. Splicing of the IVS AB intron, with or without
the cis competition between exons 5 and 6A, depends on the
presence of the sequence defined by the A4 mutations. Even
when the 3' end of the IVS AB intron is activated for IVS AB
splicing, the negative effect of the A4 mutation is epistatic to
the positive effects of the 54 and 16 mutations. Mutation A4
allows formation of the presplicing complex, but spliceo-
some complex formation is blocked (Fig. 7C). It is interest-
ing to notice that A4 and the two halves of this deletion, A10
and All, are all able to induce exclusion of exon 6A in a
pre-mRNA containing exons 5, 6A, and 6B. On the contrary,
in the absence of competition and by use of a pre-mRNA
containing only exons 6A and 6B, deletions A4 and All
produce a strong inhibition of the splicing reaction, whereas
deletion A10 has almost no effect. Deletion of the sequences
corresponding to mutants A10 and All are both able to
weaken the use of the exon 6A 5' splice site, but the Al10
sequences are only important if a competitor 5' splice site is
available.
The sequence of the exon 6A 5' splice site diverges in

three nucleotides from the consensus sequence GUA CUG.
It is possible that a poor 5' splice site could be activated by
the presence of other elements near this site. We have
changed the exon 6A 5' splice site into a consensus site.
Surprisingly, even with a consensus site, the A4 deletion
somewhat inhibits 6A-6B splicing (Fig. 7B). These results
favor the hypothesis that sequences in the intron down-
stream of exon 6A allow the recognition of the exon 6A 5'
splice site by interacting with factors in trans. In vivo results
show that deletion A4 induces skipping of exon 6A in
myoblasts but not in myotubes, suggesting a cell-specific
role for these sequences in the utilization of exon 6A (3a).
Furthermore, preliminary results with gel retardation assays
show that A4 sequences specifically recognize a protein
present in HeLa nuclear extracts. Further experiments are in
progress to identify and characterize this protein. We believe
that the mutually exclusive splicing of the chicken P-tropo-
myosin exons 6A and 6B as well as their specific selection is
regulated in trans. Whether this is the result of tissue-
specific factors or quantitative differences of constitutive
splicing factors is yet to be determined.
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