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Tissue-Specific Splicing in Vivo of the P-Tropomyosin 
Gene: Dependence on an RNA Secondary Structure 

The f3-tropomyosin gene in chicken contains two mutually exclusive exons (exons 6A 
and 6B) which are used by the splicing apparatus in myogenic cells, respectively, before 
(myoblast stage) and after (myotube stage) differentiation. The myoblast splicing 
pattern is shown to depend on multiple sequence elements that are located in the 
upstream intron and in the exon 6B and that exert a negative control over exon 6B 
splicing. This regulation of splicing is due, at least in part, to a secondary structure of 
the primary transcript, which limits in vivo the accessibility of exon 6B in myoblasts. 

I N MOST HIGHER EUKARYOTES GENES 

the coding region is interrupted by 
noncoding sequence segments (inter- 

vening sequences or introns) which are ex- 
cised from the full copy transcript of the 
gene (pre-mRNA) during the splicing pro- 
cess. Variable use of the coding regions 
(exons) of the same gene to obtain partially 
different mRNA's is the widespread process 
known as alternative splicing. 

The p-tropomyosin gene in chicken codes 
for three related isoforms of tropomyosin 
and contains a pair of mutually exclusive 
exons (exons 6A and 6B) that are expressed, 
repectively, in smooth muscle cells or non- 
muscle cells (exon 6A) or in skeletal muscle 
(exon 6B). Myogenic cells in culture express 
exon 6A before differentiation and exon 6B 
after differentiation (myoblast and myotube 
stage, respectively). 

On the basis of computer predictions (1, 
2) or mutagenesis studies in vivo (3) and in 
vitro (4 ) ,  we have proposed that a secondary 
structure could be one of the cis-regulating 
elements that controls alternative splicing of 
this gene. 

The potential influence of secondary 
structures on alternative splicing has been 
suggested on the basis of in vitro and in vivo 
splicing of mRNA precursors containing 
inverted repeat sequences that flank exons or 
splice sites (5, 6). A threshold value exists in 
vivo (but not in vitro) for the distance 
between the two inverted repeats (that is the 

D. Libri and M. Y. Fiszman, Institut Pasteur, 25 rue du 
Dr. Roux, 75724 Paris Cedex 15, France. 
A. Piseri, Dipartimento di Genetica e Biologia dei Mi- 
croorganismi, via Celoria, 26, 20131 Milano, Italy. 

length of the hairpin loop), which has been 
related to the existence of a competition 
between the interaction of the primary tran- 
script with heterogeneous nuclear, spliceo- 
somal ribonucleoproteins (RNPYs) or both, 
and the folding of the newly transcribed 
region into a secondary structure (6). It has 
been proposed (6) that a "window" of about 
100 nucleotides (nt) exists behind the tran- 
scribing polymerase within which the pri- 
mary transcript is "naked" and free to fold. 
However, a naturally occurring example of a 
secondary structure, which influences alter- 
native splicing in vivo has not yet been 
reported. Two cases have been described (7, 
8) in which secondary structures can afect 
splice site selection in vitro, but these results 
have not been supported by parallel in vivo 
splicing studies. 

We have earlier shown (3) that the se- 
quence near the acceptor site of exon 6B 
contains at least two, nonoverlapping, cis 
elements that are part of a negative splicing 
control preventing the use of exon 6B in 
myoblasts. Mutation of either of them acti- 
vates splicing of the exon even in myoblasts 
or nonrnyogenic cells. One of these elements 
is contained in the long polypyrimidine 
stretch (about 90 bp) located between the 
branchpoint (position - 105) and the termi- 
nal AG of the intron, and the other is 
contained in the exon itself. Earlier we pro- 
posed a model whereby a secondary struc- 
ture of the primary transcript would be 
responsible in myoblasts for the skipping of 
exon 6B, while exon 6A would be spliced as 
a default choice. Furthermore, a specific 
factor would be expressed in myotubes, 
which would disrupt the structure (or pre- 
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vent its formation) and allow the exclusive 
recognition of the specific exon (6B). 

We suggested ( 3 )  that the mutations in- 
troduced would disrupt this structure (or an 
equivalent higher order organization of the 
primary transcript) and relieve the inhibi- 
tion thus making the exon accessible. To test 
this hypothesis we have used one of our 
previously described mutant minigenes, 
Mutl6 (3). In this minigene a 15-nt change 
is introduced at the very beginning of exon 
6B; this change afects the formation of one 
stem (stem I) (9) of the secondary structure 
(Fig. 1, A and B). This mutation results in 
the activation of splicing of the exon in 
myoblasts. 

In a first minigene construction 
(MutA16, Fig. 1C) the other arm of stem I 
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has been changed. The sequence of the 
mutation was designed to provide the 
changes necessary to restore base pairing of 
the two mutated sequences in Mutl6 and 
MutA16 when combined on the same mini- 
gene (Fig. 1D). Mutation A16 has an acti- 
vating effect on the use of exon 6B when 
compared to the wild type (Fig. 2, lanes 6, A 
and B), even if this effect is not as dramatic 
as in Mutl6 (compare sections WT, Mutl6, 
and MutA16). The ratio of splicing of exon 
6A to exon 6B is about 1 : 1, while in wild 
type it is of the order of 10 to 30: 1. When 
the two mutations are combined on the 
same minigene (Mut16/A16, clone 39, Fig. 
ID), the splicing pattern, which was com- 
pletely biased toward the inclusion of exon 
6B in mutant Mutl6, partidy reverts, lead- 

ing to the reexpression of exon 6A (Fig. 2, 
lanes 6A and 6B of corresponding section). 
In a variant of this mutant (Mut16/A16, 
clone 40), which was obtained by chance, 2 
nt of the mutated region of Mutlblocated 
in the loop of the hairpin, positions 7825 to 
7826 (Fig. lD)-have reverted to the wild 
type. The analysis of the transcripts derived 
from this mutant (Fig. 2, Mut16/A16, clone 
40) showed a better reversion of the splicing 
pattern that was indistinguishable from the 
wild type. These data show that the muta- 
tion introduced in MutA16 partially com- 
pensates the activating effect of Mutl6 on 
the utilization of exon 6B (compare sections 
Mutl6 and Mut16/A16 in Fig. 2), and 
suggest a role for at least two of the nucle- 
otides in one loop region. 

Fig. 1. (A) Zuker folding (16) of the wild-type primary transcript around 
exon 6B (table 1 in 17). The rough position of the folded region is 
indicated in the bottom schematic diagram of the construction used for 
transfection (Fig. 2 legend). The acceptor site of exon 6B is shown on the 
secondary structure by a short arrow. Stem I is indicated. (B to H) The 
sequence of the analyzed mutations is reported on the wild-type secondary 
structure model. In the single mutants (B, C, E, and F) the wild-type 
sequence that has been changed is boxed, and the sequence of the mutation 

is indicated nearby. In the double mutants Mut161A16 (D) and Mutl6.11 
A16.1 (G) the boxed sequence is the mutated one. In (D) the 2- 
nt reversion in clone 40 (position 7825 to 26) is indicated. In (F) 
the differences between the sequences of MutA16 and MutA16.1 are 
indicated by asterisks. In (H), the differences between the sequences of 
Mut161A16 (boxed sequence) and Mut161A16 (the relative changes are 
indicated nearby) are shown to evidence the lower stem stability in this last 
mutant. 
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The lack of complete activation of exon 
6B in mutant MutA16 when compared to 
Mutl6 was unexpected. One possible reason 
is that MutA 16 is shorter than Mutl6 since 
the mutation aEects only the stem of the 
hairpin, whereas in Mutl6 5 nt in loop 
regions were mutated (2 nt upstream and 3 
nt downstream of the stem). A second 6 s -  
sibity is that the mutated sequence in 
MutA16 can induce a different (or partially 
different) foldmg of the region, which 
would be capable (at least in part) of favor- 
ing exon 6B skipping. 

To choose between thcse possibilities, we 
constructed two new mutants in this region. 
First, a shorter mutation was introduced in 
the same location as in Mutl6 to obtain 
Mut16.1, in which only the stem of the 
haupin has been mutated to a sequence 
containing four base changes with respect to 
Mutl6 (Fig. 1E). Second, we constructed 
MutA16.1 (Fig: 1F) which brings an ll-nt 
mutation in the same location as MutAl6, 
but differs from it by its length (11 nt 
compared with 9 nt) and by the sequence of 
the common region (two mutations from T 
to C and one h m  A to C). 

The five changes introduced in MutA16.1 
were designed to lessen the stabity of the 
stem in the, double mutant Mut16lA16.1 
(Fig. lH), which should result in an activa- 
tion of exon 6B as in Mutl6. However, 
when coupled with the mutation Mut16.1, 
which contains the compensatory changes 
(Mut16.1/A16.1), the stem of the hairpii is 
expected to be more stable, and splicing of 
exon 6B should be inhibited to a greater 
degree than in wild type. Moreover, a new 
sequence is expected to fold differently com- 
pared to MutA16 and possibly to have a 
different splicing pattern. 

The splicing pattern of mutant Mut16.1 
(Fig. 2) is similar to the one of Mutl6. Exon 
6B choice is the main splicing pathway 
(even if it is somewhat less activated than in 
mutant Mutl6), and exon 6A is barely 
detectable. This suggests that the activating 
effect on splicing of exon 6B observed in 
Mutl6 is mainly due to the mutations intro- 
duced in the stem region. Moreover, when 
the splicing pattern of MutA16.1 is exarn- 
i n 4  a similar activation of exon 6B is 
observed as in Mut16.1 (Fig. 2, correspond- 
ing section). 

The double mutant Mut16/A16.1, in 
which the stabity of the stem is lower than 
in the double mutant Mut16/A16 or in the 
wild type, behaves as if the negative control 
around exon 6B was again relieved and this 
exon becomes a constitutive one (Fig. 2). In 
the double mutant Mut16.1lA16.1, whose 
primary transcript folds in a more stable 
stem-and-loop structure, exon 6B is kss 
accessible than in the wild type or in mutant 

Mut161A16, and exon 6A is spliced exclu- 
sively (Fig. 2, section Mut16.1lA16.1). 

Our data show that mutation in either 
one of the two strands of the stem can alone 
relieve the negative control around exon 6B 
and modify the splicing pattern toward the 
almost exclusive use of this exon in myo- 
blasts. That this effect is indeed mediated by 
the disruption of the stem is shown by the 
restoration of the negative regulation in the 
doubk mutants in which the stem is recon- 
stituted (Mut 16/A16 and Mut16.1/A16.1), 
but not in the mutant with two mutated 
regions that cannot undergo base-pairing 
(Mut16lA16.1). A stronger inhibition of 
exon 6B splicing is observed in Mutl6.11 
A16.1, the stem is expected to be more 
stable than in the wild-type structure. The 

data also suggest that the differences in the 
splicing pakerns between MutA16 and 
MutA16.1 may be due to the existence in 
MutA16 of an alternative foldmg of the 
region that can inhibit splicing of the exon 
although to a lesser extent compared to the 
wild type (10). 

We &+ed the splicing pattern of mini- 
genes beanng a reconstituted stem I 
(Mut161A16, done 40, and Mutl6.11 
h16.1) in myotubcs (11) in order to ascer- 
tain that the negative control could still be 
'overcome in differentiated cells as in the 
wild type. In transcripts derived from both 
minigenes we observed a sigtllficative 
change in the ratio of splicing of exon 6A to 
exon 6B to levels dose to those of the 
unmodified minigene. Finally, most of the 

Mut 16. Mut 

Flg. 2. Conuolled primer extension (2,3,18) oftranscrip derived from m y o b h  &ected with the 
various ninigm ammudons (transient expression) (Fig. 1 for sequences). All the mutations were 
introduced by sitediread mutagenesis (19) d b d y  on the singk-sanded form of the wild-type 
min;gcne previously described (2) and extensively sequcnwd to ensure authenticity. All minigenes 
wntained sons 5 to 7 ofthe p-tt-opomyosin gene (1) insmed h m  SV40 sequeoces rrponsible for 
transaiption initiation and tmmhlion. The mandkdons were obcaincd by the calcium-phosphate 
precipitation (20) with 10 of plasmid per lo6 cells and the anscripts were exuacd after 24 to 48 
hours (each minigene was ansfeQd at least twice to o v c m e  vaddity in ansfection elliciency). 
The splicing pattern of each rninigcne was adyzed by conmlled primer amnsion (2, 3, 18). In this 
method, toal mRNA's am 6rst cleaved by o l igondeot idc-d id  treatment with ribmudease H a d  
then subjcctai to rcnne awription from a common primer d i d  against SV40 sequences. By the 
use ofoligonu&&des pairing with the sbqwnccs of exons 6A or 6B (lanes labeled, mpedvely, 6A and 
6BforcachsMioninthefigurr),two+rundptoductrofmme~paseculbe~ 
W h i & i n ~ ~ t h e u s e o f o n e o r t h e ~ a o n . A b v l d a t n u d c o c i d c l O l  (shownbyanvrowand 
labeled 6B in the indicates a m-off due to the use of a m  6B while the multipk bands 
(probably due to nudcasc nibbhg) r 108 (shown by an arrow and labeled 6A) show that cxon 
6A is used in h e  splicing reaaion. Otir & have ban repeated by poiymrrace chain reaction a d y &  
of the transcripts. The sactions indicate the origin of mRNA's. The position ofthe mutations is shown 
in the bottom. 
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nucleotides located in the loop region (with 
the exception of nucleotides 7825 and 
7826) could be modified without affecting 
the splicing pattern both in myoblasts and in 
myotubes (1 1). 

We compared the sequences of the chick- 
en p-tropomyosin gene with the corre- 
sponding Xcnopus laevis and rat genes as far 
as stem I is concerned. In this region, the 
three genes have similar structures and the 
mutually exclusive exons 6A and 6B have 
identical splicing expression patterns (1, 11, 
12). A single nonconservative change is pre- 
sent in stem I both for the rat and the X. 
laevis genes at position 7820, which causes 
an internal G-A mismatch instead of a A-U 
base pair (13), while most of the changes are 
located in the large loop or lead to G-T 
versus G-C base pair substitution. A similar 
conservation is not present in the cognate 
chicken a-tropomyosin gene (three noncon- 
servative base changes can be observed in 
the stem I), in spite of the high conservation 
of the protein sequence in this region. This 
was expected because of the different expres- 
sion pattern of exon 6B in the a tropomyo- 
sin gene (14). 

The mechanism of this interference of 
splicing by secondary structures is still un- 
clear. The integrity of stem I is necessary but 
not suflicient for the establishment of the 
negative control around exon 6B. More- 
over, further data are needed to unambig- 
uously define the overall structure of the 
region. We have described other nonover- 
lapping mutations (located in the upstream 
intron) capable of independently exerting 
the same activating influence as the stem 
mutations described above (3, 4). We have 
also obtained evidence that additional neg- 
ative cis elements are present upstream of 
the branchpoint of exon 6B but not in the 
intron between exons 6B and 7 (15). 

We favor the hypothesis that intron and 
exon cis elements are part of a complex 
regulatory system in which secondary struc- 
tures and possibly trans acting factors act 
together competing with the binding of 
splicing factors to the branchpoint upstream 
of exon 6B in myoblasts. Finally, data in 
myotubes, when both exons 6A and 6B can 
be recognized by the splicing apparatus, a 
competition between the two exons is re- 
sponsible for the preferential choice of the 
skeletal muscle specilic exon (15). 
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Subunit Communication in the Anthranilate Synthase 
Complex fiom Salmonella typhimuriurn 

MAUREEN G. CALIGIURI AND RONALD BAUERLE* 

The anthranilate synthase-phosphoribosyl transferase complex of the tryptophan 
biosynthetic pathway in Salmonella typhimurium is an allosteric, heterotetrameric 
(TrpE,-TrpD,) enzyme whose multiple activities are negatively feedback-regulated by 
L-tryptophan. A hybrid complex containing one catalytically active, feedback-insensi- 
tive and one catalytically inactive, feedback-sensitive mutant TrpE subunit was 
assembled in vitro and used to investigate communication between regulatory and 
catalytic sites located on different subunits. The properties of the hybrid complex 
demonstrate that the binding of a single inhibitor molecule to one TrpE subunit is 
sutlicient for the propagation of a conformational change that affects the active site of 
the companion subunit. 

EGULATION OF CARBON FLOW IN 

metabolic pathways is often 
.achieved by the ligand-dependent 

modulation of the activity of strategically 
located allosteric enzymes. Mosteric en- 
zymes are generally oligomeric in structure 
and have multiple, topologicdy distinct 
binding sites for substrates and regulatory 
effectors. Ligand binding is accompanied by 
conformational changes in the enzyme that 
alter its m t y  for the binding of additional 
ligand molecules and are usually manifested 
by cooperativity in the reaction kinetics (1, 
2). A pivotal question in the elucidation of 
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the allosteric mechanism is whether the 
binding of a single effector molecule to one 
of the regulatory sites of an enzyme is 
sufficient to elicit the conformational effects 
that modulate the functioning of all of its 
catalytic sites. We report results of experi- 
ments that test the possibility of such a 
concerted transition in the feedback-regulat- 
ed anthranilate synthase-phosphor~bosyl 
transferase (AS-PRT) complex of the tryp- 
tophan (Trp) biosynthetic pathway from S. 
typhimuriurn. 

The AS-PRT complex is a multihnc- 
tional, heterotetrameric enzyme composed 
of the two TrpE and two TrpD polypep- 
tides, each with a molecular weight of -57 
kD (3, 4). The complex catalyzes the first 
two steps of Trp pathway: (i) the conversion 
of chorismate (Chr), the branchpoint inter- 
mediate in aromatic amino acid biosynthe- 
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