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ABSTRACT 
The Drosophila muscle myosin  heavy chain (Mhc) gene primary transcript contains five alternatively 

spliced exon groups (exons 3, 7,  9,  11 and 15), each of which contains two  to  five mutually  exclusive 
members. Individual muscles  typically select a specific alternative exon from each group  for incorporation 
into the processed message. We report here  on the cipregulatory mechanisms that direct the processing 
of alternative exons in Mhc exon 11 in individual muscles  using transgenic reporter constructs, RT-PCR 
and directed mutagenesis. The 6.0-kilobase exon 11 domain is sufficient to direct  the  correct processing 
of exon 11 alternatives, demonstrating that the alternative splicing czs-regulatory elements are local to 
Mhc exon 11. Mutational analysis  of Mhc exon 11 reveals that the alternative exon nonconsensus 5'- 
splice donors are essential for alternative splicing regulation in  general,  but do not specify alternative 
exons for inclusion in individual muscles. Rather, we show, through exon substitutions and deletion 
analyses, that a 360-nucleotide intronic domain precisely directs the normal processing of one exon, 
Mhc exon l le ,  in  the indirect flight muscle. These and  other data indicate that alternative exons are 
regulated in appropriate muscles through interactions between intronic alternative splice-specificity 
elements, nonconsensus exon 11 splice donors and, likely,  novel  exon-specific alternative splicing factors. 

T HE development of skeletal muscle  follows a 
multistep pathway beginning with the specifica- 

tion of the mesoderm and  ending with the elaboration 
of the cellular components of the contractile apparatus. 
The myogenic regulatory factors (MRFs) that  function 
during  the early part of this process have been  de- 
scribed in some detail and their activity  is  clearly re- 
quired  for  the  correct development of all skeletal mus- 
cle (EMERSON 1993; h u m  et al. 1995).  Further, mus- 
cle consists  of  many different fiber types, each with 
differing contractile and physiological properties (Fk- 
BERG and BEALL 1990; BANDMAN 1992). Such functional 
differences among fiber types are  determined largely 
by the  particular isoforms  of the contractile proteins 
expressed in that fiber type and this expression is often 
influenced developmentally or physiologically. Thus, 
the contractile behavior of muscle can be dynamically 
regulated through  the modification of contractile pro- 
tein isoform expression. Despite its central role in gov- 
erning  the  function of muscle, little is yet  known about 
the mechanisms that  define,  coordinate and enforce 
the expression of the  appropriate contractile protein 
isoforms  in  specific  muscles. It is clear, however, that 
one general mechanism for fiber-type isoform produc- 
tion involves alternative pre-mRNA processing, which 
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regulates the isoform expression of  many  of the major 
contractile proteins,  including myosin, troponin  and 
tropomyosin (EPSTEIN and BERNSTEIN 1992; BERNSTEIN 
et al. 1993; HODGES and BERNSTEIN 1994; SCHLAFFINO 
and REGCIANI 1996). An understanding of alternative 
splicing in muscle, then, can lead to a fuller picture of 
the mechanisms through which different fiber types are 
specified. 

Several  investigations  have examined alternative 
splicing in  muscle and have focused largely on the a- 
and P-tropomyosin and troponin  T transcripts in verte- 
brates. These studies, using splicing extracts or trans- 
fected cell lines, have identified several mechanisms 
through which splicing regulation can occur. For in- 
stance, the exclusion of the  human a-tropomyosin skel- 
etal muscle alternative exon SK in nonmuscle cells  is 
negatively regulated through  the presence of a weak 
3' splice acceptor and  an exonic repressive element 
(GRAHAM et al. 1992). Similarly, the chicken P-tropomy- 
osin exon 6B  is also repressed in nonmuscle cells, but 
this is mediated through RNA secondary structure 
(CLOUET D'ORVAL et al. 1991; LIBRI et al. 1991). In con- 
trast, the  rat cardiac troponin-T alternative exon 5 is 
positively regulated for inclusion into embryonic tran- 
scripts through  the activity  of  several intronic sequences 
in addition to a  general exonic enhancer (Xu et al. 
1993; RYAN and COOPER 1996). Biochemical descrip 
tions of these processes  have depended  on  the compo- 
nents of the assay  system and, while  they  have been 
successful  in identifying trans-acting factors involved in 
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FIGCRE 1.-Diagram of  the 36R myosin heavy chain ( M k )  gene in D. mplnnogns/pr showing the distribution of  the five 
alternatively spliced exon  groups  (exons 3, 7, 9, 1 1  and  15)  and the differentiallv included  exon 18. Also shown are the exons 
coding for t h e  MHC motor, light chain  binding,  the rod domains  and  the location of the myosin rod protein  promoter element. 

muscle-specific alternative  splicing  regulation (Rw- 
CHATESINGI-I at 01. 1995; ROREKTS at 01. 1996), these  stud- 
ies have been largely limited to the  description of fac- 
tors and  or elements  that  can be distinguished  through 
the  comparison of muscle and nonmuscle tissues. Thus, 
although alternative  splicing is widely used  to  increase 
protein  isoform diversity in muscle (BANDMAN 1992; 
LOMEY Pt nl. 1993; HARRIDGE pf nl. 1996; SCHIAFFINO 
and REGCIANI 1996), the  mechanisms  that  function  to 
regulate  alternative  splicing  in  different  muscle types 
have been largely unaddressed. The focus  in  this paper 
is to establish an in vivo system in which to  study  alterna- 
tive splicing in individual  muscle types and to do so in 
a genetically compliant  organism, Drosophila, so that 
a complete  picture of alternative  splicing  regulation  can 
be generated. 

In Drosophila,  potentially 480 different  isoforms of 
myosin  heavy chain  protein  (MHC)  can  be  generated 
through  the alternative  splicing of the pre-mRNA tran- 
script  arising  from the single M z c  gene  (BERNSTEIN Pt 

01. 1983; GEORGE at nl. 1989). This diversity is remark- 
able  not only for  the array of different MHC protein 
isoforms available to participate in the  structure  and 
function of muscle in this organism,  but also for  the 
complexity and precision of the splicing  reactions  that 
give rise to the mRNAs that  code  for  the  different pro- 
tein products. The Mhc gene consists of 19 exons, of 
which five (exons 3, 7, 9, 1 1  and 15; Figure 1 )  exist as 
alternatively spliced exon  groups  that  can themselves 
contain hvo to five members  (GEORGE at nl. 1989). Fur- 
ther,  the Mltc gene  contains a differentiallv  included 
exon,  exon 18, which provides an early stop  codon  and 
polyadenylation signal. Each group of alternative  exons 
encodes  the same domain of the MHC protein  and, as 
such, they are  included  into  the message in a mutually 
exclusive fashion. Previous studies have examined  the 
overall pattern of exon use during  development  and 
demonstrated  that  exon expression  can  differ  markedly 
in larval and  adult  animals (reviewed in  BERNSTEIN at 
01. 1993). For example,  exons e and b of the  exon 1 1  
alternative group  are  not  expressed in larvae, but  are 
used in specific adult muscles. The  pattern of exon 18 
inclusion also differs  dramatically  in a stage-dependent 
fashion and is excluded  from  the larval messages, while 
being  included in most adult transcripts  (GEORGE PI nl. 

1989). Further, a detailed analysis of alternative  exon 
usage in adult  thoracic muscles by HASTINGS and  EMEK- 
SON (1991) showed that  different muscles express very 
specific sets of alternatives,  indicating that  exon splice 
choice is tightly regulated and specific to individual 
muscles. Thus, alternative  splicing of the Mlzc pre- 
mRNA transcript is under  both  developmental  and 
muscle-type specific regulation  that results in  the ex- 
pression of the  correct MHC isoform in the  appropriate 
muscle. 

The mechanisms  that  ensure  the fidelity of the Mlzc 
alternative  splicing  reactions are  currently  not well un- 
derstood.  In  an  earlier  examination of Mlzc exon 18, 
HODCES and BERNSTEIN (1992) showed  that the exclu- 
sion of this exon  from  the processed message could  be 
deregulated by the  replacement of the native noncon- 
sensus  splice donor  and nonconsensus  splice  acceptor 
with consensus  sequences,  indicating  that  these sites 
play a role in the differential  inclusion of this exon. 
Less is known concerning  the mechanisms that  regulate 
the usage of the alternatively spliced  exons. While cer- 
tain  combinations of alternatives  from  different  exon 
groups  are  not known to  occur,  suggesting that regula- 
tion of splice  choice  can be  coordinated across  different 
alternative exon  groups, analysis from Mhr mutants in- 
dicates that alternative  splicing is regulated  indepen- 
dently  for  each  exon.  The Mlzc" mutation is a defective 
5' splice donor in Mltc exon 9a that eliminates the abil- 
ity of this exon  to  be spliced (KRONERT ~t nl. 1991). 
In  the  indirect flight  muscle (IFM),  where  exon Sa is 
normally incorporated  into  the processed message, a 
cryptic splice donor in the 9c intron is activated, but 
no alternative exon 9 is selected. Alternative exons 5' 
and 3' to  the  mutated  exon 9 appear  to  be processed 
normally  in the Mhc" mutants.  Thus,  aberrant pro- 
cessing of exon 9 appears  not  to affect the processing 
of other exons,  indicating  that  alternative  splicing  regu- 
lation is local to  each  exon. If alternative  processing is 
regulated by sequences local to  the alternative  exon 
domains themselves, then  it may be possible to study 
single exon  groups in Mlzc minigenes  for in. vivo molecu- 
lar analyses of cis regulatory  elements that  define  the 
splicing  regulatory  mechanisms. 

Mhc exon 11 is of  particular  interest  for study he- 
cause, with five alternatives,  it  provides an  example of 
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alternative exon complexity not available  in other sys- 
tems used for the study  of alternative splicing. Further, 
Mhc exon 11 includes one alternative, exon 1 le, whose 
expression is restricted to  the IFM (HASTINGS and EMER- 
SON 1991). The specificity  of the mechanism that identi- 
fies and enforces the exon l l e  splice choice offers an 
opportunity to study a precisely regulated muscle-type 
specific splicing event. In  addition,  the exclusive  use of 
exon l l e  in the IFM indicates that  the  protein coding 
capacity  of this exon is uniquely important  for  the func- 
tion of  myosin in this specialized muscle. Therefore, 
mutations that  interfere with the IFM-specific splicing 
of exon l l e  would be expected  to result in a muscle 
incompatible with flight. Thus, genetic screens for 
flightless mutants  should  be feasible to identify the 
transacting factors that participate in the regulation of 
alternative splicing. 

In this article, we demonstrate  that transcripts arising 
from a minigene containing Mhc exon 11 are properly 
and specifically alternatively spliced in muscles  of 
transgenic flies. This transgenic assay  system has been 
used to investigate the &regulatory elements that par- 
ticipate in muscle-type  specific alternative splicing. Our 
findings show that splicing regulation of Mhc exon 11 
depends on a  multicomponent mechanism that in- 
cludes the 5’ splice donors in conjunction with intronic 
sequences that  act to specify exon inclusion in particu- 
lar muscles. 

MATERIALS  AND METHODS 

Drosophila  cultures and procedures: All Drosophila cul- 
tures were maintained  at 25” on  standard  cornmeal molasses 
medium (ASHBURNER 1989). A stock of Drosophila virilis  was 
obtained  from  the National Stock Center, Bloomington,  Indi- 
ana. Transgenic flies were generated by standard methods. 
The strain yz w67r23(2) was used as the injection  strain and as 
a “wild-type” reference strain  in all of the experiments.  A 
minimum of three  independently derived transgenic lines was 
generated  for  each construct. To  examine  the expression of 
the LacZ reporter  gene, newly emerged  adult flies were em- 
bedded in 4% low-melting-point agarose  (Sigma)  in  1 X Buffer 
A (ASHBURNER 1989), 125-pm sections were taken using a 
Vibratome 2000 and histochemical  staining for P-galactosi- 
dase (P-gal) activity was performed as described by  ASH- 

Molecular analysis of the D. yirilis Mhc gene: A  genomic 
library of D.  virilis in AEMBL3 (constructed by MARY PROUT 
and JOHN TAMKUN, University of Colorado-Boulder) was 
screened with a cDNA clone  from  the D.  melanogaster Mhc 
gene, cD301 (GEORGE et al. 1989) following the protocols 
outlined in BRAY and HIRSH (1986). Genomic  restriction frag- 
ments  corresponding to the  exon 10 to exon  13 interval were 
subcloned into  the vector pSPORTl (GIBCO BRL), and dele- 
tions were generated  for DNA sequencing with the Erase-a- 
base kit (Promega  Corp.). Subclones were sequenced with S 
“dATP (NEN) using the Sequenase kit (United States Bio- 
chemicals) and  the  sequence  data (GenBank accession num- 
ber AF019137) were analyzed with the Wisconsin Package 
Version 9.0 software [Genetics Computer  Group (GCG) Madi- 
son, WI] and  the  Staden software package (DEAR  and STADEN 

BURNER (1989). 

1991). 

In situ hybridization to D. yirilis thoracic  muscles: Antisense 
RNA probes  from subclones of individual D. wlanogasteralter- 
native exon 11s (HASTINGS and EMERSON 1991) were labeled 
with digoxygenin dUTP using the Genius  4 RNA labeling kit 
(Boehringer Mannheim Biochemicals) and  the  probe quality 
was assayed by dot-blot hybridization using the Genius 3 Nu- 
cleic Acid Detection Kit (BMB). Thoracic sections of newly 
eclosed D. vinlis flies were prepared as previously described 
(HASTINGS and EMERSON 1991) through  the proteinase K 
step. Using the BMB Genius Kits, the  procedures  for prehy- 
bridization, hybridization, posthybridization wash and  probe 
detection were followed as outlined in the Non-Radioactive 
Zn Situ Hybridization Manual (BMB) . 

Plasmid constructions: In  general each Mhc-lacZ minigene 
(shown in Figure 11) was the  product of a series of subcloning 
steps using standard molecular  techniques (SAMBROOK et al. 
1989) to create the final fusion  genes in  the Drosophilavector 
CasPerPgal (THUMMEL et al. 1988). Details of the final struc- 
tures are given  below for each Mhc-laczminigene; the  cloning 
strategies used to construct  these  minigenes are available from 
the  authors  upon request.  Nucleotide position numbers refer 
to  the Mhc genomic  sequence  in GenBank (M61229) 
(GEORGE et al. 1989). 

gD1048: gD1048 is the wild-type  Mhc-lacZ minigene  and  it 
served as the  parental vector for insertion of in vitro mutagen- 
ized exon 11 segments. The  promoter  through  exon 2 seg- 
ment consists of 2.3-kilobase (kb) genomic DNA 5’ of the 
XbaI site that demarcates the  beginning of the Mhc gene se- 
quence in  GenBank file M61229 and  ends  at  the ‘C’ at posi- 
tion 2569 in exon 2. This  C is followed by 10  nucleotides from 
the pGEM5 (Promega) polylinker, which provide an in-frame 
bridge  sequence between exons 2 and 10. After the 10th  nu- 
cleotide  in the bridge sequence comes the Mhc exon 10-13 
internal, from nucleotide 10540 to 15972. Thus,  the  sequence 
between exons  2 (pos 2569) and 10 (10540)  in gD1048 is 
ATCCCGCGGC and  the Mhc reading frame is maintained 
from  exon 2 through  the bridge sequence  into  exon 10 and 
throughout  the  remainder of the Mhc sequences.  This  clone 
containing  the basic Mhc genomic portion  for  the  reporter 
genes is gD1041. To fuse exon  13 in  frame to  the 1acZstruc- 
tural gene  the CasPerPgal vector was digested with EcoRI, 
the EcoRI ends were made  blunt with  Klenow (New England 
Biolabs) and this vector was ligated to a blunted restriction 
fragment  containing  the Mhc portion of the minigene. The 
nucleotide sequence  at  the Mhc exon  13 to CasPerPgal junc- 
tion is  CTCGA (Mhc exon  13) -AATTC (lacZ gene). All clon- 
ing  junctions were checked by  DNA sequencing at each  step 
in the  cloning scheme. 

gD1043: The  normal Mhc reading  frame was altered  in 
gD1043 such that only RNAs containing  the Mhc exon 2-10 
spliced to  exon l l e  then to exon 12 then to exon 13-lacZ 
have a continuous  open  reading frame. Using the Altered 
Sites Mutagenesis System (Promega),  one nucleotide, an A, 
was inserted into a  subclone containing  exon l l e  between 
nucleotides number 11426 and 11427, and, in an  exon 12 
subclone, one nucleotide, base number 14130, was deleted 
from  exon 12. These altered  exons were cloned into gD1041 
(see above).  This mutated Mhc segment was digested with 
XhoI, the XhoI ends were partially filled in with nucleotides  T 
and C and  the  fragment was ligated to the  CasPerwgal vector 
to which BamHIdigested ends  had  been partially filled in with 
nucleotides  A and G. The resulting  sequence  at the Mhc exon 
13-1acZjunction is CTCGATCCC. 

gD1090, gDll77, gD1105,  gD1120,  gD1168 and gD1060: A 
two-step  PCR method (ZARET et al. 1990) was used to generate 
mutations  in various segments of the wild-type minigene 
gD1048. Briefly, the  segment to be  changed was subcloned 
into a Bluescript plasmid vector (Stratagene), subjected to 
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the two-step  PCR in vitro mutagenesis and  the  mutant  prod- 
ucts were cloned back into  the  parental gD1048 construct.  A 
description of each mutated  minigene is given  below and  the 
sequence of the sense strand mutagenic  oligonucleotide is 
listed. 
gD1090: The 5' splice site of exon l l e  was changed to a 

consensus 5' splice site. The sense strand mutagenic primer 
was oD098 (5' C A C A C C A A G G T A A G T A C G C G  3'). 
gDll77: The 5' splice site of exon l l b  was changed to a 

consensus 5' splice site. The sense strand mutagenic primer 
was oD116 (5' GGACACACCAAGGTAAGTAAACGTTTC 3'). 
gD1105: The  5' splice site of exon 1 l e  was converted into 

the 5' splice site of exon l l b  using mutagenic primer oDlO0 
(5' CACACCAAGGCATATACGWAAAAAAT 3').  The 5' 
splice site of exon l l b  was converted into  the 5' splice of 
exon 1 l e  using mutagenic primer oD096 (5' GGA  CACACC 
AAGGCACGCAAACGTTTC 3'). 
gD1120: The ICR (no. 13870-13949)was removed using 

the two-step  PCR and  the mutagenic  primers  oD110(5'  TTG 
GTACAAACAAGAACAGAACAGAAAGG) and oD111 (5' 
CTTGT'ITGTACCWLMTGAAAAAATGAATGAACC) . 
gD1168: The AflII restriction fragment  corresponding  to 

positions 11291-1 1539 from the Mhc gene sequence was de- 
leted  from the  exon 10 to 13 domain in gD1048. This  deletion 
removed exon l l e ,  27 base pairs (bp) 5' and 103 bp 3' of 
exon 1 le. 
gD1060: The AflI restriction fragment  corresponding  to 

positions 11622 and 13927 from  the Mhc gene  sequence was 
deleted from the  exon 10-13 domain in gD1048. This  dele- 
tion removed all of the alternative exon 11s 3' to exon I le .  
gD1222: The conversion of exon l l e  into  exon l l b  and 

the conversion of exon l l b  into  exon l l e  in the gD1222 
minigene was accomplished using modifications to pub- 
lished protocols for PCR mutagenesis using megaprimers 
(CLACKSON et al. 1989) and  our  standard two-step PCR muta- 
genesis protocol  described above. Hybrid oligonucleotides 
containing  both  exon 1 l e  and  exon 1 l b  sequences were used 
in two parallel PCR reactions to  generate megaprimers  con- 
taining coding sequence of one alternative exon 11 flanked by 
the  intron sequence of the  other alternative exon 11. Single- 
stranded megaprimers were prepared  for use in the following 
round of amplification by phosphorylating appropriate oligo- 
nucleotides prior to the first round of amplification, then 
digesting  these  products with the Strandase enzyme (Nova- 
gene), which selectively degrades the phosphorylated strand. 
These megaprimers were purified and used as mutagenic oli- 
gonucleotides  in the two-step PCR reaction. For the construc- 
tion of a  subclone containing  exon 1 l e  flanked by the  intron 
of exon 1 le,  the following hybrid oligonucleotides were syn- 
thesized. 
oD156: Sense strand  oligonucleotide  in which bases 1-24 

correspond  to  exon l l e  intron  and 3' splice site acceptor  and 
bases 25-49 correspond to the  exon l l b  coding sequence. 
(5'-3' GTGAATTGTAATACTCAACTATAGCTATCAAAT 
CCTGAACCCAGCTGG) . 
oD155: Antisense strand oligonucleotide  in which bases 1- 

23 correspond to exon 1 l e  intron  sequence  and 5' splice site 
and bases 24-46 correspond to exon l l b  coding sequence. 
(5"s' GGAACATmTTGCGTGCGTGCCTTGGTGTGT 
CCXATGCGATAC) . 

For the construction of a  subclone containing  exon l l e  
flanked by the  intron of exon l l b  the following hybrid oligo- 
nucleotides were synthesized. 
oD135: Sense strand oligonucleotide  in which bases 1-19 

correspond to exon 1 l b  intron  and 3' splice site acceptor  and 
bases 20-37 correspond to exon l l e  coding sequences. (5'- 
3' GGAACATITTT?TGCGTGCGTGCCTTGGTGTGTCCA 
ATGCGATAC). 

oD133: Antisense strand oligonucleotide  in which bases 1 - 
20 correspond  to  exon 1 l b  intron  and 5' splice site and bases 
21-39 correspond  to  exon l l e  coding sequence. (5'-3' GGA 
TTGAAACGTTTATATGCCTTGGTGTGACCAATGCGG). 

Westerns and immunoblot analysis: Newly eclosed flies 
with unexpanded wings were collected and processed as de- 
scribed  in STANDIFORD et al. (1997) for  protein gels and immu- 
noblot analysis. Three flies were prepared  together  for each 
genotype and  the  protein equivalent of a single fly was loaded 
onto each  lane. Anti @gal antibodies (5'-3') were used at 
a 1:5000 dilution. Blots were detected with  0.5X Super-CL 
chemiluminescent reagent  (Pierce),  recorded  onto X-omat 
film (Kodak) and  the bands were scanned  and  quantitated 
using IPLab Gel H (Signal Analytics) image analysis software. 

Reverse-transcriptasdependent PCR  (RT-PCR): Newly 
eclosed flies were collected and  then soaked for a few minutes 
in petri plates containing 100% ethanol  at room temperature. 
After this treatment  the IFM, transtergal  depressor of the 
trochanter  (TDT)  and  other muscles become stiff and can be 
easily dissected away from each other. Separated IFM and 
TDT muscles were placed into 1.5-ml microfuge tubes con- 
taining 100% ethanol on ice until 10-15 flies per genotype 
were dissected. The tubes containing  the muscles were spun 
at 2000 rpm, 4" in an  Eppendorf microfuge, and  the  ethanol 
was removed. The muscles were resuspended in 100  ml of 
H20, and 0.5 ml of Trizol reagent (GIBCO-BRL) was immedi- 
ately added along with  20 pg of  yeast transfer RNA (Sigma) 
as carrier.  Total RNA  was isolated with the Trizol reagent 
using the manufacturer's  instructions. Following the isopro- 
panol  precipitation the RNA pellet was resuspended  in  100 
pl reverse transcriptase  buffer with 100 p~ dNTPs, 40 units 
RNAsin (Promega), 200 units  SuperScript I1 Reverse Tran- 
scriptase (GIBCO-BRL) and  an antisense  oligonucleotide 
primer  to Mhc exon 12. Reverse transcription  reactions were 
at 42" for  1 hr. For the primary PCR reaction,  5 pl of the 
reverse transcriptase reaction was used  in  a 100-p1 reaction 
under  the following conditions: one cycle at 95" for  5 min, 
30 cycles of 95" for 30 sec, 55" for  1 min, 72" for 1 min and 
one cycle  of  74" for 4  min. Five microliters of the primary 
PCR reaction were used for  the secondary PCR reaction and 
the same PCR  cycle profile was followed. The sequences  for 
all of the oligonucleotide  primers used in  these  experiments 
are  presented in  Table 1. 

RESULTS 

Mhc alternative  splice  regulation is exon specific: To 
define  sequences  that  control the muscle-type  specific 
alternative  splicing  of exon 11 in vivo, a Mhc exon 11 
minigene reporter construct gD1048 was developed  for 
analysis in  transgenic  animals  (Figure 2).  This  construct 
contains the entire Mhc exon 11 domain and is flanked 
5' by exon 10 and 3' by exon 12, intron 12 and the first 
30 nucleotides  of exon 13, which are directly  followed 
by an in-frame lacZ gene. Sequences 5' of  exon 10 in- 
clude the Mhc promoter  domain, Mhc exon 1 and Mhc 
exons 2 and 10, which are fused  together  in-frame. An 
important  feature  of  this  construct is the natural  split 
codon that exists  between  exon 10 and each  of the exon 
11s. Thus,  production  of a functional 175 kD MHC::P- 
gal  protein  from  transcripts  arising  from  the Mhc pro- 
moter  in  gD1048  requires  mRNA  processing and inclu- 
sion of a single  alternative exon 11: skipping of exon 
11 or the inclusion  of  multiple  alternatives  would gener- 



Splicing Regulation in Drosophila 

TABLE 1 

Oligonucleotides  used in the RT-PCR assay 

729 

Oligonucleotide no. Sequence Position 

364 
363 
361 
590 
365 
30 1 
362 
380 
379 
378 
360 
367 
366 
302 
303 

CGTGTGTCGAAGCTGTTCGG 
GGTGTACTGGATATTGCTC 
CGAAATTTAAGCAAGATGC 
GACTCGAAGAAGTCTTGCTG 
GAATGCTGCCGGAAAGTGCTTG 
AAAGTGTGGATCCATCATTTTG 
CCAAATGATGGATCCACAC 
TCAATCAGAACCTTGGAGCCT 
TCGATCAGAACCTTCGTGCAT 
TTAATGATAATTTCAGTGGCC 
CAAGCACTTTCCGGCAGCA 
CTGACCCAGGACACCGGCGCG 
GGACATGATCTTGCCCAGACGC 
CACGACGTTGTAAAACGACGGCC 
GCTGCAAGGCGATTAAGTTGGG 

Exon 8 outer -sense 
Exon 8 inner -sense 
Exon 2 outer -sense 
Exon 2 inner -sense 
Exon l l e  -sense 
Exon 11 b -sense 
Exon l l b  -antisense 
Exon 1 l a  -antisense 
Exon 1 IC -antisense 
Exon l l d  -antisense 
Exon 1 l e  -antisense 
Exon 12 inner -antisense 
Exon 12 outer -antisense 
LacZ inner -antisense 
LacZ outer -antisense 

ate an out-of-frame message, resulting in the absence 
of  P-gal  activity. The gD1048 construct also contains the 
promoter  for  the myosin rod  protein  gene (MIEDEMA el 
al. 1995; STANDIFORD et al. 1997), which is active  in a 
subset of  muscles, but importantly it is not expressed 
in the IFM or the TDT muscles. In this study, we have 
used the presence or absence of  ,&gal in the IFM or 
TDT as an  indicator of correct splicing of transcripts 
arising from the gD1048 transgene and its  derivatives. 

When flies transformed with the gD1048 transgene 
were tested using P-gal staining, the IFM and TDT 
stained positively, indicating that  the Mhc minigene is 
expressed and processed into  an mRNA that contains 
only a single exon 11 (Figure 3A). The fidelity of exon 
usage from the minigene was tested by the gD1043  mini- 
gene (Figure 3B). This construct has a single base addi- 
tion in exon l l e  and a single base deletion in exon 12, 
so that only processed messages containing exon l l e  
are capable of 0-gal expression. In flies transformed 
with  gD1043, the IFM  was positive for &gal,  while the 
TDT does not stain, indicating that  exon l l e  utilization 
in the  minigene is restricted to  the IFM. Thus,  the 
gD1048 minigene has sufficient cis4nformation to di- 
rect  the  proper splicing of Mhc exon ll. 

gD1048 

To detect changes in the  pattern of alternative exon 
use in specific  muscles that might result during  the 
mutational analysis  of the gD1048 construct, a RT-PCR 
assay  was developed (Figure 4). In this assay,  IFM or 
TDT muscles are dissected and used to prepare total 
RNA. Messenger RNAs arising from both  the  endoge- 
nous and minigene Mhc promoters  are reverse tran- 
scribed using antisense primers specific for Mhc exon 
12 (Figure 4). Messages arising from either  the endog- 
enous Mhc or the Mhc minigene are  then specifically 
amplified and distinguished with the use of  PCR prim- 
ers for exon 8 or exon 2, respectively, in combination 
with exon 12 primers placed 5’ (inner) to the exon 12 
primers used in the RT reaction. Individual exon 11s 
are detectable in these amplified products  through  the 
use  of primers specific for each exon 11 when used in 
combination with either exon 2 or exon 8 primers that 
are 3‘ (inner) to those primers used in the first round 
of  PCR. The products from the second round of  PCR 
representing  the correctly processed endogenous mes- 
sages are 870 bp in size,  while the correctly processed 
minigene transcripts are 768 bp. Thus,  the IFM or TDT 
can be specifically  assayed for  their alternative splice 
utilization of the exon 11 alternatives arising from the 

Split kodon 0.Skb - 
FIGURE 2.-Diagram  of the gD1048 Mhc exon 11 minigene designed to study the cis-regulation of alternative splicing in 

transgenic flies. The gD1048 construct contains the Mhc promoter, exon 2 fused in frame to exon 10, all exon 11 alternatives 
followed by exon 12, intron 12 and exon  13 fused in frame with the lucZ reporter gene. Exon 10 contains a split codon such 
that only processed messages that  contain one exon 11 will produce a functional lac2 product. 
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A.1048 for  the  different  exon 1 Is in larvae  (GEORGE et al. 1989). 
I a s m a b a d  n n 

Iw4-4:: 
These  data show, therefore,  that  the  sequence informa- 
tion required  to specify and direct  the selection and 
use  of alternative exons in individual muscles is entirely 
contained within the Gkb exon 11 domain and that this 
process does not require  the presence of  any other Mhc 
alternative exon  group. 

Sequence  conservation in Mhc exon 11: To i d e n w  
conserved sequence  elements  that  might  be  important 
for  exon 11 splicing regulation, the Mhc exon 11 do- 
main from the distantly related (40-60  myr divergent) 
drosophilid species (BEVERLEY and WILSON 1984) D. 
virilis was cloned and sequenced (Figure 5). This analy- 

B. gDlO43 sis revealed that, like D. melanogaster, the D. uirilis exon 

quence alignments (GCG, Pileup) of exon 11 alterna- 
tives from D. melanogaster and D. uirilis pairs all  equiva- 
lently positioned alternative exon 11s ( i e . ,  the D. mela- 
nogaster exon l le  was most similar to  the most 5’ 
alternative exon 11 from D. uirilis) , indicating that order 
of alternative exons is a conserved feature. Interestingly, 
alternative exon l l e  is the most divergent between the 
two species, both  at  the  nucleotide (77% similar; Figure 
5)  and protein level (not shown), which perhaps re- 
flects a functional difference in  the IFM isoform of  myo- 
sin in the considerably larger D. uirilis. The exon 11 

I L g  

1 1 D m a b a d  n 1 11 domain also contains five alternative exons. Se- 
1 I ” m - H :  13 I L y e  

4 

FIGURE 3.-(A)  Flies transformed with the gD1048 con- 
struct stain positively for p-gal in all  muscles.  Shown here are 
the IFM and TDT in thoracic  sections of flies containing the 
gD1048 transgene, which are both positive for 0-gal. (B) The 
gD1043 construct contains an insertion in exon l l e  and a 
deletion in exon 12 and expresses @gal in the IFM but not 
the TDT. 

minigene, and this can be concurrently compared  to 
the splice utilization of alternative exon 11s arising from 
the  endogenous Mhc gene.  Further, this assay can be 
used to  examine  the overall expression of exon 11 alter- 
natives in larval  muscles, where exons l l a ,   l l c   and   l l d  
are normally the only exon 11 alternatives expressed. 

When the RT-PCR  assay  was used to  determine the 
muscle-type  specific use of  gD1048 alternative exon 11s 
in the IFM, only exon 1 l e  was detected, which matches 
the  pattern  for  the  endogenous gene. In  the TDT, only 
exon l l b  was detected, which is the normally utilized 
alternative in this muscle. These results establish that 
correct muscle-type  specific splicing of exon 11 alterna- 
tives  is properly directed by the gD1048 minigene. To 
further test the fidelity  of the gD1048 minigene, RNAs 
collected from larvae  were  assayed for  exon 11 expres- 
sion with  RT-PCR. This analysis  shows the overall pat- 
tern of exon use from the minigene to  be identical to 
that of the  endogenous  gene (Figure 4C) Specifically, 
exons l l a ,   l l c  and l l d  are  detected in larval RNAs 
arising from both  the  endogenous Mhc and the gD1048 
transgene, while exons l l e  and l l b  are  not  detected, 
which is consistent with the known expression patterns 

alternatives each contain a unique, nonconsensus 5’ 
splice donor  and these are conserved in D. uirilis. The 
3’ splice acceptors from D. virilis and D. melanogaster 
exon l l e  and l l c  are nonconsensus (TAG), while the 
remainder  are consensus (CAG) . All exon 11s from D. 
virilis and D. melanogaster have  relatively poor polypyri- 
midine tracts (MOUNT et al. 1992),  containing -50% 
purine nucleotides, although  the exact sequence of 
these domains is not well conserved (not shown). 

Within the  introns of the Mhc exon 11 domain, which 
are similar in overall composition to other Drosophila 
introns (CSANK et al. 1990),  there  are several short seg- 
ments of conservation between D. uirilis and D. melano- 
gaster and a single large, 78 nucleotide (nt) intronic 
conserved region (ICR) residing between exon l l d  and 
exon 12 (D. melanogaster sequence  no. 13861-13949; 
Figure 5C).  The ICR  is generally A/T  rich, (60%), con- 
tains three  repeated ATCC sequence  elements and is 
not reiterated elsewhere in the D. melanogaster Mhc 
gene. Intronic elements that  are AT rich have been 
shown to  influence  the selection of  5’ splice sites in 
Drosophila (MCCULLOUGH and SCHULER 1993), sug- 
gesting a role  in splice regulation for  the ICR Perhaps 
also significant is the fact that, while the ICR  is not 
overall purine rich (38 G/A),  there  are several clusters 
of purine rich sequence in this domain (Figure 5C). 
Splicing enhancers in the alternatively spliced troponin 
T (RAMCHATESINGH et al. 1995), doubksex (LYNCH and 
MANIATIS 1996) and bovine  growth hormone (SUN et 
al. 1993) transcripts are composed of purine-rich se- 
quences  that have been shown to interact with  various 

, -  
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FICCFC 4.-(A) Diagram of RT-PCR assay designed to determine  the  pattern of exon usage  in  processed messages arising 
from  either  the  endogenous M h c  gene  or  the " f l c  exon 11 minigene.  Total RNA collected from  the IFM or  TDT is reverse 
transcribed with a primer  common to both  endogenous  and  minigene transcripts.  A first round  of PCR uses a common  exon 
12 primer  and a primer  that is specific to  exon 8 or  exon 2 to differentiate  endogenous  or  minigene transcripts, respectively. 
A second  round of PCR uses primers specific for  the  exon 11 of interest  in  conjunction with primers specific to either  exon 8 
or exon 2 to  determine  the  pattern  of  alternative  exon 11  use from  the  endogenous  or  minigene, respectively. Thus, this assay 
determines  the  alternative  exon 11 use from  the Mhr minigene in specific muscles and this can be compared directly to the 
known pattern of exon  use  from  the  endogenous  gene. (B) "hen  applied against RNAs collected from  the IFM of flies 
transformed with the gD1048 construct, a 768-bp minigene  product is seen when the  exon l l e  primer  and  not  the  exon l l h  
primer is used in  conjunction with exon 2 primers. An 870-bp hand is detected in the IFM when an  exon 8 primer is used with 
an  exon 1 l e  primer  and  not  the  exon 1 l h  primer. The  minigene  product is only detected in the  TDT with the  exon 1 lh primer 
in conjunction with either  exon 2 or exon 8 primers.  These  data show the muscle-specific pattern of exon use is identical for 
both  the  endogenous  gene  and  the  minigene  exon 11 alternatives. (C) Total RNA collected from gD1048 larvae was assayed 
using RT-PCR and  the overall pattern of alternative  exon 11 usage was assayed for  both  the  endogenous  and  minigene transcripts 
and  found to be identical.  Marker bands  are 1.0 or  0.5 kh. 

SR proteins directly and a similar role might exist  for menty using exon 1 1  probes from D. mplmogastwagainst 
the Mhc exon 1 1  ICR. thoracic sections from D. vin'lis show that exon 1 l e  is 

The pattern of  exon usage  also is consenred  between expressed exclusively in the IFM in D. vin'lls thoracic 
D. widis  and D. wlmogmtw.  In situ hybridization experi- muscles (Figure 5D) and  exon 1 1  b is expressed in the 
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C. InbonicConserved Domain 

me'. C~'TFFCTFFCTCTAT'TFeTF'TF~~~F~~c~ 
vir. ATCCATCCI'CTATTCTATCCCAGTACAAAC 

TGTCCAAAAGTGTTTITGAAGAACCGCTT- 
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TGTCGAAAAGTGTlTlTGAAGAATCGOTG 

44FFATHFFM?+ 
AAGCITAAGCAAAAAAAGA 

FIGURE 5.-Summary of the  sequence comparison between D. mhnogmterand D. virilis. (A) Overall, the  structure is the same 
and  exon 11 from D. virilis contains five alternatives that  are, based on similarity, in the same order as the D. melnnogmter 
alternatives. Percent identity between corresponding alternatives is shown below each exon. Exon size is consenred as is the 
distance between each  alternative. (B) Exon 11 alternative exon splice donors  are conserved and all are nonconsensus (*, 
nonconsensus nucleotides). (C) A large ICR between exon l l d  and 12 is present, is 89% identical between D. virilis and D. 
melnnognsirn and represents the largest site of intronic conservation. Several domains of purine-rich sequence  are  underlined. 
(D) The regulation of the alternative exons in D. virilis was tested through in situ analysis using D. virilis thoracic sections and 
D. melnnogusier exon 11 probes. Shown is the result of exon 1 l e  probe, which specifically hybridizes to the IFM of D. virilis. 

TDT (not  shown), which is the  pattern of expression 
for these two exons in D. melanogastpr. The conservation 
of alternative exon use in D. vin'lis indicates that  the 
splicing mechanism is also conserved, thereby sug- 
gesting that  the conserved element5 in this domain have 
a role in splicing regulation. Our strategy to identifj  the 
important regulatory elements involved  in alternative 
splicing is, therefore, focused on  the conserved 5' splice 
donors,  the  exons themselves, the position and spacing 
of the exons and  the conserved intronic  sequences. 

Nonconsensus 5' splice  donors  are  essential  for mus- 
cle-specific  splicing  regulation: Each exon 11 contains 
a unique 5' splicedonor that is nonconsensus and 
whose sequence is conserved. This suggests a simple 
model that alternative exons are specified through a 
mechanism that identifies a particular donor in the a p  
propriate muscle type, thus effecting inclusion of  only 
that  exon. To test this, the gD1105 clone was con- 
structed in which the  5' splice donors from exon l l e  

and l l b  were exactly switched. Transformed flies  were 
found to express /?-gal in all muscles of the  thorax (not 
shown),  indicating  that this donor swap does not dis- 
rupt overall splicing. When the IFM and TDT mRNAs 
were  assayed for exon 11 expression using RT-PCR (Fig- 
ure 6A), the  pattern of exon usage was found to be 
identical to that of the  endogenous  gene:  exon l l e  is 
still expressed in the IFM and exon 11 b is expressed in 
the TDT. No effect on  the pattern of exon use was seen 
in larvae containing  the gD1105 construct (not shown). 
These  data  indicate  that muscle specificity  of exon 
choice is not  determined by the nonconsensus 5' splice 
donors. 

The nonconsensus  nature and conservation of exon 
11 donors suggest a more  general role in splicing regu- 
lation. The  requirement for nonconsensus donor se- 
quences was examined  through  the  replacement of the 
donor of exon l l e  with a consensus donor in the 
gD1090 construct  (Figure GB). Flies transformed with 
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A. gD110510 l le  a b 1 
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FICCRE 6.-Constnlct. designed to test the  function of the 
exon 11 nonconsensus 3' splice donors in  splice regulation. 
(A)  The 5' splice donors  from  exons 1 le   and 1 1 h  were exactly 
swapped  in the gD1103 construct.  The usage of minigene 
exons l l e  and 1 Ib in the IFM and  TDT were determined 
with  RT-PCR and  found to he identical to the wild-type usage. 
(B) The  nonconsensus  donor of minigene  exon 1 l e  was re- 
placed with a consensus  donor in the gD1090 construct. RT- 
PCR analysis of RNA from isolated mtlscles revealed that  the 
minigene  exon 1 l e  is still used in the IFM, hut is now also 
processed into  the messages arising  from  the  minigene in the 
TDT. No  exon 11 h minigene  products were detected in either 
the IFM or TDT. (C)  The  nonconsensus 5' splice donor of 

this construct  express /?-gal in all muscles, showing  that 
modification of the  exon 1 le  5' splice donor does  not 
promote  the inclusion of multiple  alternative  exons o r  
the  skipping of all alternative  exons during processing. 
However, the  substitution of a consensus donor in exon 
1 le  does result in the  dominant expression of this alter- 
native, which, as demonstrated by RT-PCR, is now aber- 
rantly expressed  in  the  TDT in addition LO the IFM. 
Further,  no  minigene  transcripts  containing  exon 1 l b  
were  detectable in the  TDT, showing that  the activation 
of exon 1 le completely  represses the splicing of exon 
l l b  in the this muscle. Finally, the gD1090 exon  1 l e  
was also exclusively used in larval minigene  transcripts 
(not  shown),  demonstrating  that a  consensus donor, 
when  placed in an alternative exon,  can convert that 
alternative  to a constitutivelv utilized exon  that  com- 
pletely represses the use of the  normal alternative. 

The ability of a consensus donor to  confer splice- 
choice  dominance to exons other  than  that of exon 
l l e  was tested with the gD1177 transgene  (Figure 6C), 
in which the  donor of exon 1 l b  is replaced with a con- 
sensus donor.  Transgenic flies containing  the gD1177 
construct were found  to stain  for /?-gal in all thoracic 
muscles, again  establishing that  the inclusion of a con- 
sensus donor  into  exon 11 b does  not  induce  the addi- 
tion  of  multiple exon 11s into  the processed  transcript. 
" h e n  RT-PCR  was used to assay the  pattern of exon 
usage in the IFM and  TDT of gD1177-transformed flies, 
it was found  that  exon l l b  was now expressed in both 
the IFM and TDT. However, in the IFM, the  minigene 
exon l l e  is still detectable by RT-PCR, indicating  that 
the substitution of a consensus donor in exon 11 b  does 
not completely  repress the use of exon l l e  from  the 
gD1177 construct in this muscle. This is in contrast  to 
the behavior of the modified  minigene exon l l e  in 
the gD1090 construct. The inclusion of the consensus 
donor  into  exon l l b  however does result in this  exon 
being used exclusively in transcripts  arising from the 
gD1177 transgene  in larvae (not  shown).  Together,  the 
results obtained with the gD1090 and gD1177 mini- 
genes show that  the  replacement of nonconsensus  exon 
11 donors with a consensus donor converts a regulated 
exon  to a splice-dominant  exon  that  represses  the  nor- 
mal exon  choice  but  does  not disable the mechanism 
that  maintains  the  mutual exclusivity of alternative  exon 
splicing. 

Role of conserved  intron  and  exon  sequences: A do- 
main of striking  sequence conservation  (ICR)  occurs in 
the  intron between exon l l d  and exon 12 (Figure l i), 
where  it  might  function  to  regulate  splicing  through 

exon 1 Ih was converted to consensus in the gD1177 minigene 
construct. RT-PCR analysis of exon use revcaled that, in the 
IFM, product. arising  from the  minigene now contain  exon 
1 Ih.  This  appears to occur in conjunction with the expression 
of  some  exon 1 le,  as this exon is also detected in the  minigcne 
products. Only exon 1 Ih was detected in minigene  products 
expressed  in  the TDT. 
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A. gD1120 

B. gD1222 n 

FIGL.RE i.-(;onstructs tlcsigncd IO t c s t  thc f'ilnction o f '  the 
ICR and  exonic  sequences i n  alternative splicing regulation. 
( A )  The  deletion of the ICR was analyzed in the gD1120 
construct b y  RT-PCR and  found to have no effect on the 
cxprcssion pattern o f  minigene  exons 1 le  and 1 Ib  in either 
the IFM or TDT. (D) Minigene exons 1 l e  and 11 b were posi- 
tionally exchanged in the gD1222 construct  and this was 
tested by RT-PCR analysis for its effects on alternative  exon 
usage. The results of this analysis revealed that  the  exchanged 
exons were also exchanged in their utilization with 1 Ib  now 
expressed  in the IFM while exon 1 l e  from  the  minigene is 
expressed in the  TDT. 

mechanisms  such as providing  alternative or  regulated 
branch  point  sequences  or by modifying  the access of 
splicing  factors  to the 3' splice acceptor of exon 12. To 
examine  these possibilities, the gD1120 transgene was 
constructed  (Figure  7A), in which the ICR domain was 
deleted. Flies transformed with gD1120 express p-gal 
throughout  the  thorax,  indicating  that this deletion 
does  not  induce  exon  skipping or the  aberrant splicing 
of multiple  alternative  exons.  Further,  the  removal of 
the ICR does  not  alter  the splice  usage of exons 1 le  or  
1 l b   n o r  is the  pattern of exon use changed  in  lanae, 
when exon usage was assayed with RT-PCR (not  shown), 
indicating  that  the ICR  is not essential to  regulate  the 
specificity of alternative  exon usage. 

Although the alternatives of exon 11  each  code  for 
the  same  protein  domain of MHC, there is significant 
divergence  both  at  the  protein  and  nucleotide level 
within  these  exons. M'hile these  differences  are likely 
to be important  for  the  function of the myosin protein 
itself, we considered  the possibility that  these  exon se- 
quences serve to participate in splicing  regulation,  per- 
haps as splicing  enhancers, to directly tie alternative 
splicing  regulation  to  the  alternative  exons themselves. 
The gD1222 transgene, in which exons l l e  and 1 lb  are 
exactly switched in their positions, was developed to 
test this  hypothesis  (Figure 7B). If the  exon  sequences 
alone  direct  their own usage, then  exon position with 
respect to other  exons in the  domain  should  not influ- 
ence  exon  choice. Flies transformed with gD1222 are 
positive for  0-gal  staining throughout  the  thorax, indi- 
cating  that  splicing of multiple  alternatives or exon  skip 
ping  does  not  occur for this  construct. However, in 
transcripts  arising  from  gD1222,  1 l e  is now expressed 
in the  TDT  and  exon 11  b is expressed in the IFM when 
spliced products were assayed for  exon usage by  RT- 
PCR, while the l a n d  pattern of exon use tvas undis- 
turbed.  Thus,  substitution of exon l l b  in the position 
of exon 1 le  results  in exon 11 b  utilization in the IFM 
as if it were exon  lle.  Thus, these  data  demonstrate 
that  the ci.+information specifying exon  choice is not 
contained within the  exons themselves and must either 
reside within the  intron  or is contained within the  order 
of  the  exons themselves. 

IFM splice  specificity  is  local to exon 1 le: The  linear 
order of' the hlhc exon 11  alternatives is conserved and 
might  function  to  regulate  splicing if the  mechanism 
depends  on  the muscle-specific balance of accessory 
splicing  factors,  such as SR proteins  and hnRNPs, which 
have been shown to  influence splice  choice (MAW.[),\ 
and KRAINER 1992; CACERES P/ nl. 1994; reviewed in 
CHAROT 1996).  The gD1168  transgene, in which exon 
1 le is deleted, was developed  to test the possibility that 
the  order of exons  in  the  exon 11 domain  participates 
in the definition  of  exon usage  (Figure 8). In this con- 
struct,  exon 1 l a  is moved into  the position  proximal to 
exon 10. If exon  order dictates  exon usage, then  exon 
l l a  should be activated in the IFM. Flies transformed 
with the gD1168  transgene, however, were found to lack 
0-gal  staining in the IFM while other muscles of the 
thorax stain  normally,  indicating that  no  exon 11 is 
used  correctly in the IFM. Further, in gD1168, RT-PCR 
analysis showed that  exon 11  b was still expressed  nor- 
mally in the  TDT, as were other alternative  exons in 
larval muscles. These  data show that  shifting of exon 
l l a  into  the position  closest to exon 10 does  nct  alter 
the  pattern of exon use and  that  the IFM  is unable to 
select another alternative in the  absence o f  exon 1 le.  
This  suggests that  the  sequences specifically required 
to permit  the  choice  of  exon 1 le  in the IFM are  absent 
in  the gD1168 construct  or they are  incompatible with 
other  exon 11s. 
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Fi(xw<  8.-The gD1 168  minigcwc  construct was tlrvrlopcd 
to test the  function  of  exon  position in alternative  splicing 
regulation. (X) Exon 1 le  was deleted  from  the Mhc exon 11 
minigene,  which  moved  exon 1 la  to  the  proximal  position 
with respect  to  exon 10. T h e  effect  of  this  mutation was tested 
by &gal staining  of  thoracic  sections  which  showed  that  there 
is n o  staining i n  the IFM, while  functional &gal was present 
in the  TDT. (B) RT-PCR analysis of  the  TDT  showed  that 
exon 11 h was still processed  normally  into  messages  arising 
from  the  gD1222  minigene. Analysis of  the total RNA col- 
lected  from  gD1222  lanae  showed  that  exon usage was not 
disrupted  (not  shown). 

The finding  that  neither  the position or  sequence of 
the  exon itself specify usage  indicates  that  the se- 
quences  flanking  the  exons  contain regulatory se- 
quences  that  are  important  for splicing  regulation. To 
directly test this possibility, the gD1060 transgene was 
developed  (Figure 9),  in which all alternative exon 11s 
except  exon  1 le  are  deleted  from  the  minigene.  The 
entire 180-bp intron between exon 10 and 1 le  and 180 
bp 3' to  exon 1 le  remain  intact and these l l e  se- 
quences  are ligated  to a position -190 bp 5' of exon 
12  removing 60 bp of the ICR domain. Flies trans- 
formed with gD1060 express &a1 in  the IFM, but  not 
in TDT,  indicating  that this construct  contains &infor- 
mation  sufficient  to specifically direct splicing of exon 
1 l e  in the IFM. This was further tested by RT-PCR analy- 
sis of l a n d  muscles, which showed that  no  minigene 
exon was expressed  here  (not  shown),  and by immu- 
noblotting, which demonstrated  that  the MHC-P-gal 
product is present  only in the IFM. These  data  indicate 
that gD1060 contains  the  elements  required  for  the 
IFM-specific use of exon 1 le. Further, given the  inter- 
changeability of splice donors (gD1105; Figure 6), the 
neutrality of the exons themselves in  alternative  splice 
choice  specification (gD1222; Figure 7) and  the failure 
of sequences other  than  those removed in gD1060 to 
direct splicing in the IFM (gD1168; Figure 8 ) ,  these 
results  indicate  that  the specificity elements  are entirely 
contained within the 360 nt of sequence  flanking  exon 
1 le .  

Splicing  efficiency and exon usage: As seen  above, 
conversion of the  exon 11 5' splice donors to consensus 
(gD1090, gD1177; Figure 6) results in the  dominant 
a r t h a t i n n  nf thP evnn thQt r n n t - i n r  r n n c e n c n r c  A n n n v  

FIGURE %-The gD1060  minigene  construct isolates  se- 
quences  required  for  the IFM-specific inclusion  of  exon 1 l e  
into  the  processed message.  A minimal  construct  containing 
only  exon l l e  in  addition  the  entire  intron 10 and i 5  bp of 
intron 1 l e  was analyzed  transgenically.  (A)  In  thoracic sec- 
tions  of flies that  contain  the gD1060 construct,  the IFM  was 
seen  to  stain positively for &gal hut  not  the  TDT. (B) RT- 
PCR analysis of  the IFM showed  that  exon 1 l e  was normally 
processed  into  the  transcripts  arising  from  the  gD1060  mini- 
gene.  (C)  Immunohlot analysis of  total  thoracic  proteins, IFM 
proteins or TDT  proteins  shows  that  the MHC;O-gal fusion 
protein  expressed  from  the  gD1060  minigene  occurs  only in 
the IFM, and  no  product is detectable i n  the  TDT. Myosin 
heavy chain  (MHC)  protein was immunodetcctcd in each 
sample as a loading  control. 

MThile the  consensus  donor  exon is the  predominant 
exon  included  in  the processed  transcript, it is possible 
that  the splice reaction  rate is affected by this donor 
change. Such  changes  might  result  from a competition 
between the normally defined  exon  and  the consensus 
donor  exon  for splicing  factors, or  the consensus donor 
exon  might  need to overcome  some  inhibitory  effect 
that normally  represses the use of that  exon in inappro- 
priate muscles. Alternatively, the  dominant use of the 
consensus donor  exon  might result  from its ability to 
assemble more rapidly the splicing  apparatus,  thus pro- 
cessing of this exon  might  be  more efficient than  the 
processing of the wild-type exons. Further,  although 
spliced  products  arising  from  the gD1090 and gD1177 
transgenes were not  seen to contain  multiple  alternative 
exons by RT-PCR, these  reaction  products would be 
out-of-frame and  perhaps subject to turnover  rates  high 
enough to prevent  their  detection. To determine  the 
effects of the  different  mutations  on splicing efficiency 
and  or RNA turnover, we took advantage of the fact 
that  the all the  Ml~minigenes used in this study  contain 
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Construct 
FIGURE 10.-Analysis  of  splicing  efficiency  for the different 

splicing mutants examined  in  this  study.  Splicing  efficiency 
was determined by comparing  the levels of the  protein  prod- 
ucts arising  from  the Mhc promoter  (MHGP-gal)  to the pro- 
teins  products  arising  from the Mrp promoter  (MRP-P-gal), 
both of  which are  contained  in all minigene  constructs. MHC- 
P-gal product is dependent  on  alternative  splicing for its ex- 
pression, while MRP-P-gal is expressed  directly.  Changes  in 
the ratio between  these  proteins  that  result  from  modifica- 
tions to the  minigenes  are  likely  to  indicate  changes in alterna- 
tive splicing.  This analysis shows that the swapping of exon 
lle and Ilb donors  on the gD1105 construct  does  not alter 
the ratio of MHC-/?-gal  to  MRP-P-gal nor does  the  replace- 
ment of their  natural  donors with  consensus donor  sequences 
in the gD1090 or gD1177 constructs. In the gD1120 construct, 
where  the ICR is deleted,  there is an -40% reduction  in 
the  ratio of MHGP-gal  to  MRP-&gal  compared to gD1048, 
indicating a loss  of  splicing  efficiency in this construct. 

both  the Mhc promoter, which is active in all muscles, 
and  the M+ promoter, which is active in many muscles 
but  not  in  the IFM or TDT. Transcripts arising from 
the  minigene  produce  both  a @-gal fusion protein  that 
is 175 kD (MHC-@gal) for Mhc generated transcripts 
and a 125 kD (MW-P-gal) from the M$ promoter. 
Because the fusion MW-fi-gal protein is not  dependent 
on splicing for its expression, changes in the  ratio be- 
tween  MHC-P-gal/MRP-P-gal that  occur following mu- 
tations to the  minigene  exon l l  domain  are  interpreted 
to indicate  changes  in splicing efficiency or transcript 
stability. Further,  the level  of the 125-kD  MRP-P-gal 
product serves a  control  for positional effects such that 
the level  of  MHC-P-gal can be  compared  among  the 
different constructs. 

When this  analysis was applied to the gD1090 or 
gD1177 constructs, which  have a consensus donor  at 
either l l e   o r  1 lb,  respectively, it was found  that  the 
ratio of the MHGP-gal products to the MRP-@-gal prod- 
ucts was 1:l for gD1090 and 1.2:l for gD1177,  while 
the ratio from the wild-type construct gD1048 is 1.3:l 
(Figure 10). Thus, while  all processed transcripts from 
gD1090 or gD1177 include  the  exon  that has the con- 
sensus donor, this appears to result in  neither  a  marked 
reduction or  enhancement in the level  of  MHC-P-gal. 

Thus, unless translation rates are severely limiting, this 
result indicates that processing rates are  not affected 
by the inclusion of a consensus donor  into an  alterna- 
tive exon 11. Further, these results indicate  that  aber- 
rant splicing of multiple alternatives and rapid  turnover 
of transcripts are  not  induced by the inclusion of a 
consensus donor,  at least not to the level where measur- 
ably  lower  levels  of functional transcripts are available 
for translation. These results have important implica- 
tions for  the mechanism of splice choice selection, as 
will be discussed below. Also examined was the gD1105 
construct,  in which the splice donors of exons l l e  and 
l l b  are switched. In this clone,  the ratio of  MHC-P-gal 
product to MRP-@-gal product is 1:1, indicating that 
exchanging  the 5’ splice donors does not lead to a 
marked enhancement  or reduction of splicing effi- 
ciency, which supports  the neutrality of these elements 
in alternative exon specification. 

Interestingly, the gD1120 construct, which  lacks the 
ICR but retains proper alternative exon specification, 
has a ratio of  0.75:l.O between the MHC and MRP forms 
of P-gal, which is <60% of the wild-type (gD1048) ratio. 
Although the gD1120 deletion may alter directly the 
activity of the two promoters, thereby changing  the ra- 
tion of the two products in our assay, this result might 
also indicate  that  the ICR functions as a  general ele- 
ment  important  for splicing efficiency  of  all alternative 
exons. The ICR  is in the position generally associated 
with the location of branchpoint sequences (MOUNT 
et al. 1992) and, although no  branchpoint consensus 
sequences occur in the ICR,  its  activity might be related 
to the  function of branchpoints elsewhere in this do- 
main. Additionally, the  short purine-rich domains  in 
the ICR resemble several  known  splice enhancers (SUN 
et al. 1993; LYNCH and MANIATIS 1996), thus the ICR 
might serve  as a  general  exon 11 splicing enhancer. 

DISCUSSION 

The experiments  presented above address the mech- 
anisms that regulate alternative splicing of the Drosoph- 
ila Mhc primary transcript in individual muscles. Using 
transgenic analysis and directed  mutations, we demon- 
strate that  large, complex alternatively spliced exon 
groups can be successfully studied in vivo. These  data, 
summarized in Figure 11, show that Mhc exon 11 cic 
regulation is local to this exon,  and that Mhc alternative 
splicing is directed by multiple sequence  elements  that 
include  nonconsensus 5’ splice donors and intronic ele- 
ments  that  are local to the alternative exon. 

&-regulation is local to exon 11: Our findings that 
the isolated exon 11 domain  in  the  context  of  a 
transgenic minigene is properly splice regulated dem- 
onstrates  that  a system to coordinate splicing across 
alternative exon  groups is not obligatory for  exon 11 
muscle-type  specific splicing. Such a system has been 
implied by the observation that  there is a restriction in 
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Exons 1 l e  and 11 b 
swapped 

Deletion of 1 1  e 
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part of ICR 

Result 

Normal exon use 

Exon 1 1 e  used 
in  all  muscles 

Exon 1 1 b used 
in  all  muscles 
Exon 1 l e  on at low 
level in the IFM 
Normal exon  use 

1 1  b in IFM 
I l e  in TDT 

No exon in  IFM 
Exon  use  normal 
in other muscles 

Exon 1 1 e  processed 
in IFM 
No  usage  in the  TDT 

FIGURE 11.-Summary  diagram of Mhc minigenes  used  in  this study listing  the  mutation  and  the  effect of the mutation  on 
alternative  splicing  regulation. 

the usage of exons  from  different  groups and some 
exon  combinations are  not  produced, indicating  that 
the inclusion or exclusion of a  particular  exon from 
one alternative group influences  the inclusion or exclu- 
sion of alternatives from other  exon groups. The ability 
of exon 11 to regulate its  own alternative splicing a p  
pears to be a  common  feature of Mhc alternative exon 
splicing in  general because neither  the  disruption of 
Mhc exon  9 splicing in the IFM in  the Mhcll  mutation 
(KRONERT et al. 1991) or the  truncation of the Mhc 
mRNA at exon 7 caused by an inserted transposable 
element in the Mhc2 mutation (MOGAMI et al. 1986; 
M. B. DAVIS, J. DEITZ and C. P. EMERSON, unpublished 
data)  disturb  the processing of other alternative exon 
groups. 

Nonconsensus  splice donors are  essential: Splice do- 
nor swap experiments (gD1105; Figure 6) show that 
Mhc splice donors  are  interchangeable,  at least between 
exons l l e  and l l b  and, thus, we conclude  that  the 
nonconsensus  donors do  not provide information suf- 
ficient to direct muscle-specific splice choice. However, 
when these elements  are  replaced with consensus do- 
nors, splicing regulation is lost such  that  the  exon with 
the consensus donor is spliced in the place of the  other 
exons. The equivalent nature of the native donors  and 

the ability  of a consensus donor to repress their ability 
to participate in  the splicing reaction suggest that  the 
exon 11 splice donors  function to provide a splice site 
that is not effectively recognized by the constitutive 
splicing machinery, but can be selectively activated 
through mechanisms separate from normal splicing. 
Nonconsensus donors  are  often associated with alterna- 
tively spliced exons and  appear to be generally im- 
portant  for  the selective enhancement of alternative 
exons  (HODGES and BERNSTEIN 1994; BLACK 1995; 
ZHANG et al. 1996),  but  their role in an alternative exon 
groups as complex as Mhc exon 11 has not  been pre- 
viously determined. All Mhc alternative exons have do- 
nors  that  are  nonconsensus and their  function may be 
similar to that  seen  for the exon 11 donors.  It is interest- 
ing to note, however, that  the  degree of nonconformity 
to the consensus differs markedly among  donors  both 
within and between exon  groups. For instance, exons 
l l e ,   l l a ,   l l b  and l l c  all  have a C at the +2 position 
(AAGI GC . . . . .) in the  donor, which is a very rare 
nucleotide  at this position (occurring  in < 1 % of donor 
sites examined by MOUNT et al. 1992), while exon l l d  
is consensus at this site (AAG I G I  . . . . .). Further, 
exon  3b is nonconsensus only at  the  -3  and -1 posi- 
tions (TAG 1 GTAAGTA),  which is similar to the  degree 
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of nonconformity to consensus seen in several  of the 
common  exon donor sequences. Such observations sug- 
gest that  the role of splice donors may differ among 
alternatives. 

The loss of splice-choice specificity in exon 11 by the 
replacement of nonconsensus  donors with consensus 
donors (gD1090; gD1177: Figure 6) is in  contrast to the 
results seen for  the differentially included Mhc exon 18, 
in which both  the splice acceptor and splice donor were 
converted to consensus before  the splicing mechanism 
became deregulated  (HODGES and BERNSTEIN 1992). 
Thus,  for alternative exons 1 l e  and  l lb ,  only a  change 
to consensus in  the splice donor is required to convert 
these alternatives to constitutively spliced exons. This 
observation suggests that  the  exon 11 3’ splice ac- 
ceptors, which  all contain  poor polypyrimidine tracts, 
might serve to balance the  nonconsensus  donors in 
splice strength,  but  do  not provide information direct- 
ing  the specificity of the splicing reaction. 

An interesting result of the splice donor conversion 
to consensus is the observation that  the now constitu- 
tively spliced consensus-donor exon  continues to be 
normally spliced downstream to exon 12. The exon 
definition  model of splicing regulation (ROBBERSON et 
al. 1990; BERGET 1995) predicts that  the consensus do- 
nor in  exon l l e  (gD1090) would permit  the  normal 
splicing of this exon  in  the IFM, since no  other exon 
is normally selected here.  In  the TDT, however, this 
model predicts the  normal  definition of exon l l b ,  but 
exon 1 l e  should also be defined by virtue of its consen- 
sus donor.  Thus, in  the TDT, both l l e  and 1 l b  should 
be  defined and spliced to each other.  Our observation 
that  the  presence of a consensus donor in exon l l e  
completely represses the use of the  normal  exon and 
does not result in the  aberrant splicing of multiple alter- 
natives indicates that mechanisms in  addition to exon 
definition are required to direct Mhc alternative exon 
selection. Such additional mechanisms are likely to in- 
volve those that  enforce  mutual exclusivity. In  the case 
of the  either gD1090 or gD1177,  while both  the  normal 
exon  and  the consensus exon  might be defined,  the 
mutual exclusivity mechanism prevents the splicing of 
the alternatives to each other. Exon use might  then be 
determined by competitive effects that act through  the 
splice donors. How mutual exclusivity is maintained in 
the  presence of multiply defined alternatives is not 
clear, but  could involve incompatible branchpoints or 
splice donors  and/or acceptors or  other novel ele- 
ments. 

Analysis of the ICR, exon  sequence and exon posi- 
tion: Although the conservation and position of the 
ICR in  the  exon 11 domain suggested a role in  alterna- 
tive splicing regulation, our analysis revealed that  the 
deletion of this domain  did not affect muscle-specific 
alternative exon use and,  therefore,  the ICR appears 
not to play a role in  the regulation of alternative splice 
choice specification. However, the conservation of this 

domain across D. rnelanogaster, D. virilis and D. hydei 
suggests some function  for  the ICR and  the observation 
that  the expression of the MHC-P-gal reporter  protein 
is diminished  in  the gD1120 construct, where the ICR 
is removed, suggests that it may enhance  the  rate of 
transcript processing. In support of this are  the several 
domains of purine-rich sequence  in the ICR  whose com- 
position is reminiscent of  several  known splicing en- 
hancers. Given the  nonconsensus  donors and  the  poor 
polypyrimidine tracts found  in all exon 11 alternatives, 
an  element  that could function to generally enhance 
the splicing of several alternatives would be  a novel and 
intriguing possibility. 

While exonic  enhancers  are  found  in  a  number of 
alternatively spliced transcripts, including  the doublesex 
transcript  in Drosophila (LYNCH and MANIATIS 1995; 
HERTEL et al. 1996), such a mechanism appears not to 
play a role in determining splice specificity in Mhc exon 
11. This conclusion was drawn from the gD1222 con- 
struct in which exons l l e  and l l b  were  positionally 
swapped, resulting in their expression also being 
swapped such that l l b  was expressed on  the IFM and 
l l e  was expressed in  the TDT. Thus, exons l l e  and 
l l b  are  dependent  on information  found elsewhere in 
the  exon 11 domain  for  their  correct splice specifica- 
tion. This result is interesting because it suggests that 
the evolution of the  protein-coding capacity of the  exon 
11 alternatives is not tied to their muscle-type  specific 
splicing regulation. Whether this indicates that  the 
mechanisms to direct alternative splicing existed prior 
to the  elaboration of the complex Mhc alternative exon 
groups or if both  protein  coding capacity and  the splic- 
ing regulatory mechanism co-evolved will be  an intrigu- 
ing  question  for  future analysis.  However,  while these 
results demonstrate  that the specificity of alternative 
exon use does not  depend  on sequence  information 
contained  in  the alternative exons themselves, these 
data do  not exclude the existence of general splicing 
enhancers within the alternative exons. 

A mechanism to explain the interchangeability of the 
alternatives seen in the gD1222 construct is one  that 
allows the alternative splicing apparatus to scan the  en- 
tire exon 11 domain and select the  appropriate  exon by 
its position relative to  other alternatives. For instance, 
in  the IFM, such a  scanning mechanism might always 
choose the  exon in the position most proximal to exon 
10, while in the TDT, the  third  exon is scanned and 
used. Such a mechanism has been  demonstrated  for 
other gene transcripts both in vitro and in vivo, where 
splice site selection can be influenced  through  the an- 
tagonistic activities of the splicing factors: ASF/SF2 and 
the hnRNP A1 proteins (MAYEDA and KRAINER 1992; 
MAYEDA et al. 1993; WUS and LIS 1994). Although 
conservation of the  order  and spacing of  the  exon 11 
alternatives supports this model,  the failure of the IFM 
to select a single exon  in  the gD1168 transgene shows 
that splice choice in this muscle is not directed simply 
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to the  exon most proximal to exon 10. Further, since 
the  pattern of usage for  the  other alternative exons was 
the same as in  the wild-type, our results indicate  that 
splice choice specification is not defined by the  linear 
order of the exons and is, then,  not likely to depend 
on mechanisms that work through  the  balance of splice 
factors. Further, these data  are consistent with the re- 
sults of the gD1105 donor swap experiments, which 
demonstrate  that  the alternative splice choice is not 
determined  through  a  competition hierarchy among 
splice elements.  Rather, these data  indicate  that  alterna- 
tive splicing requires  elements  that  are directly involved 
in the specification and activation of the  correct  alterna- 
tive exon  and  that these  are likely localized to the in- 
tron. 
Exon 1 l e  is specified by local  intronic  sequences: In 

the gD1060 construct, we show that  the alternative exon 
l l e  in association with a limited domain of flanking 
intronic  sequence and, in the  absence of any other 
alternative exon, is  still correctly and exclusively speci- 
fied for inclusion in  the IFM. These  data show that  the 
sequence  required to direct this  muscle-type  specific 
choice is entirely contained within this construct. Fur- 
ther, we have shown that  the splice donor  and exon 
l l e  itself are  not  important  for splice specificity, dem- 
onstrating that  the gD1060  IFM-specific alternative 
splicing regulatory elements  are  contained within the 
360 nt of intronic  sequence  included in this construct. 
Examination of this domain  from D. melanogaster, D. 
virilis and D. hydei (MEIDEMA et al. 1994) reveals  several 
well-conserved sequences located in the  intron between 
exons 1 l e  and l l a  (Figure 12). These first of these 
conserved elements (E-I) consist of  two repeats  in D. 
melanogaster and D. virilis, but only one perfectly con- 
served sequence  in D. hydei. Interestingly, the second 
element, E-11,  is separated by 24 nt in D. melanogaster 
and D. virilis, but is contiguous with E-I in D. hydei. 
Small, conserved intronic  elements  are associated with 
alternatively spliced exons  in other Drosophila gene 
transcripts (THACKERAY and GANETZKY 1995) and have 
been shown to play a role in splicing regulation in other 
alternatively spliced transcripts as  well. For instance, 
the  repeated  hexanucleotide TGCATG regulates the 
alternative splicing of the  fibronectin  gene  transcript 
and can be found in several other alternatively spliced 
transcripts (HUH  and HYNES 1994). A similar role for 
the small conserved elements identified in  the gD1060 
construct is, therefore, suggested. 

Alternative  splicing  regulation of Mhc exon 11: Con- 
sistent with the  data  presented  here,  the  intronic ele- 
ments  identified in the gD1060 construct  are  modeled 
to function in alternative splicing regulation either 
through  the repression of exon l l e  in all  muscles  ex- 
cept  the IFM or by activating this exon exclusively in 
the IFM.  Specifically, negative regulation would  involve 
intronic  elements  that  interact with transacting factors 
to repress the use of exon l l e .  Such repressive factors 

, gD1060 

E1 E11 
FIGURE 12.-Small  conserved  sequence  elements  retained 

in  the gD1060 construct  are  potential sites of muscle-specific 
&regulation of alternative  splicing.  The 5’ element E-I is 
repeated twice in D. melunoguster (m) and D. virilis (v) where 
it is both a direct  and an inverted  repeat,  but is  only a single 
element  in D. hydei (h). Interestingly,  the  second  element E- 
I1 is 24 nt downstream of E-I in D. melanogaster and D. virilis, 
but is contiguous  with E-I in D. hydei. 

would be present  in all muscles except  for  the IFM, 
which  would instead express the factors required  to 
suppress the inclusion of the  other alternatives in the 
exon 11 group. Similarly, each muscle would then ex- 
press the set of factors required to repress all exons 
except  the  included  one. 

A positively acting  model of alternative splicing regu- 
lation is mechanistically simpler, involving only interac- 
tions between the  intronic sequences in gD1060 and 
IFM-specific splicing factors that  together  direct  the in- 
clusion of exon 1 l e  in  the IFM. A model  for  the positive 
regulation of exon l l e  in the IFM  is diagramed in Fig- 
ure  13  and depicts interactions between intronic ele- 
ments  that  are local to  the  exon, which  serve  as alterna- 
tive splicing specificity elements (hypothetically E-I and 
E-11) to provide information to direct  the IFM-specific 
use  of  this exon,  and  the nonconsensus 5’ splice donor, 
which provides a  context  that is permissive for  alterna- 
tive splice selection. This interaction is mediated 
through IFM-specific  trans-acting  splice-activation  fac- 
tors (SAJ?) that associate  specifically  with the  intronic 
specificity elements. This interaction  then serves to at- 
tract the splicing apparatus such that  the  exon can be 
defined and  incorporated  into  the processed message. 
This process might  occur by the  direct  interactions of 
the SAFs and standard splicing factors, such as the U l  
snRNP (REED 1996),  or might require  intermediate in- 
teractions with  accessory splicing factors, such as the 
SR proteins (h/lAN~m and TACKE 1996), similar to  the 
assembly  of the dsxRE-associated complex in the posi- 
tive activation of the female-specific exon of the dou- 
blesex transcript (HEINRICHS and BAKER 1995;  LYNCH 
and MANIATIS 1995; LYNCH and MANIATIS 1996; HEIN- 
RICHS and BAKER 1997).  In  the case  of Mhc exon 11 
splicing, the use  of intermediate factors might  be indi- 
cated by the ability  of an alternative exon  that  contains 
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FIGURE 13.-Model  of  IFMspecific  splicing  of  exon lle. 
(A) Intronic  specificity  elements  (possibly E-I and E-11) are 
specifically  recognized by SAF. These  factors  are, in the case 
of  exon l le  splicing,  expressed  only  in  the IFM. (B) This 
interaction  permits  the  recruitment of the early components 
of the  regular splicing machinev, such the  UlsnRNP,  either 
directly or  through  interactions with additional accessory fac- 
tors. (C) This  complex  then  induces  the  assemble  of  the 
spliceosome, which results in the  inclusion of exon l l e  spe- 
cifically in the IFM (D). 

a consensus donor  to completely repress the normal 
alternative, since a multistep assembly  pathway might 
depress the  normal assembly kinetics compared  to  that 
of an alternative exon  that  contains  a consensus donor. 
The alternative splicing-specificity elements and  the 
SAFs are required to enhance  the ability  of the splicing 
apparatus to recognize the alternative exon  nonconsen- 
sus splice donor, thus  promoting  the inclusion of only 
that  exon in the processed message. Similar splice-speci- 
ficity elements  might  be associated with the all of the 
exon 11 alternatives and these could serve to interact 
with different SAFs to regulate the inclusion of the cor- 
rect  exon in the  appropriate muscle. 

Although our  data  do  not distinguish between the 
negative or positive models of alternative splicing regu- 

lation, the predicted effects of  removal  of the intronic 
sequences, if negative regulation occurs, is promiscuous 
expression of an alternative exon, while, if positively 
regulated,  their removal  would result in the loss  of  ex- 
pression. Thus,  the mechanism can be readily identified 
with the  further analysis  of the alternative splicing regu- 
latory elements. 

Conclusion: In this paper, we have used the Dro- 
sophila Mhc exon l l  group as a novel  system for  the in 
vivo analysis  of alternative splicing in muscle. This sys- 
tem has allowed  us to examine  a large and complex 
exon  group with multiple alternatives and to address 
the mechanisms through which individual muscles 
specify and  direct  the inclusion of particular alterna- 
tives into  the processed message. We show here that 
the alternative splicing regulatory system relies on a 
combination of ciselements  that  include  nonconsensus 
splice donors  and  intronic elements  to  direct  the use 
of alternatives in individual muscles. The  continued 
study of the Mhc exon 11 will  allow the  further  descrip 
tion of these sequence  elements and, in  combination 
with the  genetic analysis  available in Drosophila, the 
identification of truwacting factors that  are  important 
for alternative splicing regulation. Ultimately, the use 
of this system  will  allow a  better  understanding of the 
mechanisms that regulate alternative splicing in muscle 
and alternative pre-mRNA processing in general. 
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