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By comparing the structure of wild-type and mutant muscle myosin heavy chain (MHC) genes of Drosophila 
melanogaster, we have identified the defect in the homozygous-viable, flightless mutant Mhc 10. The mutation 

is within the 3' splice acceptor of an alternative exon (exon 15a) that encodes the central region of the MHC 

hinge. The splice acceptor defect prevents the accumulation of mRNAs containing exon 15a, whereas 
transcripts with a divergent copy of this exon (exon 15b) are unaffected by the mutation. In situ hybridization 

and Northern blot analysis of wild-type organisms reveals that exon 15b is used in larval MHCs, whereas exons 

15a and/or 15b are used in adult tissues. Because Mhc ~~ mutants fail to accumulate transcripts encoding MHC 

protein with hinge region a, analysis of their muscle-specific reduction in thick filament number serves as a 

sensitive assay system for determining the pattern of accumulation of MI-ICs with alternative hinge regions. 

Electron microscopic comparisons of various muscles from wild-type and Mhc ~~ adults reveals that 

those that contract rapidly or develop high levels of tension utilize only hinge region a, those that contract at 

moderate rates accumulate MHCs of both types, and those that are slowly contracting have MI-ICs with hinge 

region b. The presence of alternative hinge-coding exons and their highly tissue-specific usage suggests that this 

portion of the MHC molecule is important to the isoform-specific properties of MHC that lead to the different 

physiological and ultrastructural characteristics of various Drosophila muscle types. The absence of other 
alternative exons in the rod-coding region, aside from those shown previously to encode alternative carboxyl 
termini, demonstrates that the bulk of the myosin rod is not involved in the generation of isoform-specific 
properties of the MHC molecule. 
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Muscle myosin heavy chain (MHC) is a contractile pro- 
tein whose rod-like domain forms the backbone of thick 
filaments and whose globular head domain acts as a 
bridge to actin-containing thin filaments (for review, see 
Harrington and Rodgers 1984). ATP-dependent deforma- 
tion of the myosin cross-bridge results in muscle con- 
traction. Functionally different muscles usually accu- 
mulate different isoforms of MHC (for review, see 
Emerson and Bernstein 1987). The amino acid variations 
among MHC isoforms may impart alternative myosin 
ATPase activities, actin or myosin light-chain-binding 
affinities, or thick filament assembly properties. Droso- 
phila melanogaster is unusual in that a single muscle 
MHC gene, rather than a multigene family, encodes all 
forms of muscle MHC via alternative RNA splicing 
(Bernstein et al. 1986; Rozek and Davidson 1986; Was- 

1Corresponding author. 

senberg et al. 1987; George et al. 1989; Hess et al. 1989). 
Analysis of the location of these alternative exons and 
their tissue-specific pattern of expression should help to 
elucidate the regions of the protein that impart isoform- 
specific properties to the MHC molecule. Alternative 
splicing at the 3' end of the MHC transcript has been 
well documented, and it results in the production of 
proteins with alternative carboxyl termini (Bernstein et 
al. 1986; Rozek and Davidson 1986}. MHC proteins con- 
taining one carboxyl terminus accumulate in larval 
muscles and in some adult muscles, whereas those con- 
taining the other carboxyl terminus are mostly found in 
adult thoracic musculature, as well as in some muscles 
of the adult head (Bernstein et al. 1986; Kazzaz and 
Rozek 1989). 

The Drosophila MHC locus is haploinsufficient for 
flight muscle function (Bernstein et al. 1983), and muta- 
tions in the MHC gene that induce a flightless pheno- 
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type have been isolated (Mogami and Hotta 1981; Mo- 
gami et al. 1986). A large proportion of these mutations 
are dominant flightless and homozygous lethal; the re- 
cessive lethality of these mutations likely arises as a re- 
sult of disrupting MHC synthesis in all muscle types 
(Mogami et al. 1986; O'Donnell and Bernstein 1988). In 
contrast to these recessive-lethal alleles, several homo- 
zygous-viable MHC mutations cause muscle-specific re- 
ductions in MHC accumulation (Chun and Falkenthal 
1988; O'Donnell et al. 1989). These mutations likely af- 
fect alternative exons that are used in muscles whose 
functions are not essential to viability. 

Here, we report how the analysis of one of these mu- 
tants, Mhc ~~ led us to examine alternative splicing in 
the rod-coding region of the Drosophila MHC gene. 
MHC gene and eDNA sequence analysis indicates that 
the hinge domain of the rod is encoded by two mutually 
exclusive alternative exons. We found that the homo- 
zygous-viable Mhc ~~ mutation is a defect in the splice 
acceptor of one of these exons. Ultrastructural analyses 
of mutant  and wild-type organisms, along with in situ 
hybridization studies, indicate that some muscles con- 
tain MHCs with one hinge region, whereas other 
muscles have MHCs of both types. These observations 
suggest the MHC hinge plays a key role in the muscle- 
specific function of the myosin molecule. 

R e s u l t s  

Analysis of the molecular defect in the Mhc l~ allele 

The homozygous-viable, dominant flightless mutant 
Mhc 1~ fails to accumulate MHC RNA, MHC protein, or 
thick filaments in the indirect flight muscles (IFM) and 
jump muscles of the adult and has reduced levels of 
MHC in leg muscles (O'Donnell et al. 1989). We were 
interested in determining the molecular lesion respon- 
sible for these defects and reasoned that it was probably 
associated with an alternative exon that was specifically 
included in transcripts of the affected muscles. We mo- 
lecularly cloned the mutant  MHC gene and sequenced 
the region containing the alternatively spliced 3' penul- 
timate exon, which had been shown previously to be 
utilized in the affected muscle tissues (Bernstein et al. 
1986; Kazzaz and Rozek 1989). However, no defects in 
the coding region or splice junctions of this or its 
flanking exons were found. 

Having failed to detect a mutation in the penultimate 
exon of the Mhc ~~ allele, we examined upstream regions 
of the MHC gene to search for additional sites of alter- 
native splicing. By comparison of the deduced amino 
acid sequence to previously sequenced MHCs, we were 
able to derive the exon/intron structure of the Droso- 

phila MHC rod-coding region (Fig. 1A). The vast ma- 
jority of the rod is encoded by constitutive exons, and 
the rod displays the expected 28-amino-acid residue re- 
peat that is important to the assembly properties of the 
myosin molecule (McLachlan and Karn 1982). Examina- 
tion of the gene sequence, along with restriction map- 
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ping and sequencing of several cDNA clones, revealed 
only one additional site of alternative splicing, which is 
within the hinge-coding region. Two 79-nucleotide al- 
ternative exons (exons 15a and 15b, according to the no- 
tation of George et al. 1989) are used in a mutually ex- 
clusive manner and encode amino acid sequences that 
differ by 72% (Fig. 1B). Sequence analysis of these exons 
in Mhc ~~ DNA revealed a single-base-pair change that 
mutates the consensus 3' splice site of exon 15a from 
CAG to CAA (Fig. 1C). 

Stage- and tissue-specific use of the alternative hinge- 

coding regions 

We examined the stage-specific usage of the alternative 
hinge-coding exons by preparing antisense RNA probes 
and hybridizing them to electrophoretic gel blots of 
RNA isolated from larvae and pupae {Fig. 2). At the 
larval stage, two size classes of transcripts {6.1 and 6.6 
kb) accumulate in the wild type; these arise from the use 
of alternative polyadenylation sites and exclusion of the 
3' penultimate exon (Bemstein et al. 1986; Rozek and 
Davidson 1986). Both larval transcript classes hybridize 
to exon 15b, but neither hybridizes to exon 15a. The pat- 
tern for Mhc 1~ larvae is identical to that of wild type. At 
the pupal stage, both larval size classes of mRNA accu- 
mulate in wild-type organisms, as do two additional 
transcripts (6.6 and 7.1 kb) that result from inclusion of 
the 3' penultimate exon and polyadenylation at either of 
two sites {Bemstein et al. 1986; Rozek and Davidson 
1986). Note that the smaller-sized pupal-specific mRNA 
containing the 3' penultimate exon comigrates with the 
larger sized mRNA lacking that exon. As in larvae, exon 
15b hybridizes to the 6.1- and 6.6-kb mRNAs in both the 
wild-type and mutant pupae. Exon 15a, however, which 
hybridizes to the 6.6- and 7.1-kb mRNAs in the wild- 
type, does not detectably hybridize to transcripts in 
Mhc l~ pupae (Fig. 2C). Prolonged exposure of Northem 
blots probed with exon 15a {not shown) reveals that this 
exon is included in 6.6- and 7.1-kb mRNAs of Mhc 1~ at 
- 5 %  the level of wild type. 

The 95% reduction in exon 15a-containing transcripts 
in the mutant  likely arises because the 3' splice junction 
of exon 15a has been mutated from CAG to CAA. Note, 
however, that the mutation results in the production of 
an AG dinucleotide (CAAG). This cryptic splice junc- 
tion may be used with low efficiency as a result of the 
lack of a consensus pyrimidine before the AG junctional 
signal (unspliced transcripts would likely be degraded). It 
is also possible that the cryptic splice junction is used 
efficiently (Smith et al. 1989) but that the spliced tran- 
scripts are unstable due to the presence of a stop codon 
in exon 15a resulting from a translational frameshift {see 
Fig. 1C). Transcript instability caused by a truncated 
open reading frame has been demonstrated previously in 
other systems (Baserga and Benz 1988). Any truncated 
MHC proteins produced from the mutant  mRNA would 
likely be degraded, as sarcomeric MHCs require their 
rod regions for stability (Dibb et al. 1985; O'Dounell and 
Bemstein 1988). 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Mternative myosin hinge regions 

A IXOll 12 ] 
I 

V F F R A G V L G Q M E E F R| 
GATGGAA~CAACAGAAATCTAACCTATTTT~TTTCCC~CAC~AATCCAAAAT~T~AATA~GAAAAAAAAACA~GTGTT~TT~CGCGCCGGTGTCCTGGGTCAGATGGAGGAGTTCCG~ 

14170 14180 14190 14200 14210 14220 14230 14240 14250 14260 14270 1428~ 

D E R L G K I M S W M Q A W A R G Y L S R K G F K K L Q E Q R V A L K V V Q R N| 

GATGAGCGTCTGGGCAAGATCATGTCCTGGATGCAGGCATGGGCCCGTGGTTACCTGTCCCGTAAGGGCTTCAAGAAGCTCCAGGAACAGCGCGTCGCCCTCAAGGTTGTCCAGCGCAA~ 
14290 14300 14310 14320 14330 14340 14350 14360 14370 14380 14390 1440~ 

L R K Y L Q L R T W P W Y K L W Q K V K P L L N V S R I E D E I A I 

CTGCGCAAGTACCTGCAGCTCCGTACCTGGCCCTGGTACAAACTGTGGCAGAAGGTCAAGCCCCTCCTCAACGTCAGCCGCATCGAGGATGAGATTGC~GTGAGTATTCCCCAGAACGAA 
! 

14410 14420 14430 14440 14450 14460 S-11Rod 14480 14490 145d0 14510 14520 

TGA•AACGAGACCAGC•TGGGTCTGGGGACTTAGTGGT•TTTGGTGATTCGATG•GATGAACTTGGACAGTA•AGTTGCTGGTGGCAAT•ATTTGGTGACCGCAGCACGTTGATGTAGCC 
14530 14540 14550 14560 14570 14580 14590 14600 14610 14620 14630 14640 

ATAGCCCTGGTGTGTCCATTCCATTTGGTCACTGT•TGGGGTAATTGGATGAGCTGGGGCAGCTGCAAGCAGCAATCAAATCCCCAACTCAAT•TTATTTTAGCCAATGGTCATTATCTT 
14650 14660 14670 14680 14690 14700 14710 14720 14730 14740 14750 14760 

GTTTCTGATGCGAAATTCTTGCGCTTATTAACACACATCTTATACCTGCAGCAGGGGCCAATGAGAGGGAGAACCACCACCCACCCACTACCAGCTGCCCGAAACATATCGATACGATCT 
14770 14780 14790 14800 14810 14820 14830 14840 14850 14860 14870 14880 

GATTCCAATCGCTGGGCTAGCCAAAAATAGACGCTGT•ATAATCTTTT•G•ACTTTCGGGCCAAATGTGGCTCTATGTGTGTGCCCCAGGCGAATCATTTCGCTGGAATCCAACAACTCT 
14890 14900 14910 14920 14930 14940 14950 14960 14970 14980 14990 15000 

TCACCTCTCACATTTTCATACACCCAAAC•ATCC•CC•ATACGTA•ATTGTATGTATTTGGGTATGAATATTTTTCGAAAGTTATGACTTGTAGTTTGGGATCTATTCTTGGCCCTGC•A 
15010 15020 15030 15040 15050 15060 15070 15080 15090 15100 15110 15120 

TATAGCTGGGGATTTTTTAAAGAGCCACAATTAGTTTGCCAATTAGCTTGCTAATTAAATAATAAAAAATGACCCGAGGATGCCCA•GTATAGTTCCGATCCCCGATGAGTAATTTACCA 

15130 15140 15150 15160 15170 15180 15190 15200 15210 15220 15230 15240 
TGCATATGTACATCCATACGCACGATATTTCTAACCGATCTATATACCTAAGATGGTACACCTGCTGGTCCCGCCGCACAAGTGCACTTGATAGGCCCCATACCGACGCAATATAGCATT 

15250 15260 15270 15280 15290 15300 15310 15320 15330 15340 15350 15360 

ATAGCAATGCCAGCAATTCGTGAATTATGATGGCTACCTCCTAACCAAGGCGATTACACACATGCCAAGTGGCAGCAGCTGCCATTTCGCTG•TCTGCTCTGCTCTGCTCTGGTGCCGTT 

15370 15380 15390 15400 15410 15420 15430 15440 15450 15460 15470 15480 
CTGCTCGCATCGGGGCGTTTTTGCTAATTTTATAGCCAAAGTGGCCCAGTGCATTTGCAGCAGCCATTCCAGTTGTATTTGACCAGTCGC•GTCGCGGTAACGCGTACCACAAAAAATCG 

15490 15500 15510 15520 15530 15540 15550 15560 15570 15580 15590 15600 
AACCCCTAACGAAGAACCAATCGATCTGAGCAAAAGAGCCACATTAGCCACAGAGCATCTTGACTGGCATCAAGATAACGAATTCAAATTGAAATTGTATTGTAGTTGACAATTGTGAAA 

15610 15620 15630 15640 15650 15660 15670 Eco RI 15700 15710 15720 
AGCCCCTTTCCAAGAGAGTTTCACATTTAATTAGGAGTTATTGAAAGTGCTTAATCATCAACATGGCCGATGAAAAGAAAGCCAAGAAAACGAAAAAGTCCACCGAATCGACCACACCCA 

15730 15740 15750 15760 15770 15780 15790 15800 15810 15820 15830 15840 
GTGCCACTGAGGAAGCAGCTCCAGCCGAAG•TGCTCCACCAGCAGAGACTGCAGAAG•TGCT•CTTCAGCCCGAATCGACCG•CGTCGAACCACCACAAAATCCCCAGCCAGCTGACGAG 

15850 15860 15870 15880 15890 15900 15910 15920 ]5930 15940 15950 15960 

EXOg 13 I 
R L E E K A K K A E E L H A A E V K V R K E l 

CTCAGCTCCGGCAACAACCCTTCTAACCCATCAAATGCCTCTAATGACTTACA( CGTCTGGAGGAGAAGGCCAAGAAGGCTGAGGAACTGCATGCCGCTGAAGTGAAGGTGCGCAAGGA~ 
15970 15980 15990 16000 16010 16020 16030 16040 16050 16060 16070 1608~ 

L E A L N A K L L A E K T A L L D S L S G E K G A L Q D Y Q E R N A K L T A Q K| 

CTCGAGGCCCTCAACGCCAAGCTTTTGGCTGAGAAGAC~G~T~TG~TGGA~T~C~TGTCCGGCGAGAAGGGTGCCCTGcAGGACTA~AGGAGCGCAACGCCAAGTTGACCG~C~AGAA~ 
16090 16100 16110 16120 16130 16140 16150 16160 ]6170 16180 , 16190 1620~ 

N D L E N Q L R ~GA~CTCGAG1~CCAGCTGCG~T1~GTATCCCATT~TC~CATACACT~ATCCCATTTATGC~TGGCATi~TC~1~GTGCCACG~GCG~CC~TTP~TCAGAGGC 
16210 16220 116230 16240 16250 16260 16270 16280 16290 16300 16310 16320 

AATCGAG•ATGAAAGTTGCTCGG•TATTTCTGGGCT•TGG•G•ACTTGGCTAAATTTAGGAGTGACCCATCGCTAACTTCTcAG•CACTTAACACGCCCACA•AATTTTGTTCAATTCCA 
16330 16340 16350 16360 16370 16380 16390 16400 16410 16420 16430 16440 

I EXO~ 14 

|D I Q E R L T Q E E D A R N Q L F Q Q K K K A D Q E I S G L K K D I E D L E L 
ATAG~ATATCCAAGA~CGCCTGACTCAGGAGGAGGATGCC~G~AACCAGCTGTTCCAGCAGAAGAAGAAGGCCGATCAGGAGATCTCTGGCCTGAAGAAGGACATCGAGGATCTGGAATT 

J16450 16460 16470 16480 16490 16500 16510 16520 16530 16540 16550 16560 

N V Q K A E Q D K A T K D H Q I R N L N D E I A H Q D E L I N K L N K E K K M Q 

SAACGTCCAGAAGGCCGAGCAGGACAAGGCCACCAAGGATCACCAGATC•GCAACTTGAACGACGAGATCGCCCACCAGGATGAGCTCATCAACAAGTTGAACAAGGAGAAGAAGATGCA 

16570 16580 16590 16600 16610 16620 16630 16640 16650 16660 16670 16680 

G E T N Q K T G E E L Q A A E D K I N H L N K V K A K L E Q T L D E L E D S L E 
GGGAGAGACCAACCAGAAGACCGGTGAGGAGCTCCAGGCCGCCGAGGACAAGATCAACCACTTGAACAAGGTTAAGGCCAAGCTCGAGCAGACCCTCGATGAACTGGAGGATTCGCTGGA 

16690 16700 16710 16720 16730 16740 16750 16760 16770 16780 16790 16800 
R E K K V R G D V E K S K R K V E G D L K L T Q E A V A D L E R N K K E L E Q T 

GCGCGAGAAGAAGGTGCGCGGCGATGTTGAGAAGTCCAAGCGCAAGGTTGAGGGCGACCTCAAGCTCACCCAGGAGGCTGTTGCCGATCTGGAGCGCAAcAAGAAGGAGCTCGAGCAGAC 

16810 16820 16830 16840 16850 16860 16870 16880 16890 16900 16910 16920 

I Q R K D K E L S S I T A K L E D E Q V V V L K H Q R Q I K E L Q A R I E E L E 
2AT•CAGCGCAAGGACAAGGAGCTGTCcTCCATCACCGCCAAGCTCGAGGACGAGCAGGT•GTTGTTCTGAAGCACCAGCGCCAGATCAAGGAACTC•CAGGCCCGCATCGAGGAGCTCGA 

16930 16940 16950 16960 16970 16980 16990 17000 17010 17020 17030 17040 

E E V E A E R O A R A K A E K Q R A D L A R E L E E L G E R L E E A G G A T $ A 

GGAAGAGGTCGAGGCTGAGCGCCAGGCCCGCGCCAAGGCTGAGAAGCAGCGCGCCGATCTGGCCCGCGAACTCGAGGAATTGGGCGAGCGTCTTGAGGAGGCTGGCGGTGCCACCTCTGC 

17050 17060 S-2/Hinge 17080 17090 17100 17110 17120 17130 17140 17150 17160 

Q I E L N K K R E A E L S K L R R D L E E A N I Q H E S T L A N L R K K R N D A 
~CAGATTGAGCT~AACAAGAAG~GTGAGGCTGAGTTGAG~AAA~TGCGT~GcGAT~TTGAGGAGG~AA~ATC~AG~A~GAGT~A~C~TGG~TAACCTGCGCAAGAAGCACAAcGATGC 

17170 17180 17190 17200 17210 , 17220 17230 17240 17250 17260 17270 17280 

V A E M A E Q V D Q L N K L K A ~ G 
2GT~G~AGATGG~CGAG~A~GTTGAT~AG~T~AA~AA~TGAAGG~TA~GTAAGTATTG~GAATATTATTAGA~TT~TGG~TAG~TTTTT~AGGTGCCAA~GCTATCGAGATA AGAG 

17290 17300 17310 17320 17330 ] 17340 17350 17360 17370 17380 17390 17400 

Figure 1. Part I (See p. 890 for legend.) 
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EXO~ 15a 

|A E H D R ( 
AT~TTGAAGGATcTACAGTTTACAGTcTTcTTTCGAA~AGCTTTGGTT~CCGAACccAA~ATAATA~ATATTTT~CTCTTTTTTACccATTTGCTAATCCAG~GCTGAAc~CC] 

Bal II 17420 17430 17440 ]7450 17460 17470 17480 17490 17500 [ 17510 Pvu I 

T C H N E L N Q T R T A C D Q L G R D K I 

gACTTGCCACAACGAGCTGAATCAGACTCGTACCGCCTGCGATCAGCT~GGTCGCGATAA~TAATATGTCGTGATAA~TGGCGCCCGAGCAGGACGTCCAG~GATTCATACATATACAG 

17530 17540 17550 17560 Pvu ii 17580| 17590 17600 Ava I 17620 17630 17640 

AT C C AT AC ACT G AACACA GCAT G T T C CAAC CAACAAAT AAAAAAAAAA T G C T A C CA CA CAA C T A C G TA C AAA C G AA C TAC G T C T G T G T G T C C C T C T AT C T C T C T C T C T C T C T G T C T AA T G 

17650 17660 17670 17680 17690 17700 17710 17720 17730 17740 17750 17760 
 TTG G~ 

17770 17780 17790 178  ]78 o 178 o 178 o 17840 17850 17860 17870 

I I 

I A c o v T 
A T    ccTcT T TcTcTATcTAT T TcT  cAq CcTGAG  GA    cGA TA TAc~176176176 

17890 17900 17910 179 o ]7940 17950 17960 17970 17990 ]8 oo 

A TT  TTTGATcTcT c TATATTATT cTcT ATc c AT  T T TTTAT T cT  GTTcT ~176176 

18010 18020 18030 18040 18050 18060 18070 18080 18090 18100 18110 18120 

CAAC CACACCGAAACTCCAAAAGAAAATTTGATTATGTAAAAAC TAAAACGACCCACCAC CACTAAAGTAATATCCAAGCTT GATCTACTAAACCCCAAATGCCTTGTACAGCCACTTGA 

18130 18140 18150 18160 18170 18180 18190 Hind III 18210 18220 ]8230 18240, 

EX(~m 16 

|A A Q E K I A K 
CA C G AI~%C CAAJ~AT G C CA CA C T T A C~T CAAT TAT G~ T G T T C C C~T C C C C AT C G T Gg2u~A C T ~ T GAA CAT C CA T T G C T T GAAT C AC T ~ T A(~G C T G C C C AG GA G~GAT C G C C I~. G C 

18250 18260 18270 18280 18290 18300 18310 18320 18330 ~18340 18350 18360 

Q L Q H T L N E V Q S K L D E T N R T L N D F D A S K K K L S I E N S D L L R Q 

A G C T G CAG C ACACC CT CAAC GAGG T G C AGT CGAAAC TG GA TGAGAC C AACAG GACT CT GAAC G AC T TC CA TG CCAG C AAGAAGAAG CT G T CCAT TGAGAACT CC GAT C TG C T CC G C CAG C 

18370 18380 18390 18400 18410 18420 18430 18440 Hlnge/LMM 18460 18470 18480 

L E E A E S Q V S Q L S K I K I S L T T Q L E D T K R L A D E E S R E R A T L L 

T•GAGGAGG•CGAGTCCCAGGTGTCTCAGCTGTCCAAGAT•AAGATCTCTCTGACCACCCA•TTG•AG•ACACCAAGCGTCTGG•C•AC•AGGAGTCGCG•GAGCGTGC•ACcCTTTT•G 

18490 18500 18510 18520 18530 18540 18550 18560 18570 18580 18590 18600 

G K F R N L E H D L D N L R E Q V E E E A E G K A D L Q R Q L S K A N A E A Q V 

G CAAGT TC CG CAAC TT G GAG CACGAC CT G GACAATC T GCG CGAG CA GG TT GAGGAGGAGG CT GAGGGCAA G GCCGATC TGCAGC GC CA G C T GAG CAAGGCCAAC GC T GAG G C CCAGGT G T 

18610 18620 18630 18640 18650 18660 18670 18680 18690 18700 18710 18720 

R S K Y E S D G V A R S E E L E E A K R K L Q A R L A E A E E T I E S L N Q K 

G GCGCAGCAAGTACGAGTCCGATGGCGTTGCCCGCTCTGAGGAGCTGGAGGAAGCCAAGAGGAAGCTG CA GGCCCGTTTGGCCGAGGCCGACGAGACCATCGAGTCCCTCAACCAGAAGT 

18730 18740 18750 18760 18770 18780 18790 18800 18810 18820 18830 18840 

I G L E K T K Q R L S T E V E D L Q L E V D R A N A I A N A A E K K Q K A F D 

GCATTGGCCTGGAGAAGACCAAGCAGCGTCTGTCCACCGAGGTGGAGGATCTGCAGCTGGAGGTCGAC CGTGCCAACGCCATTGCCAACGCTGCCGAGAAGAAGCAC2LAGGCCTTCGACA 

18850 18860 18870 18880 18890 18900 18910 18920 18930 18940 18950 18960 

C I I G E W K L K V D D L A A E L D A S Q K E C R N Y S T E L F R L K G A Y E E 

A GAT CA TCGGCGAGTGGAAGCT CAAGGT CGAC GATC T G G C TGCT GAGC T G GATG C C T C C CAGAA GGAG T G C CGCAACTAC TCCACC GA G CTGTT C CGTCTTAAGGGCGCCTACGAGGAG G 

18970 18980 18990 1 9000 19010 1 9020 19030 19040 1 9050 19060 1 9070 19080 

G Q E Q L E A V R R E N K N L A D E V K D L L D Q I G E G G R N I H E I E K A R 

G CCAGGAGCAGTTGGAGGCTGT•cGTCGTGAGAAcAAGAACCTGGC••ATGAGGTCAA•GAT•TGCTCGACCAGATCG•TGAGGGT•GCcGcAACATCCATGAGATc•AGAAGGCCCGcA 

19090 19100 19110 19120 19130 19140 19150 19160 19170 19180 19190 19200 

K R L E A E K D E L Q A A L E E A E A A L E Q E E N K V L R A Q L E L S Q V R Q 

AGCGCCTGGAAGCCGAGAAGGACGAGCTCCAGGCTGCCCTCGAGGAGGCTGAGGCCGCTCTTGAGCAG GAGGAGAACAAGGTGCTCCGCGCTCAGCTTGAGCTGTCCCAGGTGCGCCAGG 

19210 19220 19230 1 9240 19250 1 9260 19270 19280 1 9290 19300 19310 19320 

E I D R R I Q E K E E E F E N T R K N H Q R A L D S M Q A S L E A E A K G K A E 

AGAT CGAC CGCC GCAT C CAG GAGAAG GAGGAG GAGT TC G AGAACAC C C GCAAGAAC C ACCAG C G TG C C CT CGAC TC C ATG C AGG CT T C C C TC G AAG C C GAGG CC AAGGGCAAGG CT GAGG 

19330 19340 19350 19360 1 9370 19380 1 9390 1 9400 ] 94 ] 0 19420 19430 19440 

A L R M K K K L E A D I N E L E I A L D H A N K I 

CC CT GC G CAT GAAGAAGAAG C T GGAG G C TGACAT CAAC GAGC T T CAGATT G C T C TG GATCAC GC CAAC AAgG T AGGTT C AAC CA CT CAT GCC T AGT CACACC GAGATGAC T AAC C T TAA T 

19450 19460 19470 19480 ]9490 19500 19510| 19520 19530 19540 19550 19560 

EXOm 17 

I A N A E A Q K N I K R Y Q Q Q L K D I Q T A L E E E Q R A R D D A R 
TCTTATCC TTTACTTTA~GCTAACGCCGAGGCCCAGAAGAACAT CAAG CGTTAC CA GCAGCAGC T GAA GGACATCCAGAC T G CC CT CGAG GAGGAG CAGCGCGC C C GC GACGAT GC CCGC 

] 9570 19~0 19590 19600 19610 19620 19630 19640 19650 19660 19670 19680 

E Q L G I S E R R A N A L Q N E L E E S R T L L E Q A D R G R R Q A E Q E L A D 

~AACAGCTGGGTATCTCCGAGCGTCGTGCAAACGCCCTC~AGAACGAACTGGAGGAGTCT~GCACT~TG~TGGAA~AGGC~GACCGTGGC~GTCGCCAGGCCGAACAGGAGCTGGCCGAT 

19690 19700 19710 19720 19730 19740 19750 19760 19770 19780 19790 19800 
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G•CCACGAGCAGCTGAACGAAGTGTCCGcCCAGAACGC•TCCATCTC•GcTGCCAAGAGGAAGCTGGAGTC•GAGCTGCAGACCCTGCACT•CGA•CTGGAcGAACT••TGAACGAAGC• 

19810 19820 19830 19840 19850 19860 19870 19880 19890 19900 19910 19920 

K N S E E K A K K A M V D A A R L A D E L R A E Q D H A Q T Q E K L R K A L E Q 
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CAGATCAAGGAGCTGCAGGTCCGTCTGGACGAGGCTGAGG•CAACGC•CTCAAGGGAGGCAAGAAGGCCATTcAGAAGCTTGAGCAGCG•GT•CGCGAGCTCGAGAACGAGCTGGATGGT 

20050 20060 20070 20080 20090 20100 20110 20120 20130 20140 20150 20160 

Figure  1. Par t  II (See p. 890 for legend.) 
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E Q R R H A D A Q K N L R K S E R R V K E L S F Q S E E D R K N H E R M Q D L V I 
GAGCAGAGGAGGCACGCC GATGCC CA GAAGAACCTGCGCAAG T C C GAGCG T CGCGTCAAG GAGC T GAG CT T CCAGT C C GAGGAGGACC G CAA GAACCA CGAG C G CA T GCAGGAT C TGG T q 
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Rat emb. MHC LKKKDFEYSQLQSKVEDEQTLSLQLQKKIKELQARIEELEE~IEAERATRAKTEKQR~DYARELEEL~ERLEEAGGVT~TQIELNKKREAEFLKLRRDLEEATLQHE 

C. elegans LKKKESELHSvSSRLEDEHALVSKLQRQ~KDGQSRISELEEELENERQsRSKAD~AKSDLQRELEELGEKLDEQGGATAAQVEVNKKREAELAKLRRDLE~ANMNHE 

Dros. MHC IQRKDKELSSITAKLEDEQVVVLKHQRQIKELQARIEELEEEVEAERQARAKAEKQRADLARELEELGERLEEAGGAT•AQIELNKKREAELSKLRRDLEEANIQHE 

EXON 14---S-2/Hinge EXON 14 ..... 
* * * * *  * * *  * * * * * * *  * * *  . * *  * . * . * . * * * * * *  

ATVATLRKKHADSAAELAEQIDNLQRVKQKLEKEKSEFKLEIDDL•SSVE•V•K•KANLEKICRTLEDQL•EARGKNEETQR•L•ELTTQK•KLQTEAGEL•RQ 

NQLGGLRKKHTDAvAELTDQLDQLNKAKAKVEKDKAQAVRDAEDLAAQLDQET•GKLNNEKLAKQFELQLTELQ•KADEQ•RQLQDFT•LKGRLHSENGDLVRQ 
STLANLRKKHNDAVAEMAEQvDQLNKLKAKAEHDRQICHNELNQTRTACDQLGRDKAAQEK•AKQLQHTLNEVQ•KLD•TNRTLNDFDA•KKKLSI•NSDLLRQ 

[AEKEKNEYYGQLNDLRAGVDHITNEK[ ....... EXON 16 ................ Hinge/I~'4M ......... 

I--EXON 15a/15b. I 

iA E H D R O T C H N E L N O T R T A C D O L G R D K~ 

Wild type TTTACCCATTTGCTAATCCA~GGCTGAACACGATCGCCAGACTTGC CACAACGAGC TGAATCAGAC TCGTACCGCCTGCGATCAGCTGGGTCGCGATAAGGTAAT 

L N T I A R L A T T S * i 

Mhc / 0 TTTACCCATTTGCTAATCCA~GGCTGAACACGATCGCCAGACTTGC~ACAACGAGCTGAATCAGACTCGTA~GCCTGCGATCAGCTGGGTCGCGATAAGGTAAT 

Figure 1. Part HI (See following page for legend.) 
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We used the antisense RNA probes for the hinge- 
coding regions to determine the tissue specificity of al- 
temative exon usage via in situ hybridization to wild- 
type organisms. As expected, exon 15b hybridized to 
transcripts in all larval muscles, whereas exon 15a failed 
to hybridize to larval muscle (not shown). In agreement 
with these observations, 23 independent cDNA clones 
isolated from a late embryo cDNA library (Brown and 
Kafatos 1988) all contained exon 15b. In adults, a more 
complex pattern emerges (Fig. 3). Exon 15a, but not exon 
15b, is uti l ized in IFM and jump muscles; however, both 
exons are used in various head and leg muscles. The 
failure of Mhc ~~ mutants  to accumulate mRNAs con- 
taining exon 15a, along wi th  the tissue-specific usage of 
this exon in wild-type flies, correlates well with our pre- 
vious demonstrat ion that Mhc ~~ pupae do not have de- 
tectable levels of MHC m R N A  and protein in IFM and 
jump muscles  and show reduced accumulat ion in leg 
muscles  (O'Donnell et al. 1989). 

Ultrastructural analysis of the Mhc 1~ mutan t  is a 

highly sensitive assay for usage of alternative MHC 
hinge regions 

From our in situ hybridization studies, it is clear that 
there is a tissue-specific pattern of accumulat ion of 
MHCs wi th  alternative hinge regions. In situ hybridiza- 
tion is inadequate for determining the ratio in which al- 
ternative hinge-encoding MHC transcripts are coex- 
pressed. However, the Mhc 1~ strain provides an opportu- 
ni ty to examine the ultrastructure of muscles lacking 
MHC with  hinge region a, and one can thereby infer the 
relative proportions of MHCs with each of the alterna- 
tive hinge regions. Only exon 15a is used in IFM and 
jump muscles (Fig. 3), and these muscles in Mhc ~~ flies 
do not accumulate  MHC transcripts, MHC protein, or 
thick f i laments (Fig. 4B; O'Donnel l  et al. 1989). In con- 
trast, muscles  of the upper leg (coxa) are only partially 
affected by the mutat ion.  Intracoxal levator muscles 
(seen in cross section in Fig. 4H) show an - 5 0 %  reduc- 
tion in th ick/ th in  f i lament  ratio compared to wild type 
(Fig. 4E). Intracoxal depressor muscles are more severely 

affected, as they lack rectangular myofibrils (Fig. 4F) and 
have only occasional thick f i laments that are abnormal 
in shape (Fig. 4G). Finally, the dorsal body wall  muscles 
of the abdomen appear completely normal in the mutant  
(Fig. 4K). On the basis of our in situ hybridization and 
electron microscopic evidence, we conclude that the se- 
verity of reduction in thick f i lament  number  in the mu- 
tant muscles correlates with the use of exon 15a in the 
wild-type muscle. 

Homozygous-viable MHC mutat ions  that display 

different tissue-specific defects from Mhc l~ are not  

within exon 15 

We characterized previously three other homozygous-vi- 
able MHC mutat ions  (Mhc 7, Mhc 9, and Mhc 11) which, 
like Mhc 1~ prevent myosin  accumulat ion in the IFM 
(O'Donnell et al. 1989; see also Chun and Falkenthal 
1988). Unlike Mhc ~~ the Mhc z, Mhc 9, and Mhc 11 muta- 

tions do not affect MHC accumulat ion in leg muscles 
and have less severe effects on thick f i lament accumula- 
tion in the jump muscle. The different tissue specifici- 
ties of the Mhc z, Mhc 9, and Mhc ~ mutat ions suggested 

that they should not affect exon 15a. We cloned and se- 
quenced exons 15a and 15b and their surrounding in- 
trons from these mutants  and failed to find any differ- 
ences from the wild-type sequence. These results indi- 
cate that the genetic lesions in the Mhc z, Mhc 9, and 

Mhc 1~ alleles l ikely arise from mutat ions in alternative 
exons other than 15a and 15b. 

D i s c u s s i o n  

Our results indicate that there is remarkable complexity 
to the accumulat ion of transcripts encoding MHCs with 
alternative hinge regions in Drosophila. Embryonic and 
larval muscles as well  as abdominal  body wall  muscles 
of the adult use only the hinge encoded by exon 15b. 
Adult leg muscles and the proboscis musculature  appar- 
ently accumulate  some MHCs containing each hinge 

Figure 1. {A) DNA sequence analysis of the rod-coding region of the Drosophila muscle MHC gene. The nucleotide numbering 
system corresponds to that used previously (Wassenberg et al. 1987}, and exon numbers are assigned on the basis of sequencing of the 
entire MHC gene (George et al. 1989; W. Kronert and S. Bemstein, unpubl.). Sequencing of the rod-coding region of wild-type genomic 
DNA and analysis of several cDNA clones revealed only a single set of alternative exons (15a and 15bJ. Exon/intron boundaries were 
determined by their homology to consensus splice sequences (Mount 1982}, by comparison of the encoded amino acid sequence to 
MHCs of other organisms (Kam et al. 1983; Strehler et al. 1986), and by partial sequencing of a larval and a pupal cDNA clone. The 
borders of the hinge regions are denoted, and the amino acids that correspond to the proteolytic cleavage sites in vertebrate MHC 
protein {Strehler et al. 1986) are shown in boldface type. The penultimate exon of the gene (exon 18) is included in some adult 
transcripts, where it encodes a single carboxy-terminal amino acid. This exon is omitted from other MHC mRNAs, in which case 
exon 19 encodes the carboxyl terminus of the protein (see Fig. 2A; Bemstein et al. 1986; Rozek and Davidson 1986}. (B} Comparison of 
the amino-acid-coding potential of Drosophila, rat embryonic skeletal muscle (Strehler et al. 1986}, and C. elegans unc-54 MHC {Karn 
et al. 1983) hinge regions. The region encoded by the alternatively spliced Drosophila exons is embedded in the central portion of the 
hinge. Asterisks ( * ) indicate when both the rat and nematode sequences contain the same amino acid as at least one of the Drosophila 
MHCs. (C) Sequence comparison of exon 15a from wild type and the flightless mutant Mhc z~ The single-nucleotide change {G--* AJ 
that eliminates the consensus 3' splice junction (PyAG) is underlined. This also creates a nonconsensus 3' splice junction (AAG) that 
may be used for splicing (see text}. As shown, this would result in the production of a truncated protein due to shifting of the 
translational reading frame. Splice junctions are indicated by arrows. 
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Figure 2. Hybridization of an RNA gel blot with probes specific to alternative exons 15a and 15b. (A) Alternative splicing and 
polyadenylation patterns that give rise to the various size classes of MHC mRNA. Only the 3' end of the gene is shown; alternative 
inclusion of the penultimate exon (exon 18) and polyadenylation at pA 1 or pA2 result in four transcript classes. Alternative splicing of 
upstream exons does not affect the size of the mRNAs (Wassenberg et al. 1987; George et al. 1989; Hess et al. 1989). (B) Hybridization 
of the exon 15b probe reveals transcripts of 6.1 and 6.6 kb in wild-type larval (lane 1) and pupal (lane 3) RNA, as well as in Mhc 1~ larval 
(lane 2} and pupal (lane 4) RNA. (C) Hybridization of the exon 15a probe to the same blot shown in B (following removal of the exon 
15b probe} reveals MHC transcripts of 6.6 and 7.1 kb in the wild-type pupal RNA (lane 3) but no hybridization to larval RNA (lanes 1 
and 2) or to RNA from Mhc 1~ pupae (lane 4). On longer exposures of this blot, a very minor amount of the 6.6- and 7.1-kb transcripts in 
the Mhc I~ pupal lane could be observed (not shown). 

type. Ultrastructural analysis of two different types of 
leg muscles in the M h c  1~ mutant reveals that the ratio of 
the two MHCs can vary dramatically between such 
muscles. At the other end of the spectrum, the highly 
specialized IFM and jump muscles use solely exon 15a. 
In agreement with our results, George et al. (1989) 
showed by S1 nuclease mapping that only exon 15a is 
included in IFM transcripts, whereas exon 15b is pre- 
dominant in larvae and adult abdomen. Although it is 
possible that the tissue-specific inclusion of exon 15a or 
15b is serendipitous, we believe it is more likely that the 
alternative hinge regions encoded by these exons di- 
rectly affect the functional properties of the MHC mole- 

cule. 
The MHC rod has an a-helical structure that permits 

the interaction of MHC molecules to form dimers 
and the interaction of MHC dimers to form thick fila- 
ments (McLachlan and Kam 1982). The two major helix- 
breaking domains of the rod are the hinge and the car- 
boxy-terminal tailpiece. Interestingly, our results and 
those published recently by George et al. (1989} indicate 
that these are the only regions of the Drosophi la  MHC 
rod that are encoded by alternatively spliced exons. On 
the basis of our Northern blots and in situ hybridiza- 
tions of both wild-type and M h c  1~ organisms, as well as 
previous studies (Bernstein et al. 1986; George et al. 
1989; Kazzaz and Rozek 1989), it appears that the use of 
exon 15a generally correlates with the inclusion of the 3' 
penultimate exon of the MHC gene {which encodes an 
alternative tailpiece). Thus, the hinge and tailpiece may 
act in concert with each other and, perhaps, with regions 
of the globular head encoded by alternative exons (Was- 

senberg et al. 1987; George et al. 1989; Hess et al. 1989), 
to produce functional differences between MHC iso- 
forms. Our results rule out the possibility that regions of 
the rod other than the hinge impart isoform-specific 
properties to the MHC molecule. This conclusion may 
apply to MHC isoforms encoded by multigene families 

as well. 
Heterogeneity in the MHC rod or tailpiece might be 

expected to affect assembly properties of myosin mole- 
cules (Kuczmarski and Spudich 1980; McLachlan and 
Karn 1982; Kiehart et al. 1984), the morphology of thick 
filaments, and the number of thin filaments that as- 
semble around each thick filament (Hayashi et al. 1983) 
and, perhaps, force generation (Ueno and Harrington 
1986). Thin filament orbital number correlates roughly 
with use of exon 15b, it being lowest in IFM (which 
never utilizes exon 15b) and greatest in larval and ab- 
dominal body wall muscles (which use only exon 15b). 
Hayashi et al. (1983) found that thick filaments as- 
semble in vitro with specific numbers of thin filaments, 
depending on the type of myosin included in the thick 
filaments. Our results suggest that the MHC hinge and/ 
or carboxyl terminus may be implicated in this process. 
Another correlation we have observed is that muscles 
required to contract quickly (IFM) and/or generate high 
levels of tension {jump muscle) accumulate solely tran- 
scripts encoding hinge region a, whereas muscles that 
contract slowly (larval muscles and abdominal muscles 
of the adult) only accumulate hinge region b-coding 
transcripts. Muscles of an intermediate contraction 
speed (leg and proboscis muscles) contain some tran- 
scripts of each type. Alternative myosin hinges may 
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Figure 3. In situ hybridization of radiolabeled RNA probes to cryosections of wild-type Drosophi la  pupae. Anterior is to le f t  in A-E. 
(A) A control (sense) probe transcribed from the MHC gene (exons 4-6; see O'Donnell et al. 1989) and hybridized to parasagittal 
section does not result in silver grain accumulation over muscle tissues. (IFM) Indirect flight muscle; (P) proboscis muscles; (L) leg 
tissues; (A) antennal muscles. (B) Exon 15a antisense probe hybridizes to IFM, some proboscis muscles, and leg muscles. {C) Dorsal 
view of pupa hybridized with exon 15a antisense probe shows grains over IFM and jump muscle [(TDT) tergal depressor of the 
trochanter muscle]. (D) Exon 15b antisense probe fails to hybridize to IFM but clearly labels proboscis muscles. (E} Exon 15b probe 
hybridizes to proboscis (P), antennal (A), and leg muscles (L) but not to IFM. (A, B, and D) Bar, 440 ~; {C and E) bar, 250 p.. 

therefore play a role in the generat ion of different levels 

of cont rac t i le  force or speed. Indeed, Harr ington  and col- 

leagues (Harrington and Rodgers 1984; Ueno and Har- 

r ington 1986) argue tha t  force generat ion is a result  of 

conformat iona l  changes w i th in  the hinge. However,  Ki- 

shino and Yanagida {1988) and Spudich and colleagues 

(Hynes et al. 1987; Toyosh ima  et al. 1987) observe 

myos in  force product ion  or m o v e m e n t  in vi tro in the 

Figure 4. Ultrastructures of muscles from wild-type and M h c  1~ adults reveal the pattern of exon 15a usage. Reduced numbers of thick 
filaments result from failure to correctly splice exon 15a in the mutant. Wild-type IFM (A) displays a highly ordered arrangement of six 
thin filaments surrounding each thick filament. In the mutant {B), no normal thick filaments are observed. In C, the two muscle 
groups of the coxal segment of the leg, the intracoxal levators (IL), and the intracoxal depressors {ID) are indicated (Crossley 1978). The 
wild-type intracoxal depressor is shown in oblique section (D) and has a regular myofilament lattice. This muscle in M h c  1~ legs (F) 
contains extremely disorganized myofibers whose myofilaments are in complete disarray. At higher magnification, thick filaments 
are seen only occasionally (G), and these are abnormal in shape. Z disc material (Z) is poorly organized. The mutant mtracoxal levator 
muscle (H) shows an -50% decrease in the thick/thin filament ratio, with some disruption of the thick filament linear array seen in 
wild type (E). In / ,  the dorsal body wall muscles (DM) of the adult abdomen are shown. At higher magnification, wild-type (J) and 
M h c  l~ {K) dorsal body wall muscles have identical myofilament arrays. Glycogen granules (G), mitochondria {M), and sarcoplasmic 
reticulum (S) are indicated. Bars for electron micrographs, 0.2 ~; bars for light micrographs (C and I), 16 Ix. 
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absence of the hinge-containing rod region. These exper- 
iments, although clearly demonstrating that the S 1 glob- 
ular head of MHC is capable of generating movement 
and force, do not rule out the possibility that the hinge 

modulates these properties directly or by changing the 
structure of the thick filament and/or the geometry of 
the interaction between thick and thin filaments. The 
presence of alternative hinge regions in Drosophila 

Figure 4. (See facing page for legend.} 
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M H C  and the  general  corre la t ion wi th  cont rac t ion  speed 

and/or  t ens ion  deve lopment  suggest tha t  the hinge may  

indeed have an effect on musc le  contract ion.  

Use of the Mhc  1~ nul l  m u t a n t  in con junc t ion  w i th  

MHC gene /cDNA fusions in t roduced by P-element-me-  

diated germ l ine t rans format ion  should  permi t  the anal- 

ysis of IFM and jump muscles  forced to express hinge b. 

Subsequent  mechan ica l  measu remen t s  of cont rac t ion  

speed and force would  indicate  the effect of the a l tema-  

t ive hinges  on these parameters.  Likewise, ul trastruc- 

tural  examina t ion  would  show whe the r  the morphology  

of the  th ick  f i l ament  or the th in  f i l ament  orbital  numbe r  

is affected by the hinge region of the MHC molecule .  

This  in vi t ro mutagenes i s /gene  t ransformat ion  approach 

should therefore be a useful  and unique  way of analyzing 

MHC domain  func t ion  in vivo. 

Materials and methods 

Isolation and sequencing of genomic and cDNA clones 

Wild-type genomic MHC DNA (Bemstein et al. 1983) was sub- 
cloned into plasmid vectors prior to sequence determination. 
BamHI-digested DNA from the homozygous Mhc ~o strain was 
cloned into h vector EMBL3 (Stratagene) and packaged into 
phage heads by use of the Gigapack extract (Stratagene). The 
recombinant library was screened by use of a nick-translated 
probe containing the 3' end of the MHC gene. A positive phage 
containing a 16-kb BamHI fragment that encompasses the 3' 
half of the MHC gene was isolated. Sequences were determined 
on plasmid subclones of genomic MHC DNA by the dideoxy- 
nucleotide chain-termination method (Hattori and Sakaki 
1986) with synthetic oligonucleotide primers. Late embryonic 
cDNA clones were obtained by screening a cDNA plasmid li- 
brary (Brown and Kafatos 1988), using a nick-translated MHC 
gene probe. 

RNA isolation, probe preparation, and hybridization 

RNA was isolated from second and third-instar larvae or from 
late-stage pupae (following eye pigment deposition) by homoge- 
nization of 50 organisms in 1 ml of freshly prepared 6 M urea 
and 3 M LiC1 and incubation overnight on ice. RNA was col- 
lected by centrifugation and then resuspended in 300 ~1 of 10 
rnM Tris-HC1 (pH 7.5), 10 rn~ EDTA, and 1% SDS. The sample 
was phenol/chloroform-extracted twice and extracted once 
with chloroform. RNA was precipitated with ethanol, pelleted 
by centrifugation, and resuspended in 25 ixl of sterile distilled 
water. Ten micrograms of each RNA sample was electropho- 
resed and blotted as described previously (Zyskind and Bern- 
stein 1989). Prior to blotting, gels were stained with ethidium 
bromide and observed under ultraviolet light to ensure that 
equivalent amounts of RNA had been loaded. 

Northern blot hybridization probes were a2p-labeled anti- 
sense RNAs, prepared as described by Melton et al. (1984). To 
construct the exon 15a- and 15b-containing vectors for exon- 
specific probe preparation, the BglII-HindIII fragment encom- 
passing both exons (see Fig. 1A) was cloned into the BamHI and 

HindIII sites of the pKS vector (Stratagene). By digesting with 
PvuII to linearize the plasmid and employing T7 RNA poly- 
merase for transcription, an exon 15b-specific probe could be 
produced. An exon 15a clone was made by inserting the BglII- 

AvaI fragment (see Fig. 1A) into the BamHI site and SrnaI site 
of pKS (the AvaI site was first treated with S 1 nuclease to create 
blunt ends). The exon 15a-specific probe was made by use of T7 
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RNA polymerase, following linearization in the polylinker 
with EcoRI. Northern blot hybridization and washing were es- 
sentially as described by DeLeon et al. (1983). Probes labeled 
with ass were prepared for in situ hybridization, which was per- 
formed as described previously (O'Donnell et al. 1989). 

Light and electron microscopy 

Fixation, embedding, sectioning, and staining of tissues were 
done as described previously (O'Donnell and Bernstein 1988; 
O'Donnell et al. 1989). 
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