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The single-copy Drosophila muscle myosin heavy-chain (MHC) gene, located at 36B(2L), has a complex exon
structure that produces a diversity of larval and adult muscle MHC isoforms through regulated alternative
RNA splicing. Genomic and cDNA sequence analyses revealed that this 21-kilobase MHC gene encodes these
MHC isoforms in 19 exons. However, five sets of these exons, encoding portions of the S1 head and the hinge
domains of the MHC protein, are tandemly repeated as two, three, four, or five divergent copies, which are
individually spliced into RNA transcripts. RNA hybridization studies with exon-specific probes showed that at
least 10 of the 480 possible MHC isoforms that could arise by alternative RNA splicing of these exons are
expressed as MHC transcripts and that the expression of specific members of alternative exon sets is regulated,
both in stage and in muscle-type specificity. This regulated expression of specific exons is of particular interest
because the alternatively spliced exon sets encode discrete domains of the MHC protein that likely contribute
to the specialized contractile activities of different Drosophila muscle types. The alternative exon structure of
the Drosophila MHC gene and the single-copy nature of this gene in the Drosophila genome make possible
transgenic experiments to test the physiological functions of specific MHC protein domains and genetic and
molecular experiments to investigate the mechanisms that regulate alternative exon splicing of MHC and other

muscle gene transcripts.

Myosin heavy chain (MHC) is a complex, multifunctional
contractile protein with both enzymatic and structural do-
mains. The MHC globular S1 head has ATPase activity
essential for contractile activity, and the a-helical tail inter-
acts with the tail of another MHC to form a coiled-coil dimer
that associates with other myosins to form the sarcomeric
thick filament. Two different myosin light chains are associ-
ated with each S1 head and regulate MHC function. Upon
activation by actin, ATPase activity in the S1 head generates
energy for the production of force during muscle contraction
(for recent reviews, see references 26 and 72). Complex
organisms have physiologically distinct muscle types that
express different MHC isoforms (9, 10, 64, 75), and the
divergent protein sequences in specific functional domains of
such MHC isoforms determine, at least in part, differences in
contractile properties of such physiologically distinct muscle
types.

Muscle MHC isoforms are encoded by gene families in
mammals (37, 41, 55, 56, 77). in chickens (58), and in
nematodes (47). Protein and DNA sequence analyses reveal
that these MHC gene families likely arose by gene duplica-
tions, followed by divergence of individual gene sequences
(see reference 18 for a recent review). Drosophila melano-
gaster, however, is an exceptional organism, having only a
single muscle-specific MHC gene, located at subdivision
36B(2L) (6, 59). D. melanogaster also has a nonmuscle MHC
gene that encodes ubiquitous cytoplasmic MHC (34). Mo-
lecular and genetic analyses have established that the
36B(2L) MHC gene is abundantly expressed and is func-
tional in larval and adult muscle types (50). The discovery
that D. melanogaster has only one muscle-specific MHC
gene yet has many functionally distinct and specialized
larval and adult muscle types, including the fibrillar indirect
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flight muscles (IFM), tubular muscles, and body wall mus-
cles (14, 46). raised the question of whether this single MHC
gene produces only one MHC isoform that contributes to the
distinct contractile activities of all of these different muscle
types or, alternatively, whether this gene produces multiple
MHC isoforms through posttranscriptional mechanisms
such as differential RNA processing. Generation of protein
diversity by differential RNA processing occurs in many
muscle-specific as well as nonmuscle genes: myosin light
chains (19, 20, 53), troponin T (8, 27, 45), tropomyosin (28,
32, 54), calcitonin (1), and P-element transposase (36), to
name just a few.

Earlier studies established that the 36B Drosophila MHC
gene produces two MHC isoforms with different carboxyl
termini through regulated alternative RNA splicing involving
inclusion or exclusion of the penultimate exon (5, 60). The
divergent tailpiece structures of the two MHC isoforms
generated by alternative splicing may influence the assembly
and organization of myosin into thick filaments in specialized
muscle types, but they do not explain functional specializa-
tions in muscles such as the IFM, which has an especially
high rate of contraction (57). Rate of contraction is deter-
mined by sequences in the amino-terminal S1 head region,
which has the functional domains for ATP binding, ATPase
activity, myosin light-chain binding. and actin interactions
that mediate contractile activity.

The objective of this study was to investigate whether the
36B MHC gene produces a diversity of MHC isoforms by
alternative RNA splicing of exons encoding protein domains
involved in MHC contractile activity. We have determined
the complete exon-intron structure of the Drosophila 36B
muscle MHC gene by DNA sequence analysis of genomic
and cDNA clones and characterized the developmental
expression of specific MHC exons by RNA hybridization
analysis. Our results reveal that the 36B MHC gene has a
uniquely complex exon structure. At least 10, and perhaps
more. MHC mRNA isoforms are generated by mutually
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exclusive alternative RNA splicing of multiple exons encod-
ing four separate regions in the S1 head and one region in the
tail S2 hinge. Alternative RNA splicing of these exons is
regulated with both stage and tissue specificity, indicating
that these alternatively spliced exon sets may encode func-
tionally significant isoforms of MHC. The alternatively
spliced exons in the S1 head encode portions of MHC
regions involved in actin and myosin light-chain binding (49)
and ATPase activity (72). Alternative exons also encode the
S2 hinge region, which has been implicated in force genera-
tion during contraction by a helix-coil transition mechanism
(69, 70). The regulation of these S2 hinge alternative exons is
IFM specific, consistent with a functional role of the S2
hinge in specialized muscle types. Protein regions of un-
known function in the S1 head are also encoded by alterna-
tively spliced exons, and these may be involved in genera-
tion of force demonstrated by movement of S1 head in vitro
(68). These findings provide a basis for transgenic experi-
ments to investigate specific hypotheses concerning the
isoform-specific functions of MHC domains in physiologi-
cally diverse muscle types in vivo and to investigate the
molecular mechanisms of muscle-specific RN A-splicing reg-
ulation.

MATERIALS AND METHODS

DNA sequence analysis. Restriction fragments of the MHC
gene were isolated from lambda Charon 4 bacteriophage
clones (6) from a Canton S genomic DNA library (43) and
subcloned into pEMBL vectors 18+ and 19+ (15). DNA
sequences were determined on both strands by the dideoxy-
chain termination method (62). Nested deletion series of
larger subclones were generated by exonuclease 111 (29).

Isolation of cDNA clones. cDNA was synthesized by the
method of Gubler and Hoffman (25) from 2.5 ug of poly(A)
RNA isolated from late pupae. Blunt-end cDNA was ligated
to EcoRI adapters (New England BioLabs. Inc.) and subse-
quently inserted into the EcoRI site of the lambda gtl0
vector (30). Nearly full-length clones were selected by
plaque hybridization (3), using triplicate nitrocellulose filters
and probing with both 5'-end (two filters) and 3'-end (one
filter) nick-translated MHC genomic restriction fragments.
Two clones, ¢D301 and ¢cD302, hybridized with both probes.
EcoRlI restriction fragments were subcloned and sequenced
as described for the MHC gene.

RNA isolation and Northern (RNA) blots. RNA was iso-
lated by a modification (38) of the guanidinium thiocyanate
extraction procedure (12). Poly(A) RNA was selected by
oligo(dT)-cellulose chromatography (2). RNA was electro-
phoresed on a formaldehyde-containing agarose gel (42) and
electroblotted to Zetabind. Blots were UV irradiated at 300
wW/cm? at 254 nm for 3 min. Hybridizations were performed
by the method of Church and Gilbert (13) except that the
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temperature of hybridization for oligonucleotide probes was
T, — 5°C, where T, = 4°C per G - C base pair + 2°C per
A - T base pair (71, 78). Oligonucleotide probes (20-mer;
synthesized at the University of Virginia sequencing facility)
were **P end labeled with polynucleotide kinase (42). Re-
verse complement sequences of probes correspond to the
nucleotide numbers shown in Fig. 1: exon 3a, 2394 through
2414: exon 3b, 2705 through 2725: exon 7a, 4580 through
4600: exon 7b, 5171 through 5191; exon 7c, 5666 through
5686 exon 7d. 6514 through 6534: exon 9a, 8579 through
8598: exon 9b, 9050 through 9069; and exon 9c, 9628 through
9647. Probes for exon 11 were generated by random priming
(21) genomic restriction fragments: exon 11a, 265-nucleotide
(nt) Kpnl-Sacl; exon 11b, 495-nt Sacl-Narl; exon 1lc,
559-nt Narl-Ncol; and exon 11d, 775-nt Ncol-Pvull. Hy-
bridization and washing with random-primed probes were
performed as described for oligonucleotide probes except at
65°C. All blots were exposed to Kodak XAR-5 film (Eastman
Kodak Co.) for 0.5 to 2 days at —80°C with an intensifying
screen.

S1 nuclease analysis. The S1 nuclease assay was a modifi-
cation of the procedure of Berk and Sharp (4). An end-
labeled cDNA restriction fragment probe (50,000 cpm) was
precipitated with total cellular RNA, washed with 70%
ethanol, dried, and suspended in 10 pl of 80% deionized
formamide-40 mM piperazine-N,N’-bis(2-ethanesulfonic
acid) (PIPES; pH 6.4)-0.4 M NaCl-1 mM EDTA. After
denaturation at 65°C for 20 min. RNA-DNA hybrids were
allowed to form at 50°C for 16 h (11). S1 nuclease digestion
was carried out at 22°C for 1 h with 100 U of S1 (Pharmacia,
Inc.) in 300 pl of 0.28 M NaCl-0.05 M sodium acetate (pH
4.6)-4.5 mM ZnSO,-20 pg of salmon sperm DNA. The
reactions were stopped by extraction with phenol and chlo-
roform and then precipitated with 5 pg of yeast tRNA and
separated by electrophoresis on a denaturing polyacrylamide
gel. S1-protected fragments were visualized by exposing the
gel to Kodak XAR-S film with an intensifying screen.

RESULTS

MHC gene structure. DNA sequence analyses of genomic
and cDNA clones revealed that the 36B muscle MHC gene in
D. melanogaster spans 21,867 nt. The complete sequence is
presented in Fig. 1. Primer extension and S1 nuclease
analyses have shown that the MHC gene transcripts initiate
at a single site in all muscles (73). Two sites of polyadeny-
lation were localized by S1 nuclease protection assay and
cDNA sequence analysis. Use of either polyadenylation site
does not appear to be regulated (5. 60).

To define the exon structure of the MHC gene, we
compared the genomic nucleotide sequence with the nucle-
otide sequence of an essentially full-length cDNA clone,
c¢D301. Two nearly full-length ¢cDNA clones, ¢D301 and

FIG. 1. Complete nucleotide and derived amino acid sequences of the Drosophila muscle MHC gene. The nucleotide sequence of the
coding strand only is shown, and nucleotide numbers are at the right of every fourth 60-character line. Nucleotide 1 is the first nucleotide of
untranslated exon 1 (73). Positive numbers indicate nucleotides within the gene: negative numbers indicate 5'-flanking sequence of the gene.
Vertical lines above nucleotides indicate nontranslated exon borders. Encoded amino acids (aa) are in one-letter code above the second
nucleotide of each codon and align with exons as follows: exon 2, aa 1 through 67 (excluding initiator methionine): exon 3. aa 68 through 115;
exon 4, aa 116 through 242: exon 5, aa 243 through 263; exon 6. aa 264 through 296: exon 7. aa 297 through 331: exon 8, aa 332 through 467:
exon 9, aa 468 through 524; exon 10, aa 525 through 721: exon 11. aa 722 through 760: exon 12, aa 761 through 848: exon 13, aa 849 through
918; exon 14, aa 919 through 1214; exon 15. aa 1215 through 1240: exon 16. aa 1241 through 1632: exon 17. aa 1633 through 1934: exon 18.
aa 1935: and exon 19, aa 1935 through 1961. Amino acids encoded by split codons are in parentheses. Duplicated exons except exon 1le are
named in alphabetical order according to the direction of transcription. . TAA termination codon. The nucleotides underlined in exon 19 are
consensus polyadenylation signals: known polyadenylation sites are indicated by arrowheads above the sequence (5). Nucleotides —335
through 780 are from reference 73: nucleotides 21306 through 22208 are from reference 5.
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TCTAGAAAATGATATGTGAATAAGTTTAAAGAAAGC TCCCCTTGAAAGAGCGAGGGATTC
GGCGGA”‘ A ”‘ GCCTCACGACGAAAAAGTTGTCATTGAAATGAATTTTACTATTT
AGC C TCGTCGGAGAAGGAGCTTT

CGCTCT GA T AACGATCCTGATTGCATCATATGCTCACA \

CATCCCGCAATCCCCCAT AGAAATGCCCACTTGCTAGAGAAGAG l'l"“' GAATCAGAGC
AGCCAAGAGCTAGACCGAAAAAGGGAGCAAGAAAAACCGAACAGAAACA! AC
ACCGATCGTCGAATCGAAI .GCTTT'I'CGGGTCTTACGGATCCATLG(:TATCA.AGTTGCCCC
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ATCAGAACAGTGAACCGGATTACCTCGGATTATCGTATCGAATTGGATTACAAATAACAG
TCTTTCTTGGAAGTACATCAGTTACTTACATAACCTATAGGCGTTAATTTGTTTTCTGAG
AAGTATGCAACTATCTTCAACTTCTTGTGTAACAATCTTTTGACTTTCGATCATATCAGC
GAAAAATCGAAAGTGAAGTAAGAAGGATATAAGGAAACTTTTGGAT TCTCACGAAAAACT
ATTTTATCCTTTCTCGCCCAATCATT TTGGATTAAAAGTC TTCAATCGTCCTATTTTTCG
GCTACTT . GCAAATGGTC. G AAAGAGACAGCCAGCTG
TTACTTCATCAAAAG GATTCGTGTTTCGATGTGAGT TCGA GCC.
TTCGAATTACTGGCG. TGATTTCATACACAAATACCTGTGTGACCGAAACATATGTGC
GTATGGTACTATAG TAGATTTAGAATACTCGAATTCTTTTGTCGGCTCATATACAT
AA AATATGTTTTAA L%ATAACCAN AGACATTAGAAAGAGATCGCCA

ATACTTA! G( T. CAAAAAGCTTCT A
ATTACGAATTACATATAGACGAAT? LTG' ATG 11. TTTAGTTTCG TAATTTCGAGAA
TTTTAAAAATAACGCATTCGTT GTTCC TCAATTCGAAT"L TTTTCGATTGTC
GATTTAGTGTGGATTGTCGAAAATCGT U..L-LLLLCGAAGTT CTGAAAGGAATCATTG
TAAATTGCTT TGAGAACACGCCACC. TATCGAGATACCTGTTTAAAAT
TCGAAATCGCGTTCCAAACGGTAGT. LG'.I.‘TACCA TTGAGTGAGTTGTGGTGACAGTTGTT
TAACCTCTCTACATTTGTAATAAGC TTGTTTTC-GCGTATCMTAGTCTG'AG AT TT
CACAAAGAAACCTGGAGAAAAGTACACAAATATCTAAATGAAAATTGGCG ‘TACG"'AMCA
AATACCAACGCCCCGAAAATCCGTATATATGCAAAGCATTCTGATATATATATATATAAG
TGGTATACATATACATATTCGTATCGGATCCGTGATCTATATT TAGGCGACAACCCACA!
AATTCACTTGTTGTCTGTTTATAACAAAAACAACAACACAAGCACCGACCAGGCCTAATT
AACTTTGAGGTGTGAGATAAAATCA] LAGCCACACATAAATMATATCCGGTTACGGTAAC
GGGAATTTCGAAAGCGCGAAACGGGAAAAATG' TATTTGGAAATCGAAATTAAATT
CGAAATCCTATCCACGCAC CACGCGTAGAACTGTTATAGTGTCCGCTATTGCTGCTGCT
GTCAAAATGGGTCAAAAGCATAAAATCCATAAAAGAATCAGACTTCGAAACAAAATTCCA
AAAATAGTATGCTTTTCTGAGAACCATATAATAAATATTATTTTTCTTTTGTATATTTAC
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CGTAACGATAACTCCTCTCGTTTCGTAAGTAGTCCCGCACTCGATAGATCACCATGTTGA
G K F I R I H F
ACTGAACTAATTTGAACTTATCCCCTTGCAAACCAGGGTAAATTCATCCGTATCCACTTC
G P T G KL A G ADTITET
GGACCCACTGGTAAACTGGCTGGTGCTGATATTGAGACCTGTAAGTTGTCACTTTAATAC
(YY) L L E
GTTGTGAATATTGATCCGGATCCTAATGTCATACTCTTACCATTACAGATCTGCTGGAGA
K ARV I S Q Q S L ER S Y HTITFYOQTI
AGGCTCGTGTCATCTCCCAGCAGTCCCTGGAGCGTTGCTACCACATATTCTACCAGATCA
M S G s VP G V K
TGTCTGGCTCCGTTCCCGGTGTTAAAGGTATACAATCGTCTCACTTACTCATCCATACAT
CCTTCATTCAGAGAATCATCGAACTATCTAGTTCTTTTTAAA?CTCTTTTAGTTGTGGTT
TAGGTTCAAGACACACACACGAACACAAAACACAACCCACACAAACCCATTCAAAATTGA
(D) I € L
TTTCATAGATTAATCGATGTACTTTCTATATACACACTATCTGTCTAGACATTTGTCTGT
L T DNTI YD YHTIUVS OGI KV TV A S
TGACCGATAACATCTACGATTACCACATTGTCTCCCAGGGCAAGGTCACTGTAGCCAGTA
I DD AEEZFS L TD
TCGATGATGCTGAGGAGTTCTCCCTCACCGATGTAATTGCCCTCTCCTTATTTGATTCTA
AATTTCGTTTTTATATTGT TGATTGACACTTAGATAC! AATTTATTTGGCTAAACT
CTACTATTTGATCTATCGTAATCTATTTTAGAGCAATTATAGCTAGTTGGTTAACTATTG
CGTACC! ATCGTATCGTAAATGGATTAGGCCACTCCCCTATATCGCTTAGCTGTAGCC
CAATACTATGCCATGAAACATCCCAAGGAACGGATATTTGGATACTCATAGTAGAAAGCT
TTCACTGAGACCCCCAGCCCTCCCCCCACCCAACACCAAAGTAGTACTAACCCATTTCAT
ATCCAACTAACTTAGATTCAAACCCCTTCAATAAGATCATTATTGAACAAATTTCTTTCT
ACCTCTTCCACATACCTTCCACCAAATACCTCAACATACAACTACACCCTTCATAACAAT
(E) Y C L L
CGTACAATGTTGTTCGCATATATATCGTGTATATGACATATAAAGAATACTGTCTGCTCT
S N NI YD VYR IV S QG KTTTIUP SV
CGAACAACATTTACGACTATCGCATTGTCTCGCAAGGCAAAACGACCATACCCAGCGTCA
N D G E E WV A V D
ACGATGGCGAGG. lTGGGTCGCCGTCGATGTAAGGCCATACAAAAATGGT"AC"TATC"G
CATTATCGTACTACCCACGAAAACATAACATAACCCACACAGTGCATAACTCCTAACTTC
CTTCTGTG"TG"ACACTCAATGTTG"CCAATATGATTATTCATGTACATA”A"ATATA"G
TACGTTTTTCCATGTCCTAAATTTCATGTCCTGGTCTTATTCTAAATTCAC GCTTGC
CAAGCTAGC AAACTATAACTCTTAACCTTATATAGAACCTAATCAACTTAATCCAAA
TAATGTGACTTAGACCGATTTTATGATAATAGGTAGGGTTACTTTCACACAAAAACACAT
ATCCCTTTACTTAAGTTATATGATGACATATCATCGAGTCTTTTTGTTCGCGTAAATTAG
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CGCCAAACCAAGCACACACTACCCCAAAAACCCACACAACAACTGCACCTCACCCACACA
CACACACACACACACACACAGACACACTATATAGACACTTTTCGTATATATATATGCATC
CAATATCGGTAATGTCTGAACGACAAGGAACCCACGAACCGATGAGCTATGCCAAACACA
CCGAAACCAACAAATATATTTTGAGTGT TTTGTGATTATCTTTTCTTCCATGTTTTTTTT
TCCGTTACCCAAGTTCCGTTTCAAAATCCGATCCCAAAAATGGAACTTATAGAGAATAAG
AATGATGGAATGGCGAATGTCGCAACCCTTGCCCGAAAAAGCATCCTAAGAATCGGTCTT
TAAGCCGATGTCCTGTCAA! CTTTGTACCTGTACCTAATACGAATGTCCTGACTACGA
CGATTCTGTTTTACTCGAC GAC TATGCCTGGAATGTCATTGCATCATGT! C
TAAGATATTCATAATTATAG ”AGAAAMAAGAGCGCGTGTGTGTGAA@ACCC TGTAATT
TGTACCTGCAAACGACACTTTGTAC TT! GTTTG TGTGTCTATGATAGT
TTAAGTGTGT GGC GACTP CCC. n--(h LL \CCAACTGGTTGAGAAAT
ATAGCACGTAAACCTCACA! AAA PllFTAGTAT-TCCCACAGAAA.TTTAT
TCTGCCTTGTT GTTTAAGCAACCCGGC. TCLCGCGTTTCCCAATGATT
CGGAATACTTAAGCCACC"GTAAACCTA SCTATCCGTAGCAC GTCTACTAAC
CATAACGCTGTTCGATACG lTTATTTGTAGTC"A" GTAA A"CGT'Ilu GCATGTTG
TGCATGATCTACTAGATGT GCTACACTGATCCACAGAAAAAAATGCTCAAAAACAAAC
CCAAAAAAATAATGCCTATAAATGCTGATTAACCAAAGGATGTTAAATGACACCATACTA
Q A F D I L
AAGCTCCGCAATTTTTCGCCCCGAAACCTTTATACCAACAGCAAGCCTTCGACATCTTGG
G F T K Q E K E DV Y R I T AAUVMHM
GCTTCACCAAGCAGGAGAAGGAGGACGTGTACAGGATCACCGCCGCTGTCATGCACATGG
G G M K F K Q R GREEUOQAZEOQDGE E
GTGGCATGAAGTTCAAGCAACGTGGTCGCGAGGAGCAGGCTGAGCAGGACGGCGAGGAGG
E G G R V S KL F G CDTAETULYKNIL
AGGGTGGCCGTGTGTCGAAGCTGTTCGGT TGCGATACCGCCGAGCTGTACAAGAACTTGC
L K P R I K V GNEUF VT QG RNV QO Q
TGAAGCCCCGCATCAAGGTCGGCAACGAGTTCGTCACCCAGGGCCGTAACGTCCAGCAGG
vV T N S I G AL C K G V F D RVL F KWL
TCACCAACTCGATCGGTGCCCTCTGCAAGGGTGTGTTCGATCGTCTGTTCAAGTGGCTGG
V K K ¢C N E TUL DTOQQ KR QHF I G V
TGAAGAAGTGTAACGAGACTCTGGATACCCAGCAGAAGCGTCAGCACTTCATTGGTGTAC

FIG. 1—Continued
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L DI A G F E I F E

TGGATATTGCTGGTTTTGAGATCTTCCAGCTGAGTATCGGACGGATCCGGGACTTGGTCT
GAGTGAAATCCTCCCAGGGTGC‘CAC”TG"GGCTCACTCTGAGG ATT AGATGT
AGCTGGTGATGACT CCAAATCA 1ATGACTGGTTACCCCA"CACC\GTCGACC
TGCTAAC PACG"CTCTTAAAGATTTAGA"AGGGATTCAGACTCCGA"TCAGAATCACTC
GGGGAACAACATATGTAGGTGCAACCTATCTTCGCACTAAAACGCCCACCAAACAACACA
AAGATACACTGCAGCACTATCCGTAGAGTTACCTTGATAGATCACTATTATAAATTGTAA

Y NG F E Q L C I NF T N
ATATTCCCAACTCCAATGTAGTACAACGGCTTCGAGCAATTGTGTATTAACTTCACCAAT
E K.L Q QF F NHTIMUFUVMETUGQETEY K
GAGAAACTGCAGCAGTTCTTTAACCATATCATGTTCGTCATGGAGCAAGAGGAATACAAG
K E G I NWDVF I DFGMUDULULATCTITD
AAGGAGGGTATTAACTGGGACTTTATCGATTTCGGTATGGACTTGCTGGCCTGTATCGAT

L I E K

CTGATTGAAAAGGTGCTTAATAGATTCAAATTACTCCATGTTTTCTCTTTGCGTACTTTG
AATTGTGTGCACATGAAAAATGCACTGAATTA 1xubl11bTTATGTCATGTCTTAGCA
CTTTCAATGTGAA"CGAAATCTGCGGATGGb1 LLGCCACAGTGAT TCAGGTAATCTG
TAAAATGAGTGTGTTCTGAATG! GGAAT GCCCATCCAAGCACTGGT
TTTAAATATTTTGAAAATGTACTCATCCCATCAATCCTCACCATTTCCCCCTAAAAAAAA

Y N G F E Q L ¢ I NF T NE K L
TATGATATCTAGTACAACGGTTTCGAGCAACTGTGTATTAACTTCACCAACGAGAAGTTG
Q QF F NH HMUF VL EQEE Y KR RE G
CAACAATTCTTCAACCATCACATGTTCGTTTTGGAGCAAGAAGAATACAAGAGGGAAGGC
I D WAV FIDU F GMDIULIULATCTIUDTLTIE
ATTGACTGGGCCTTCATCGATTTCGGTATGGACTTGTTGGCCTGTATCGATCTGATTGAA

K

AAGGTTCGTCTCCTCCCAACCAACCTTCCTAGCCAAAAATTATCGCCATCCCTCGTTGTT
CTGTCAACA ATGAATAAGTTTATTTATAAAGTTTTCGGCACCCTGAATGGCAAATC

TCTAAAA( AT ATCCCAGTTGGGGGTAGCGTA"ATATACAATATTTAT"GTTTCAGTC
ATGCGGAGAAGTGCGCCCATAAGCGTTTTCTAGC"CCATTATATATATATI ATACTA
TAAGCACACAAACCCACATCCATGTCATGCCTCTCCAGAATGAAGAATCC AGAAA AG
TTCGAGGGAAAACCGAGAGTAACTAACCCAACGAAATCAAACATTGAAAGCCACATCCAA

Y N G
ATTAACACCGCTTATCTTTATGTTACATATTGTTCCGTTCCTCGATCTAGTACAACGGTT
F E QL C I NV F TNUEI KIULUOQOQUFF N HH
TCGAACAATTGTGCATCAATTTCACTAACGAAAAACTGCAACAATTCTTCAATCATCATA
M F VLEOQEEYQREGTIUEWTTF I D
TGTTCGTTTTGGAACAAGAAGAATACCAACGCGAGGGCATCGAATGGACCTTCATTGATT
F GM DL Q L C I DL I E

TCGGCATGGATCTGCAATTGTGTATTGATCTGATCGAAAAGGTACAGACACGGCCATAAC
TATCTATCAGAGCAGATAGCCCAAGCTGACCATTACACAAT AATTGCGATTAA
AGTGCACCTTGAAGAA GATCT AATATAATCTAATC ATATTAA TCCGTTAAC

GTTATAAGATCGCCTTAAGCTAAACAAGCACCAACAGTTAATGCA GCAACTTTA
CGACT ACCACTAAAATTGTAAGGGGTAAGTCCTATGTACTAATGTGT TGTAAGTCG
TCTTAGTGAAGCGATATGCCGCTTACATAAAATGTTTAAAAGTTACTTTAGTTTAAATGC
GTGCTTTTACTAGAAAACAAAAAAAATATGTAACTAGCCCCACAGATGCATCTTGGAAGA

P M G I L s I L
AACTAACGAGTGAATCTTCGCTTTTTCTTACCACTAGCCCATGGGTATCTTGTCCATCCT
E EE S M F P KA TDIOQTTF S E KL TN
GGAGGAAGAGTCTATGTTCCCCAAGGCCACCGATCAGACCTTCTCGGAGAAGCTGACCAA
T HL G K S AP VF Q KP KPP KUP G Q Q
CACCCATTTGGGCAAGTCGGCTCCATTCCAGAAGCCCAAGCCTCCAAAGCCCGGTCAGCA
A A HFATI AHYA AGT CUVS YNTITSGW
GGCTGCCCACTTCGCCATTGCCCATTATGCTGGTTGTGTGTCCTACAACATCACCGGTTG
L E K N KD P L NDTV V D Q F K K S
GTTGGAGAAGAACAAGGATCCTCTGAACGACACCGTTGTCGACCAGTTCAAGAAGTCGCA
N K L L I E I F A D HAGIGQ S G G G E Q
GAACAAGCTGCTGATCGAAATCTTCGCCGATCACGCCGGTCAGTCGGGTGGCGGTGAACA
A K GG R G K K G G GF ATV s s A Y K
GGCCAAGGGAGGTCGTGGCAAGAAGGGCGGTGGCTTCGCTACCGTCTCGTCGGCCTACAA
EQ L Ns L MTTULI®RS TOQPHT F VRC
GGAGCAGTTGAACAGCTTGATGACCACTCTGCGTTCGACCCAGCCTCACTTCGTCCGTTG
I I P NEMIKUOQZPGV VDA AHTULUVMUHDQ
CATCATTCCCAACGAAATGAAGCAGCCTGGCGTGGTTGATGCCCACTTGGTCATGCACCA
L T C N G VL E G I R I CURZKGUF P NR
GCTGACCTGTAACGGTGTGCTTGAAGGTATCCGTATTTGCCGTAAGGGCTTCCCCAACAG
M MY P D F K M (R)

GATGATGTACCCTGACTTCAAGATGCGGTAAGTATChb11GCAATbe11L11AGGTATT
ATATACAACATAATTAATACACTAGCACTTAGACACTTAGTTCAAGTTCAGTTAGAGTAC
AGCACTTTCGGTCACTTGTACATGCACCAGTTAGATTTATGAGTAATCTATTTATTATGA

Y M I L A P A
TCGATTATTAACGTGTGAATTGTAATACTCAACTATAGTTACATGATYCTGGCTCCTGCC
I MA AE K V A KN A AGI KT CULEA AUV G
ATCATGGCGGCCGAAAAGGTGGCCAAGAATGCTGCCGGAAAGTGCTTGGAAGCCGTCGGA

L D P DMYR I GH T K

CTGGATCCCGATATGTACCGCATTGGTCACACCAAGGCACGCACGCAAAAAAA CCT
TTTTA CACCTTGTGTATGCAAGCGAATGTACTC ACTCCAATTGTATGACTAGTGTA
TCTTTCAATTGAA‘CCCC CACGTTGATCCTCGTTGTATGTACCATGTACCGTACCAGAA
ATCAATTCCAGTTTCAGTGCTGTGTTTAGGTGTATCTCCGTCTTAAGGCTTACTGTGTGT

Y
ATCACGATTTTTTCTGAGTATGGAATCAAAAACGAACTCTACATCCTGACAGGTACCAGA
I L NP R G I KODULDCUPIKI KA AS K VL
TCCTGAACCCCCGTGGCATTAAGGACCTCGATTGTCCCAAGAAAGCCTCCAAGGTTCTGA
I E s T E L N E DL Y R L G H T K

TTGAGTCCACCGAGCTGAACGAAGACCTTTACCGTCTGGGTCACACCAAGGCATGATAAA
GATATTTATTTAACTAAGCTTAATCTGGCACAAGAACTTCAAAATTTTTGCAAAAGCAGA

FIG. 1—Continued
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CACTTATGAGTGGATGGCTCAATAGAATTTTTATGTAGTCAATAATATTTGATACGGTGC
TCAAGAAAACCTCAACGGGAGAGCTCCCCAATACAATATACCCATATATACATTCACACT
TTACACACAGAAACCAGGTTGATAAGTCAAAAAATGTTCCGGGTGGGAACGATGGTATAA

Y ¢ I L NP A G I V G VDD
ATATTTCCATATTGCAGCTATCAAATCCTGAACCCAGCTGGCATTGTTGGCGTCGATGAT
P K K C¢CG s I I L E ST AULUDU&PUDMYR
CCCAAAAAGTGTGGATCCATCATTTTGGAATCCACCGCATTGGATCCCGATATGTATCGC

I G H T K

ATTGGACACACCAAGGCATATAAACCTTTCAATCCGTTTAGAATT"TCA”GCA"TTTGGA

CTTATTTCTTTCTCTCAAATGCCAATCAGAG! TACGAGTCAAAAGCATCCACAAATG
AAATACAAAACCAATACAGCAT CA l-lT"T"AGGCGCCCTTTAGG"AAACAGCAACA
TAACTCTACTAAGGGCGCTCAGTTCAGC CTCTCCCCAATCCC! TGATATGAT
ATGAAATCCCACACCAACACGCICACACK A”G"AGACACGAAC T CACTCTTAA
AACCCCAAAGCAEGG%TTC%AAEGTATT\TTGT\GAAGTTCCTTTTT’ GGACTTTCT

TAAGATCAACTGTAACTAACACTAAGGTATAA CTAAACCAT G
ATACTTAGAATACTGTAGTATCATTTAATGTTGATTATCATCATCTATATGTGACCATAT
Y ¢ I L NP K G I K GTIUETDUZPIKIKTCT
AGCTACCAAATCCTGAACCCCAAGGGTATCAAGGGTATTGAGGATCCCAAGAAATGCACG
K v L I E S T E L NDDQYRULGNT K

AAGGTTCTGA”CGLGTCGACCGAACTPA! ATGATCAGT. CC:TTTGGCTAACACAWAG
GCACGCACAATCAAACATTCTATATACAC ATTACTTCAAA TCCTTTTGTCAATG
"CTCCAAA%;"GA”GECC%GACATACATTf FTTTGCATCAJCAAAC"“ ACATCC

AG., G CTAAGCAAAAAGCTTAGACTC
ACACTCTGTTCGCATGTCTTTTTTCTCTATCTCTCTGTCTGTATAAGT TAATAGAAGGAC
T Al AAACACCCAAAAATCC

ATACATCAA CCTTCCC. C CCAAA]
ATCCCAACCCCACAACCACCAAACCCAAAAGTTCAT GGTGTATCCG"ATTAGT
TTACCTAGACGTAACTCTACTATTTCCTAGTCATTAGTTGATTAATCTAACCCCACCAAA
ACCAATACAAAATTAGTTAGTATGTATGCCATCTTACACTAACCAAATCGTTTGAAACTA

Y K I M C P K
ATTAATACAATACCTTCAAACTACAAACCCCCATACAGCTACAAGATCATGTGCCCCAAG
L L Q GV EKDIKI KA ATUETITITII KT FTITD
CTATTGCAGGGCGTTGAGAAAGACAAAAAGGCCACTGAAATTATCATTAAGTTTATCGAT

L P EDQYRULGNT K
TTGCCCGAAGATCAGTACCGTTTGGGTAACACAAAGGTATATGACTGACAATATATCTTA
AACATTCATTCACAAACTACATCATCTGCAC TG GTTTCC
CAGTCCGCTTAACTTGACTCAAGGCACCATCGAATTTCACAATTCGTCAGGGTTTGATTG
AGGTTTAGGCCAATCGGTAGATATTATCAAGACTCACTTCACACTTCTGCACACTTGCAC
AAGATATATAACTTCCGGTTCTGC TCATGACTTTTCCAGCTGCTAG
TACACAGCTTTAGTCAATGAT thAAGgGATTGggTGATCTGGAu L;ATA’TGACT

'ag

3 3

5
B

=3
0
-3
Q
3
>
-3
3
-3
-3
HE
3
-3
0
-3
G)
5
E

Q
<]
(=]
Q
Q
<]
.ai%‘
I#]
O
Q
5
P

C TCTC. TC TAATCCCAT CATCCGTA
ACTAAATAAATATATGTTTTG TA"GTGTGAGTTTATGTAC TTTLTGTTCTGTTCT
TGTTTGTACCATCCATCCCTC n"CTA"CCCAGT CAACCTGTCCAAAAGTGTTTTTGAA
GAACCGCTTAAGCAT\AGCI ll' AAATGAAAAAATGAATGAACCTACGCCGTC
TGAATGAGTTTCCCC! CTCCC AACAGTGTTGGTTCCGCTTAGTGCACGCGCTCT
TCAGTAGATGGAACC\ACAGAAATCTAACCTAETTTCTTTCCCCCCACCCAA&CCAAAAT

V F F R A GV L G QME E
CTCAATACGAAAAAAAAACAGGTGTTCTTCCGCGCCGGTGTCCTGGGTCAGATGGAGGAG
F R D ERL G K I MS WMOQA AW ARG Y
TTCCGTGATGAGCGTCTGGGCAAGATCATGTCCTGGATGCAGGCATGGGCCCGTGGTTAC
L S R K GF K KL QE QR UV AL KV V Q
CTGTCCCGTAAGGGCTTCAAGAAGCTCCAGGAACAGCGCGTCGCCCTCAAGGTTGTCCAG
R N L R K Y L Q L R T WP W Y KL W Q K
CGCAATCTGCGCAAGTACCTGCAGCTCCGTACCTGGCCCTGGTACAAACTGTGGCAGAAG

V K P L L N VS RIET DETIN-A
GTCAAGCCCCTCCTCAACG"CAGCCGCATCGAGGATGAGAAxuuubquGThlluuuuAG
AACG. AGAACGAGACC) TGGGTCTGGGGACTTAGTGGTCTTTGGTGATTCGATG
CGATGAA TngéCAG TTGCTGGTGGCAATCATTTGG"GACCGCAGCAE%%EGAT

CTGGGG TG
CGTGCAAGCAGCAATCAAATCCCCAACTCAATCTTATTTTAGCCAATGGTCAT
CGAAATEEKTGCGCTTAATTAAGP C P%ECTTéATAgC"GCAG

G AGGGA CC CCC
ATACGATCTGATTCCAATCGC”GGGCTAGCAAAAA AGACGCTGTCATAATCTTT"CGCW
CTTTCGGGCCAAATGTGGCTCTATGTGTGTGCCC CATTTCGCTGGAATCCA
ACAACTCTTCACCTCTCACATTTTCAT. CACCCAJACCA"CCCCCCATACGTACA”TGTh
TGTATTTGGGTATGAATATTTTTCG GTTATGACTTGTAGTCTTGGGATCTATTCTTG
GCCCTGCATATAGCTGGGGATTTTTTAAAGAGCCACAATTAGTTTGCCAATTAGCTTGC
AATTAAATAAT TGCCCGAGGA' “ACGTATAGTTCCGAT GAGT
TTTACCATGCATATGTACATCCATACGCACGATATTTCTAACCGATCTATATATACCTA.
GATGGTACACCTGCTGGTCCCGCCGCACAAG"GCACTTGATAGGCCCCATACCGACGCA
TATAGCATTATAGCAATGCCAGCAATTCGTGAATTATGATGGCTACCTCCTAACCAAGGC
GA”TAP FAF TGCCAAGTGGCAGCAGCTGC ATTTCGCTGCTCTGCTCTGCTCTGCTCT
GG GCTCGCATCGGGGCGTTTTTGCTAATTTT. AGTG
CA"TTGCAGCAGCCAL1LLAn11n1A1 GACCAGTCGCCG LbLbGTAAbbl A CAC
AAAAAATCG CTAAC CCAATCGATCTGAGC !AGAGCCACA“TAGCCAC
AGAGCATC"TGACTGGCATP lf AA GAATTCAAATTGAAATTGTATTGT.
ATTGTGAALAGCCCCTTTCC\AGHGAGTTTCACAT”TAATTAGGuGTTATTP
TAATCATCAACATGGCCGATGAAAAGAAAGCCAAGAAACGAAAAAGTCCACCG C
CACACCCAGTGCCACTGAGGAAGC AGCTCCAGCCG.AGC"GCTCCACCAGCAGHGAC"GC

AGAAGCTGCTCCTCAGCCCGAATCGACCGCCGTCGAACCACCACAAAATCCCCAGCCAGC
TGA LGAGCTCAGCTCCGGCAACAACCCTTCTAACCLATCAAATGCCTCTAATG\CTTACA
R L E E K A K K A E E L HA AE V K VR
GCGTCTGGAGGAGAAGGCCAAGAAGGCTGAGGAACTGCATGCCGCTGAAGTGAAGGTGCG
K E L E A L N A K UL L A EKTA AULTULTD s
CAAGGAGCTCGAGGCCCTCAACGCCAAGCTTTTGGCTGAGAAGACCGCTCTGCTGGACTC
L S G E K G AL Q D Y Q E R NAIKIULT A
CCTGTCCGGCGAGAAGGGTGCCCTGCAGGACTACCAGGAGCGCAACGCCAAGTTGACCGC
Q K N DL ENOQOUL
CCAGAAGAACGACCTCGAGAACCAGCTGCGCGTAAGTATCCCATTAATCCCATACACTAA
ATCCCATTTATGCGATGGCATAAATCCAAGTGCCACGAAAGCGGAAAACGCGAAATTGAT
CAGAGGCAATCGAGCATGAAAGTTGCTCGGCTATTTCTGGGCTCTGGCGCACTTGGCTAA
ATTTAGGAGTGACCCATCGCTAACTTACTCAGCCACTTAACACGCCCACACAATTTTGTT

D I Q ERLTOQEEUDA AR RNZGQTL
CAATTCCAATAGGATATCCAAGAGCGCCTGACTCAGGAGGAGGATGCCCGCAACCAGCTG
F 0 Q K K K ADOQETI S GULIKIKDTITED

FIG. 1—Continued
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TTCCAGCAGAAGAAGAAGGCCGATCAGGAGATCTCTGGCCTGAAGAAGGACATCGAGGAT
L EL NV Q KA E QD KA ATIKUDH GQTIR
CTGGAATTGAACGTCCAGAAGGCCGAGCAGGACAAGGCCACCAAGGATCACCAGATCCGC
N L N D E I A H QD EULTINIKILNIKE K
AACTTGAACGACGAGATCGCCCACCAGGATGAGCTCATCAACAAGTTGAACAAGGAGAAG
K M 0 GETNLGQI KTGEETLIOQAAE DK
AAGATGCAGGGAGAGACCAACCAGAAGACCGGTGAGGAGCTCCAGGCCGCCGAGGACAAG
I NH L N K V K AIKULELOQTTULDEL E D
ATCAACCACTTGAACAAGGTTAAGGCCAAGCTCGAGCAGACCCTCGATGAACTGGAGGAT
S L E RE K K VR G DV EIK S5 KR K V E
TCGCTGGAGCGCGAGAAGAAGGTGCGCGGCGATGTTGAGAAGTCCAAGCGCAAGGTTGAG
G DL KL T QE AUV A DIULUEIZRNIKIKEL
GGCGACCTCAAGCTCACCCAGGAGGCTGTTGCCGATCTGGAGCGCAACAAGAAGGAGCTC
E Q T I OQRKDKEUL S s I T AU KTULED
GAGCAGACCATCCAGCGCAAGGACAAGGAGCTGTCCTCCATCACCGCCAAGCTCGAGGAC
E Q VV VL KHOQRUOQTII KETLUGQA ATRTIE
GAGCAGGTCGTTGTTCTGAAGCACCAGCGCCAGATCAAGGAACTGCAGGCCCGCATCGAG
E L E E E V E A EROQOQARAI KA AEIK QR
GAGCTCGAGGAAGAGGTCGAGGCTGAGCGCCAGGCCCGCGCCAAGGCTGAGAAGCAGCGC
A DL ARYETLEETLTGEI RILEEA AGTGA
GCCGATCTGGCCCGCGAACTCGAGGAATTGGGCGAGCGTCTTGAGGAGGCTGGCGGTGCC
T S A Q I E L N K KREA AZEL S KL R R
ACCTCTGCCCAGATTGAGCTCAACAAGAAGCGTGAGGCTGAGT TGAGCAAACTGCGTCGC
DL EEANTIAOQHESTULANILIRIKIKH
GATCTTGAGGAGGCCAACATCCAGCACGAGTCCACCCTGGCTAACCTGCGCAAGAAGCAC
N DAV AEMAEUGQVDOQULNI KL K A(K)

AACGATGCCGTCGCCGAGATGGCCGAGCAGGTTGATCAGCTCAACAAGCTGAAGGCTAAG
TAAGTATTGCGAATATTATTAGACTTCTGGCTAGCTTTTTCAGGTGCCAACGCTATCGAG
ATAGAGAGATCTTGAAGGATCTACAGTTTACAGTCTTCTTTCGAAGAGCTTTGGTTGCCG

A E H
AACCCAACATAATAGATATTTTGCTCTTTTTTACCCATTTGCTAATCCAGGGCTGAACAC
DRQTOCHNETLNUOTRTA ATCGCDOQUL G
GATCGCCAGACTTGCCACAACGAGCTGAATCAGACTCGTACCGCCTGCGATCAGCTGGGT

R D K

CGCGATAAFGTAATATGTCGTGATAACTGCCFCCCGAGCAGGACGTCCAGCGATTCATAC
ATATACAGATCCATACACTGAACACAGCATG CCAACAAATAAAAAAAAAATG
ACCACACAACTACGTACAAACGAACTACG Q b1GTGTCCCTCTATCTCTCTCTCTCTCT
GTCTAATGAAATTGAAGGTTATTTGGAAAAAAGGTTCAACGCAAGGAAAGCAATTCTCTC
GCTTCTCGLCTCTGTATTTGTCTCTGTCTCTGTCTTTATCCCCCACAAAACATGAACTAA

A E K E
CCCGTGAAATACGAACCTCTGTGTCTCTATCTATCTGTCTAAACCAGGGCTGAGAAGGAG
K N E Y Y G QL NDULIRAGV D HTITN
AAGAACGAGTACTACGGCCAGTTGAACGATCTGCGCGCCGGTGTCGACCACATTACCAAC

E K

GAGAAGGTATTGAATTTGATCTCTACATATATTATTGCTCTCATCGCGATGCTGTAAATT
TATATGCTGAAAGTTCTAGTTTAGCCACGTCTACT CATCT [GTATAGTATCAACGTAG
TTGCAACGC\ACCACACCGAAACTCCAAAAGAAAATTTGA ATGTAAAAACTAAAACGA
CCCACCACCACTAAAGTAATATCCAAGCTTGATCTACTAAACCCCAAATGCCTTGTACAG

CCACTTGAC\CGAAACCAAAATGCCACACTTACAATCAATTATGAATbTTCCCAATCCCC

A A Q E K I
ATCGTGAAACTAATGAACATCCATTGCTTGAATCACTAATAGGCTGCCCAGGAGAAGATC
A K QL QHTULNEUVOQ S KLDETNR
GCCAAGCAGCTGCAGCACACCCTCAACGAGGTGCAGTCGAAACTGGATGAGACCAACAGG
T L NDF D A S K K K L s I EN S DL L
ACTCTGAACGACTTCGATGCCAGCAAGAAGAAGCTGTCCATTGAGAACTCCGATCTGCTC
R Q¢ L E EAE S Q Vs QL S K I K I s L
CGCCAGCTGGAGGAGGCCGAGTCCCAGGTGTCTCAGCTGTCCAAGATCAAGATCTCTCTG
T T Q L E D T K R L A DEE S REIRA AT
ACCACCCAGTTGGAGGACACCAAGCGTCTGGCCGACGAGGAGTCGCGCGAGCGTGCCACC
L L G K F R NTLEUHUDTULUDNTULIRE Q V E
CTTTTGGGCAAGTTCCGCAACTTGGAGCACGACCTGGACAATCTGCGCGAGCAGGTTGAG
E E A E G K ADULUO QRO QL S KANAE A
GAGGAGGCTGAGGGCAAGGCCGATCTGCAGCGCCAGCTGAGCAAGGCCAACGCTGAGGCC

V W R S K Y E S DGV AR S EE L E E
CAGGTGTGGCGCAGCAAGTACGAGTCCGATGGCGTTGCCCGCTCTGAGGAGCTGGAGGAA
A K R KL OQAURULAEA AEETTIES LN
GCCAAGAGGAAGCTGCAGGCCCGTTTGGCCGAGGCCGAGGAGACCATCGAGTCCCTCAAC
Q K ¢ I 6L E KT XK QRUL s TE V E DL
CAGAAGTGCATTGGCCTGGAGAAGACCAAGCAGCGTCTGTCCACCGAGGTGGAGGATCTG

L E VDR AN ATIA ANA AR AEIKIKOQIK A

CAGCTGGAGGTCGACCGTGCCAACGCCATTGCCAACGCTGCCGAGAAGAAGCAGAAGGCC
F D K I I G E W KL K VD DULA AA AETLD

TTCGACAAGATCATCGGCGAGTGGAAGCTCAAGGTCGACGATCTGGCTGCTGAGCTGGAT
A S Q K E C R N Y s T EULVF R L K G A Y

GCCTCCCAGAAGGAGTGCCGCAACTACTCCACCGAGCTGTTCCGTCTTAAGGGCGCCTAC
E E G Q E Q L E AV RIRENIKNTLATDE
GAGGAGGGCCAGGAGCAGTTGGAGGCTGTGCGTCGTGAGAACAAGAACCTGGCCGATGAG
V K DL L D Q I G E G G RN IHETIE K
GTCAAGGATCTGCTCGACCAGATCGGTGAGGGTGGCCGCAACATCCATGAGATCGAGAAG
A R KR LEAEKDETLUGQA AN AULEE A E
GCCCGCAAGCGCCTGGAAGCCGAGAAGGACGAGCTCCAGGCTGCCCTCGAGGAGGCTGAG
A AL E Q E ENKVLRAQULETL s QV

FIG. 1—Continued
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GCCGCTCTTGAGCAGGAGGAGAACAAGGTGCTCCGCGCTCAGCTTGAGCTGTCCCAGGTG
R Q E I D R R I Q E K EEEVFENTR K
CGCCAGGAGATCGACCGCCGCATCCAGGAGAAGGAGGAGGAGTTCGAGAACACCCGCAAG
N HQ R AL D S MQA S LEAEAIKGK
AACCACCAGCGTGCCCTCGACTCCATGCAGGCTTCCCTCGAAGCCGAGGCCAAGGGCAAG
A E A L R M KKK KULEA ADTINETLETIA
GCTGAGGCCCTGCGCATGAAGAAGAAGCTGGAGGCTGACATCAACGAGCTTGAGATTGCT

L D H A N K
CTGGATCACGCCAACAAGGTAGGTTCAACCACTGATGCCTAGTCACACCGAGATGACTAA
A N A EAQ K NVNTIIKRY
CCTTAATTCTTATCCTTTACTTTAGGCTAACGCCGAGGCCCAGAAGAACATCAAGCGTTA
Q Q L K DI QT AULEEEU QR ATRDD
CCAGCAGCAGCTGAAGGACATCCAGACTGCCCTCGAGGAGGAGCAGCGCGCCCGCGACGA
A R E QL G I S ERIRANA AL GQNTETLE
TGCCCGCGAACAGCTGGGTATCTCCGAGCGTCGTGCAAACGCCCTCCAGAACGAACTGGA
E Ss R T L L E Q A DR GURIROQAE Q E L
GGAGTCTCGCACTCTGCTGGAACAGGCCGACCGTGGCCGTCGCCAGGCCGAACAGGAGCT
A DA HE OQTLNEV S A QN ASTI S A A
GGCCGATGCCCACGAGCAGCTGAACGAAGTGTCCGCCCAGAACGCCTCCATCTCCGCTGC
K R K L E s E L Q T L H S DL DETLTULN
CAAGAGGAAGCTGGAGTCCGAGCTGCAGACCCTGCACTCCGACCTGGACGAACTCCTGAA
E A K N S E E K A K KA MV DA AIRL A
CGAAGCCAAGAACTCCGAGGAGAAGGCCAAGAAGGCTATGGTCGATGCCGCCCGCCTGGC
D EL R AE QD HAUOQOTGQEIKIULR RIKA AL
CGATGAGCTCCGCGCTGAGCAGGATCATGCCCAGACCCAGGAGAAATTGAGGAAGGCCCT
E Q Q I K E L Q VRULDEA AEA AN AL K
CGAGCAGCAGATCAAGGAGCTGCAGGTCCGTCTGGACGAGGCTGAGGCCAACGCCCTCAA
G G K KA I Q KL EOQRVURETLTENTETL
GGGAGGCAAGAAGGCCATTCAGAAGCTTGAGCAGCGCGTCCGCGAGCTCGAGAACGAGCT
D GE QRRHADA AUOQI KNI LRI KSERR
GGATGGTGAGCAGAGGAGGCACGCCGATGCCCAGAAGAACCTGCGCAAGTCCGAGCGTCG
V K E L S F 0 s E E DR KNUHEIRMMZ©GQD
CGTCAAGGAGCTGAGCTTCCAGTCCGAGGAGGACCGCAAGAACCACGAGCGCATGCAGGA
L VvV D KL Q Q K I KT Y KR OQTIEE A E
TCTGGTCGACAAGCTGCAACAGAAGATCAAGACATACAAGAGGCAGATCGAGGAGGCTGA
E I A A L NL A KV FURIKAOQOQETLEE A
GGAAATCGCCGCCCTCAACTTGGCCAAATTCCGCAAGGCTCAGCAGGAGCTTGAGGAGGC
E E R A DU L AEQATI S K FRAI KGR A
CGAGGAGCGCGCCGATCTGGCCGAGCAGGCCATCAGCAAATTCCGCGCCAAGGGACGTGC

G S V G R G A S P A

CGGTTCTGTCGGTCGTGGTGCCAGCCCAGCGGTAAGTTATTGAACAATGGCATCAAATGC

CTTCATCATCACTACCCTTTAGCCCTTAAGAC CCACAATGACCTTACCCLCTCAGAGAA
AAAAGTAAATATGAAAGCCCATTTGAACTTCTCTCAATCGAACACTTCTGAGCCTTCATT
TTGCTGCATCAGCGCCATCTCCATTCACGTTATTTCTGGATCAGTTATTGAATAATGTGT

ATATTCTTCCCTTTCATATTGCTCGCGTATGCTCTGCTTCCACTTACGAAAACAGATCTA
AGCCTGAGGCATCACCATCGAATAAAAAATCTATATAGCGATCCAATTATGGTTCATTTA
CGATAATGAGAGAACAAAAACCATGCAAAGAGAATTATAGCTTATAAGAATTATTATAAA
ATAAATACTAATAACAATAATATAGATGCATCACATGACATTCGCTAGCAGACAAAAATG
TATAAATTAGAGGCCACCCCAATCAAAAATCAATGGATCAATTCATCGAATACCAACCAA
GAATGCGTTCATTTTGACAGAAAACCAGACAAAAAGCCAAAAAAATATTGCAAATAAAAA
AGCAAGCAACCAACGCAGCACCAGGCTAAATCAATCGAAATGCTTTCTTTACCACTATTT
ACAAAAAAGAGAAAAAACAATACTATTCTTCCACTATATTATTATAAACTGTATTTGTAC

ATGTGTACTGCAGCCGACAGCGTCAAAGGGCCGCAAGAGCGCGCTGCTGGAGCAGTAGAA

|

ACT T TG AAACAT 1TG T ARG TCGACETCTTCOTECACGTCTTGACCCGTTCTTCTTGT
GTCGGAACTCATCCCTCCCACTCCCCCACACGCACACCACTEAGTCARTCAACCECAGCT
CATCTAGT TG TCTCEC TCACTCGT TCET TETCETTGCTCATAGTATCCGTATCETCTCGC
TGTCGTACTCGTC AAGCGTTCTCGCTCCAC"CTCATTCGA ACA \CACTCTATC
TCTCGCTCGAAGAGCATTTACGTACC TCAGTTACCGTTCTT CACTCGCTGG
CRC TR ARAAC GG TC ARG TS TAGTCGT ACTOR T TATCOT TOT ATCOCE TECAGT
CGATCCAACATGECGACTTGTCCCATCCCCGGCATGTTTARATATACTAAT TATTCTTGA
P RATS VR P
ACTAATTTTAATCAACCGATTTATCTCTCTTCCGCAGCCCCGTGCGACGTCCGTTAGGCC
Q FDGLA ATFTPTPTRTEFT DTLA ATPENTEF *

ACAATTCGACGGATTGGCCTTCCCACCAAGATTCGACCTTGCTCCTGAAAACGAATTCTA

AATGCCATTTCATTTTTTAATTTATTTTAAATGATATTTCATAATGATTATGTTTATGAT
TTTAATTTAATTTCTTAATTTAAAAACAAAATAATAAAACTATAACAAAATAAATATCGA
AAACGACGGGAGGCAAACCACCAACAACGCCAGATGCACTTAGGCAAAAAAATAAAATCA

TATAACAACAATCGATCACCATCGATTAGCATACATAATACATAAGTGATCAGTAACAGG
FIG. 1—Continued
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CTATTGTGTAAGCGCGACATTTGCCATGGGGACACTGCTCGCTGAACCTGTATTTGTATT

TGTATTTATATATTTTTATACAACTTTCGAAATGCATTCAACCAACTAACTATGAAAGAA

CCATCGACTCTCAACCGAACAACATGAGAATAATCGCGAAACGTGAGCCCCGTCAAAATG 21625

AAGGCCCCGCGGAGGTGTCCGCGGTAAATGTCGCCCGCAGTTCGAATATTTTGCTCTATA

TGTACTCCCAATATTGTTTGTCATGCAGACCAGACAAGACTTACGGACGACACGAGCTAC

ACACTGCGCTTATGTTTATGTTTAACTCTGACTCTATCTAACAATGATAGGGAGATAAGA 21805

TCATCACTTGACACTAAATGAAAAGTATACAAAAAAGGAACAAAATAAATGTAAATCAAT

TTAACAAATGTGTATTA
TTTACTGGCCATACGTGTTAAGAAA
ATA TTATTTAL
AGGAGCCC"GG ATT GCGCAA
bTGGT"GCACTCGCGGAGATGA

3

11uLGTGATCAAATCATTCGACTGGGACATATTCATTCATA
TTGTCACAGGTCTTT

LACTTAAGCC%gég CAAATT
CCTTGAACTCATCGAGAGTCTGGTAAAGCACCGG 2
ATAGAGGGCGGGCAGGAGGCCATGATCCAGGTCGGGAAGAG 2

TAATAAGATGTTG 21985
AAGTCCT\C"TTCCCGCCC
GCTTGTGCTGGCCAATCATGTGCAC

2165
2208

FIG. 1—Continued

cD302, were recovered from a late-pupal lambda gt10 cDNA
library constructed in our laboratory. A complete DNA
sequence analysis indicated that cD301 contains 5,940 nt and
spans MHC exons 2 to 19. The nucleotide sequence of cD301
matched exon sequences in the Drosophila MHC gene
except for three nucleotides, at positions 17833, 18205, and
18481 (Fig. 1). All three differences were in the third nucle-
otide of a codon and did not change the encoded amino acid.
c¢D302 spans exons 4 to 19, and representative regions were
sequenced. Figure 2 displays a comparison of ¢D301-en-
coded amino acid sequence with two other complete se-
quences of muscle MHC: Caenorhabditis elegans body wall
isoform of MHC (33) and rat embryonic skeletal isoform of
MHC (65). cD301 contains all exons required for a structur-
ally complete MHC protein. Interspecies comparison of the
MHC head (S1) and tail (S2 plus light meromyosin) showed
the high degree of homology that this Drosophila MHC
shares with the MHCs of these distantly related organisms.
Percent identity of cD301-encoded amino acids with nema-
tode body wall MHC was as follows: S1, 60%: S2, 53%: and
light meromyosin, 58%. Comparison with rat embryonic
MHC yielded the following values: S1. 53%: S2, 49%: and
light meromyosin, 58%.

The exons encoded by ¢cD301 were used as test sequences
in a computer homology analysis to search for the presence
of exon duplications in the Drosophila MHC gene. This
analysis revealed an extraordinary complexity of intragenic
tandem duplications of exons 3, 7. 9, 11, and 15 in the
Drosophila MHC gene. Putative MHC intron sequences
were compared in all translation reading frames with the
open reading frames of all exons in ¢cD301, using the FASTP
amino acid sequence homology program (39). Sequences
detected at the amino acid level as related exons were
further confirmed as exons by the identification of flanking
consensus intron-exon splice junction donor and acceptor
sequences (7). Computer comparisons involved the sequen-
tial removal of homologous exon sequences from the intron
sequence, followed by repeated comparison with the ¢D301
exon test sequence. All newly discovered putative exons
were also used as exon test sequences against the remaining
intron sequence. Exon 15b was discovered by computer-
assisted comparison with the second MHC c¢cDNA clone.
cD302, and not by homology with exon 15a, which is highly
divergent. The complete structures of the MHC gene and the
two alternatively spliced cDNA clones are illustrated in Fig.
3.

The duplicated exons in the MHC gene were found to be
alternatively spliced in a mutually exclusive manner. In

c¢D301 and cD302 cDNA clones, only one form of each
duplicated exon was present and was flanked by common
exons. The inclusion of only one exon from each set by
alternative splicing produced an MHC protein structure
predicted from other MHCs. Furthermore, exon sets 7, 11,
and 15 had split codons at their 5’ splice junctions. Combi-
natorial splicing of these exons, resulting in more than one
version of a particular exon per mRNA, would produce
aberrant MHCs with altered translational reading frames.
c¢D301 and c¢D302 illustrate two different combinations of
MHC alternative splicing. They shared exon 9b and exclu-
sion of exon 18, but alternatives for exons 7, 11, and 15 were
different. Exon 18 is differentially spliced by selective inclu-
sion or exclusion in pre-mRNA (5, 60) rather than by
mutually exclusive exon choice that we report here for
alternative exons 3. 7.9, 11, and 15. Thus, Drosophila MHC
gene expression is accomplished by two distinct modes of
differential RNA splicing.

We compared the MHC intron sequences and found no
obvious sequence correlations in introns flanking alterna-
tively spliced exons that we know are spliced together by
their presence in the same ¢cDNA clone. All introns had
consensus dinucleotide borders except those downstream of
alternative exons 1la, 11b, 1lc, and 1le, which had a GC
dinucleotide at the 5’ donor site rather than the consensus
GT. A donor site GC dinucleotide at the 5’ donor site is also
present in the alternatively spliced aA-crystallin gene (35)
and in an a-globin gene (17). MHC intron sequences imme-
diately upstream of the 3’ splice acceptor of exons 3a, 3b, 4,
7b, 7c. 9b. 11c, 12. and 16 were purine rich, as previously
reported for the region preceding the 3’ splice acceptor of the
differentially spliced exon 18 (5), rather than similar to the
consensus pyrimidine-rich sequence (52).

We compared exon borders of the Drosophila MHC gene
with those of other muscle MHC genes to determine whether
the alternative exons and the exons of other MHC genes are
ancestral or whether these alternative exons are unique to
the Drosophila gene. Conserved exon borders in Droso-
phila. nematode body wall (33), and rat embryonic skeletal
(65) MHC genes are demarcated by lines drawn between
exon borders in Fig. 4. This comparison illustrates the
conservation of exon borders in the MHC head and the lack
of conservation of exon borders in the MHC tail, which
begins in Drosophila exon 12. The Drosophila MHC tail
shares a single intron location with the rat gene and follows
alternatively spliced exon 15a/15b. The nematode and
Drosophila genes share few exon borders, but those that are
shared are in the head region. Drosophila exons 3a and 3b
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IKELQVRLDEAEANAL KKAIQKLEQRVRELENELDGE RRHADAQKNLRKSERRVKELSF SEEDRKNHERM DLVDKLQOKIKTYKRQIEEA
88LKEIQVR DEAEAAAL VIAKLEQRVRELESELDGEQRRFODANKNLGRADRRVRE LQFQVDEDKKNFERLQDLIDKLQOKLKTOKKQVEEA
LEQTVKDLQHRLDEAEQLAL KKQIQKLE RIRELEFELEGEQKRNTESVKGLRKYERRVKELTYQSEEDRKNVLRLODLVDKLQVKVKS YKRQAEEA

EXON 18
EEIAALNLAKFRKA QELEEAEERADLAE AISKFRAKGRA-GSVGRGASP APRATSVRPQFDGLAFPPRFDLAPENEF
EELANLNLOKYKQLTH LEDAEERAD AENSLSKMRSKSRASASVAPGLQSSASAAVIRSPSRARASDF
DEQANVHL KFRKAQH LEEAEERAD IAESQVNKLRAKTRDFTSSRMVVHESEE

. MHC amino acid sequence comparisons between organisms and Drosophila alternative exons. The encoded amino acid sequence

of one Drosophila isoform. ¢D301. is compared with those of nematode body wall MHC (33) and rat embryonic skeletal MHC (65) sequences.
The ¢D301 cDNA does not contain the N-terminal 10 residues (in lowercase). The sequences are aligned and gaps are introduced in order to
maximize identity of residues. Drosophila alternative exons not encoded by ¢D301 are aligned above the ¢cD301 sequence and labeled. Note
that ¢D301 contains alternative exons 3b. 7d, 9b. 11b. and 15a. Boldface characters highlight amino acid differences between Drosophila
alternative exons. Residues in boldface differ from any other Drosophila residue at that position. Symbols: ¥, exon border; @, 28-residue
repeat characteristic of MHC coiled-coil tail sequences. The conserved locations and identities of the skip residues between the 28-residue
repeats (44) are boxed.

and rat exon 4 also share approximate borders with nema- exon 11, including a 2-nt split codon at the 5’ border.
tode exon 3. Nematode exon 3 has two additional amino Alternative exons 9a/9b/9c share a precise 3’ border with
acids at the 5' border, but the 3’ border is precise. All four nematode exon S and both borders with rat exon 15. Alter-
forms of alternative exon 7 share precise borders with rat native exons 1la/llb/11¢/11d/11e and rat exon 20 share
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FIG. 3. Diagram of Drosophila muscle MHC gene structure and two alternatively spliced cDNAs. (A) Symbols: ——, intron sequences:

O, common exons; M, mutually exclusive alternative exons; | , polyadenylation sites within and at the 3’ end of common exon 19 (5, 60).
Exon 18 is striped to distinguish it as a differentially included exon. Exons and introns are drawn to the same scale. Protein domain landmarks
determined from MHC amino acid sequence comparison are indicated relative to the encoding exon(s) and are discussed in the text. If a
protein domain is encoded by more than one exon. then all exons are indicated: if a protein domain is encoded by a duplicated exon, then
all versions of the exon are indicated. Head-tail junction refers to the conserved proline near that junction which is residue 836 in Drosophila
MHC. ATG, Initiator codon; TAA. termination codon. (B) cDNA structures illustrated by the symbols described above. The clones represent
two different MHC mRNAs generated by alternative splicing. Note that both mRNAs exclude exon 18. Both cDNAs were isolated from a
lambda gt10 library generated from polyadenylated late-pupal RNA. ¢D301 extends to MHC codon 11 in exon 2, and ¢D302 extends to MHC
exon 4. Both clones contain 3’ nontranslated sequence but no poly(A) tail sequence. MLC. Myosin light chain.

precise borders, including a 1-nt split codon at the 5’ border.
In contrast to the alternative exons in the head, alternative
exons 15a and 15b in the tail share only the 3’ border with rat
exon 27. Alternative exon borders are also precisely con-
served with those of a chicken embryonic MHC gene (51).
This conservation of the boundaries of the alternative exons
of the Drosophila MHC gene with those of the exons of other
MHC genes reveals that these exons are ancient and were
probably established before the split of the invertebrate and
vertebrate lineages.

The alternative exons encode functional MHC domains. The
protein sequences encoded by the Drosophila alternative
exons and common exons were compared with the putative
functional domains of MHC, as ascribed to sequences of
MHC:s of other organisms (Fig. 3).

Alternative exons 3a/3b encode amino acids 68 to 115.

12

*
.
78 9

which are part of a conserved hydrophobic region neighbor-
ing the ATP-binding domain (72). The C-terminal 32 codons
of alternative exons 3a/3b encode a conserved hydrophobic
pocket sequence required for MHC function (16). The re-
mainder of this hydrophobic pocket extends through residue
128 into common exon 4. Thus, alternative exon 3 overlaps
but does not include the entire hydrophobic pocket domain.
Most divergent sequences in exons 3a and 3b lie in a stretch
of 11 amino acids N terminal to this hydrophobic domain.
Common exon 4 encodes the entire, highly conserved ATP-
binding domain (67), followed by the highly divergent pro-
teolytic digestion site that defines the 25- to 50-kilodalton
(kDa) junction within the MHC head.

The 50-kDa fragment contains two regions of remarkable
sequence conservation. A function for these conserved
regions has not been determined, but their degree of evolu-

| 23 25 27 29 31 33 35 3739 4l RAT
00000 C)p 00000 000 O00,0 EMBRYONIC
SKELETAL
. I;] ';] DROSOPHILA

1=l

13 14 15al5b !

NEMATODE
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FIG. 4. Comparison of three MHC gene structures. Conserved exon borders between three MHC genes are indicated by connecting lines:
——, common exons in D. melanogaster: — ——. exons that are alternatively spliced in D. melanogaster. Genes are drawn to scale as for Fig.
3 except that introns are spaces rather than lines. . The only intron position that is conserved between the rat embryonic gene and the
nematode body wall gene but not in the Drosophila gene. Exons are numbered below the diagram for the Drosophila and nematode genes and

above the diagram for the rat gene.
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tionary conservation and unusual amino acid composition
suggest that they have important functions (72). The N-
terminal conserved region is encoded by common exons 4. 5.
and 6 at residues 225 through 270. In contrast, the C-terminal
conserved region begins in common exon 8 and crosses the
N-terminal border of alternative exons 9a/9b/9c. This con-
served region includes residues 455 through 510, and alter-
native exons 9a/9b/9c encode the C-terminal 43 residues. As
with alternative exons 3a/3b, alternative exons 9a/9b/9c
extend beyond the highly conserved region. A poorly con-
served region, encoded by alternative exons 7a/7b/7c/7d and
common exon 8, lies between the two highly conserved
sequence regions. Like the conserved regions. this region
has not been assigned a function.

Common exon 10 encodes the remainder of the 50-kDa
domain and a region of divergent sequence at the 50- to
20-kDa junction, followed by two regions of high sequence
conservation. The conserved primary actin-binding site (66)
and reactive thiols SH2 and SH1 (74) are near the C terminus
of common exon 10, and a likely secondary actin-binding site
is encoded by alternative exons 1la/11b/11c/11d/11e (49).
Binding of both myosin light chains has been demonstrated
in sequences encoded by common exon 12, near the swivel
or neck region of the MHC head (49).

The MHC tail is composed almost exclusively of common
exons. However, alternative exons 15a/15b and differentially
included exon 18 encode the only two regions of the tail that
deviate from the repeating coiled-coil inflexible rod structure
(44). Alternative exons 15a/15b encode 26 residues of the S2
hinge, at residues 1215 through 1240. The entire S2 hinge
region includes residues 1125 through 1276. Thus. only an
internal segment of the entire S2 hinge structural domain is
encoded by the alternative exons 15a/15b. The sequence
encoded by the alternative exons is the major helix-breaking
sequence of the hinge, as revealed by computer-assisted
secondary-structure predictions (24). The C-terminal non-
coiled tailpiece is encoded by the last two residues of
common exon 17 and differentially included exon 18 or
common exon 19. Thus, alternative exon 18 encodes part of
the noncoiled tailpiece by substituting a 3-residue form for
the exon 19-encoded 29-residue form (5. 60).

This sequence analysis, therefore, shows that alternative
exons of the Drosophila MHC gene encode sequences close
to or within regions thought to have important enzymatic or
structural functions, consistent with the view that these
alternative exons have functional significance. Putative func-
tional domains and regions of exceptional sequence conser-
vation, however, are most often distributed in both alterna-
tive and common exons, and in some cases the boundaries of
the alternative exons only partially overlap or include such
domains.

Accumulation of the alternative exons in specific mRNAs.
Alternatively spliced exon expression in MHC transcripts
was assayed during the larval and pupal stages of muscle
synthesis. Larval muscle types are synthesized at the late
embryo and early larval stages, and adult muscle types are
synthesized at the late pupal stage. To assay the stage
specificity of expression of each alternatively spliced exon,
exon-specific probes were either synthesized or isolated
from regions of exon nucleotide sequence that are more than
30% divergent and do not cross-hybridize with related exons
in genomic DNA. Synthetic oligonucleotide probes were
used under appropriate conditions to prevent annealing of all
but perfectly matched sequences (71). These probes were
hybridized to Northern blots of larval and late-pupal RNAs
to assay expression of alternative exons in MHC transcripts.
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These Northern blots also allowed us to assay the coexpres-
sion of specific exon sequences in transcripts that include the
thorax-specific, differentially spliced exon 18 in pupae. Exon
18 accumulates only in late-pupal and adult MHC mRNAs,
which are represented by three MHC mRNA size classes of
6.1, 6.6, and 7.1 kilobases (kb) (59). Exon 18 is expressed
only in the thoraxes of late pupae and adults (5), in the 6.6-
and 7.1-kb size classes of MHC mRNAs. These two size
classes differ only in their 3’ ends because of selection of
different polyadenylation sites (Fig. 3). In contrast, larvae
expressed 6.1- and 6.6-kb MHC mRNAs. neither of which
include exon 18. The late pupal 6.6-kb transcript that include
exon 18 used the upstream polyadenylation site, whereas the
larval 6.6-kb transcript uses the downstream polyadenyla-
tion site. These 6.6-kb transcripts could not be distinguished
by migration on Northern gels, but since the 7.1-kb thorax-
specific transcript has a distinct size, detection of hybridiza-
tion of exon probes to 7.1-kb transcripts provides a marker
for inclusion of this exon in transcripts containing the
thorax-specific exon 18. Those MHC mRNAs that do not
include exon 18 are also present in the thorax.

Figure § displays autoradiograms of Northern blots that
were hybridized under stringent conditions with exon-spe-
cific probes. Probes were generated either by end labeling
oligonucleotides or by uniformly labeling genomic restriction
fragments. Alternative exons 3a and 3b are present in
mRNAs from both larvae and late pupae (Fig. 5. row A).
Exon 3a hybridized only with the 6.1- and 6.6-kb MHC
mRNAs, whereas exon 3b hybridized with all MHC mRNA
size classes, including pupal 7.1-kb transcripts. Thus, exons
3a and 18 are not spliced into the same mRNA. Exon 3b, in
contrast, is present in mRNAs that either include or exclude
exon 18.

Figure 5, row B, shows developmental-stage specificity
and restriction of alternative splicing of the four alternative
forms of exon 7. Exons 7a and 7b hybridized with the 6.1-
and 6.6-kb mRNAs only. Thus, both exons 7a and 7b are not
present in mRNAs that contain exon 18 but are expressed in
both larval and late pupal RNAs. Exon 7b appears to be the
least abundant form of exon 7 at both larval and pupal
stages. Both 7¢ and 7d hybridized with 6.1-, 6.6- and 7.1-kb
MHC mRNAgs, indicating that they are expressed in mRNAs
that include and exclude exon 18. Exon 7c and 7d autorad-
iograms (Fig. 5. row B) represent sequential hybridization of
exon-specific probes to a single RNA blot. Exon 7d accu-
mulated almost exclusively in late-pupal RNA, whereas
exon 7c¢ was not stage specific. Exon 7d differed from exon
18, which was also pupal specific. because exon 7d was
present in all three MHC mRNA size classes, including the
6.1-kb mRNA, which was detectable upon fivefold-longer
exposure (data not shown).

Alternative exons 9a, 9b. and 9c were present in both
larval and pupal RNAs (Fig. 5, row C). The autoradiograms
represent sequential hybridization of exon-specific probes to
a single RNA blot. Exon 9¢c was the most abundant form at
both larval and pupal stages of muscle synthesis (the film
shown is a 10-fold-shorter exposure than those shown for
exons 9a and 9b). All three alternatives of exon 9 hybridized
with all size classes of MHC mRNA and therefore are
expressed in mRNAs that either include or exclude exon 18.

Expression of alternative exons 11a, 11b, 11c, and 11d was
found to be regulated (Fig. 5, row D). Exons 1la and 11d
probes hybridized with both larval and late-pupal RNAs and
with all three size classes of MHC mRNA. Exon llc, in
contrast, hybridized only with the 6.1- and 6.6-kb MHC
mRNAs and therefore is not present in 7.1-kb mRNAs that
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FIG. 5. Developmental accumulation and restriction of MHC S1 head alternative exons. In rows A to C, 2-ug samples of polyadenylated
RN As from first-instar larvae and late pupae were separated on a 12-cm-long formaldehyde-agarose gel and electroblotted to Zetabind: in row
D, 0.5-pg samples of the same RNAs were separated and blotted in the same manner except that the gel was 15 cm long. Blots in rows A,
B. and C were hybridized with exon-specific end-labeled oligonucleotide probes. High-stringency conditions were established by temperature
of hybridization as calculated from individual probe sequences (71, 78). Oligonucleotide probes were tested for cross-hybridization with
related exons by primer extension DNA sequence analysis of genomic DNA (data not shown). Blots in row D were hybridized with
random-primed exon-specific genomic restriction fragments under stringent conditions. The blots within each row were exposed to Kodak
XAR-S film with an intensifying screen for equivalent times except for row C. in which a 10-fold-shorter exposure of exon 9c is shown. RNA
sizes were determined by comparison with known RNAs. The 7.1-, 6.6-, and 6.1-kb bands correspond, respectively. to the 8.6-, 8.0-, and

7.2-kb bands of references S and 60.

include exon 18. Exon 11b was stage specific, accumulating
only in late-pupal RNA. Exon 11b was expressed predomi-
nantly in the 6.6- and 7.1-kb size classes of MHC mRNA, but
very weak expression could be detected in 6.1-kb RN A after
fivefold-longer exposure of the autoradiogram (data not
shown). Therefore, exon 11b expression is specific to the
late pupal stage of muscle synthesis and is predominant in
RNAs that also contain exon 18. Expression of exon 11e has
not been assayed, but conserved amino acid sequence and
splice junction placement suggest that it is a fifth alternative
exon 11.

Exons 15a and 15b are the only alternative exons within
the coiled-coil MHC tail. To assess their regulation, we
assayed both their stage specificity and anatomical distribu-
tion of expression. Figure 6 shows results of an S1 nuclease
protection assay of RNA isolated from developmentally
staged whole animals and dissected anatomical regions from
young adult flies. These results show that larval, total adult,
and adult abdominal RNAs included exons 15a and 15b. In
contrast, thorax RNA contained almost exclusively exon
15a, as seen as a single protected band of 326 nt. A faint
signal at 84 nt, indicative of use of exon 15b, was detectable
upon 10-fold-longer exposure (data not shown). Dissected
IFM RNA, which represents approximately 90% of total
thorax RNA, expressed only exon 15a. This abundance
relationship suggests that the small amount of exon 15b
detected in the whole thorax is contained in muscles other

than the IFM. In situ hybridization to young adult thoraxes
with exon-specific probes confirmed these results. Exon 15a
mRNA is present in IFM and jump muscles, and exon 15b
mRNA is present only in the direct flight muscle (G. Hast-
ings and C. P. Emerson, Jr., unpublished results). Absence
of protected fragments after yeast tRNA hybridization indi-
cates that the probe does not reanneal under our hybridiza-
tion conditions. Relative abundance levels of exons 15a and
15b can be compared in total animal RNAs because equal
amounts by weight of first- and third-instar-larval, late-
pupal, and young-adult RNAs were hybridized with probe.
Whereas expression of exons 15a and 15b is not specific to
developmental stage, 15b predominates in larval RNA and
15a predominates in adult RN A. Thus, while exon 15a is not
uniquely expressed in the IFM, it is the only form expressed
in IFM and the major form in the whole thorax. The results
of these studies of exon hybridization, therefore, show that
alternative exon expression in abundant MHC transcripts is
precisely regulated in stage specificity, in combination with
exon 18, and in muscle-type specificity. Exons 7d, 11b, and
18 are pupal specific. Exons 3a, 7a, 7b, and 1lc are not
present in transcripts containing the thorax-specific exon 18,
whereas exons 7d and 11b are predominantly expressed in
pupal RNAs including exon 18. Exons 15a and 15b are both
expressed in the thorax, but exon 15a is the exclusive form
expressed in the IFM.
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FIG. 6. S1 nuclease protection assay of exon 15 alternative
splicing. The probe was generated by 5’ end labeling a 326-nt
Xmnl-Sstl fragment of ¢D301. Probe (50.000 cpm) was hybridized
with each of the following total cellular RNAs: 35 pg of yeast tRNA,
35 ug of first-instar larva, 35 pg of third-instar larva. 35 ug of late
pupa, 35 pg of 2-day adult, 20 abdomens. 20 thoraxes. and 10
dissected IFM. Hybridization was at S0°C for 16 h. S1 nuclease-
protected fragments were separated on a denaturing 8% polyacryl-
amide gel. The gel was exposed to Kodak XAR-S film for 12 h with
an intensifying screen. Two S1 nuclease-protected fragments were
detected with this probe. The fragments are indicated on the right
and in the diagram showing their relationship to ¢D301. Lane M
(marker) is end-labeled Hinfl-digested pBR322 DNA.
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DISCUSSION

We have determined the complete exon-intron organiza-
tion of the single muscle MHC gene of D. melanogaster.
This MHC gene contains 4 sets of tandemly duplicated exons
coding for domains in the S1 head, 1 duplicated exon coding
for part of the S2 hinge in the coiled-coil tail, and 14 unique
exons. Exons were predicted by computer search of ge-
nomic DNA sequence, and their inclusion in mRNAs was
confirmed by Northern analysis. One alternatively spliced
exon is represented by as many as five tandemly duplicated
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exons that are alternatively spliced by a mutually exclusive
mechanism that selects only one of the exons in each set to
splice into mRNA. This conclusion is based on DNA se-
quence analysis of two cDNA clones as well as the presence
of split codons at the 5’ splice junction for three of the five
exon sets, precluding the generation of functional MHC
mRNAs by combinatorial splicing. RNA hybridization anal-
ysis using exon-specific probes determined that the expres-
sion of these alternatively spliced exons is developmentally
regulated, generating stage- and tissue-specific MHC mRNA
isoforms. Distinct MHC mRNAs are also generated by
differential inclusion of the penultimate exon 18 (5, 60).
Thus, two types of differential splicing occur in expression of
the MHC gene: mutually exclusive alternative splicing of
exons 3a/3b, 7a/7b/7c/7d, 9a/9b/9¢c, 11a/11b/11¢/11d/11e, and
15a/15b and the combinatorial (inclusion or exclusion) splic-
ing of exon 18.

The exons in each of the five alternatively spliced exon
sets share homologies of amino acid sequence, which sug-
gests that these exons arose by a process of intragenic exon
duplications. Furthermore, alternatively spliced exons in
each set have the same degree of divergence as their
homologous exons in very distantly related nematode and rat
MHUC proteins (Fig. 2), and alternatively spliced Drosophila
exons share exact borders with rat embryonic skeletal MHC
exons (Fig. 4). These findings indicate that the alternatively
spliced exons are ancient and likely were present as single or
duplicated exons in an ancestral MHC gene before the
divergence of vertebrates and insects. The evolutionary
maintenance of the protein-coding capacity of these appar-
ently ancient exons in D. melanogaster and their regulated
developmental expression suggest that these alternatively
spliced exons have been subject to selection for sequence-
specific protein functions.

If the Drosophila alternative exons share an ancestral
relationship with exons in nematode, chicken, and rat genes,
one would predict that duplicated and alternatively spliced
exons might exist in other MHC genes. For instance, the rat
embryonic skeletal MHC gene contains fragmented. appar-
ently nonfunctional copies of known exons (65). These exon
fragments correlate with both alternative and common
Drosophila exons, which suggests that some exon duplica-
tions of alternatively spliced exons may have occurred
before the separation of the vertebrate lineage. Continued
characterization of MHC c¢DNA clones from the different
muscle types of other organisms may reveal alternatively
spliced exons in other MHC genes. Comparison of Droso-
phila alternatively spliced exons with sequences of rat and
chicken MHC genes encoding the skeletal, cardiac, smooth,
and nonmuscle isoforms may reveal relationships between
individual alternatively spliced Drosophila exons and corre-
sponding MHC gene family members.

At this time, D. melanogaster is unique in that alternative
splicing of the 36B(2L) MHC gene, rather than a family of
MHC genes, generates a complexity of MHC isoforms. The
processes that have led to selection of an alternative RNA-
splicing mechanism for generation of MHC and other con-
tractile protein isoforms (20, 32) during Drosophila evolution
are of interest, and comparative studies of the structures of
muscle MHC genes in other insects and invertebrates may
be revealing in this regard. One speculation for the adaptive-
ness of alternative splicing as opposed to a multigene-family
mechanism for generating functional diversity of MHC pro-
teins is related to the sensitivity of myofilament assembly to
MHC gene dosage in the development of specialized muscles
such as the IFM (50). An alternative splicing mechanism
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allows for the generation of isoform diversity without per-
turbing the levels of protein expression. whereas gene du-
plications that lead to gene families alter dosage relation-
ships of expression until establishment of a complexity of
muscle-specific gene regulatory systems. This idea can be
tested in vertebrates and insects by experimentally changing
MHC expression levels transgenically.

Alternatively spliced MHC exons in the Drosophila MHC
gene can generate functionally divergent MHC isoforms that
may have important roles in the functional specialization of
different muscle types. This expectation is based on the
observation that these alternatively spliced exons encode
protein sequences in regions of putative functional and struc-
tural MHC domains (Fig. 3). The protein sequences of the
various alternative exon sets are related but. in most cases.
divergent. Furthermore. the protein sequences contributed by
alternatively spliced exon sets are embedded in larger MHC
domains or regions of sequence conservation, which suggests
that the specific sequence regions generated by these exons
have local significance within the context of the function of
the larger domain. These considerations assume that these
alternatively spliced exons in MHC mRNAs are translated
into MHC protein. A functional role of these exon sequences.
however, seems probable. since all of the alternative exons
are expressed as abundant, polyadenylated mRNAs. all have
open translation reading frames that encode related protein
sequences, and the amino acid changes in alternative exon
sequences are largely conservative. indicating that these
regions of sequence are structurally constrained.

The extraordinary complexity of the MHC gene exon
structure creates a potential for this single gene to produce
as many as 480 combinations of MHC isoforms. although as
few as five combinations are sufficient to include all alterna-
tive exons in transcripts. It seems unlikely that all potential
combinations are produced. a conclusion supported by our
finding that three of the five sets of alternative exons have at
least one version not present in mRNAs that include exon
18. Such restrictions favor the idea that the gene produces as
few as 10 MHC isoforms, a number similar to that of MHC
genes encoding mammalian MHC isoforms (76).

The complexity of Drosophila MHC isoforms expressed in
individual muscle types is of considerable interest from the
viewpoint of understanding MHC protein and isoform func-
tion in contractile activities of specialized muscles such as
the IFM. Other contractile proteins such as actin (23) and
myosin light chains (19) have isoforms expressed in muscles
such as the IFM, and these isoforms likely interact with
alternatively spliced exon domains of MHC. Drosophila
actins are encoded by a family of six genes (22). and the actin
gene at 88F is specifically expressed in the IFM (23). The
MHC region encoded by alternative exon 11 has been
tentatively defined as the secondary site of actin binding
(49). Actin 88F may interact with MHC isoforms that include
pupal-specific exon 11b, generating contractile properties
specific to the IFM. Exons 11a and 11d are also expressed in
the IFM and thus likely interact with actin 88F. The myosin
alkali light-chain gene produces an IFM-specific isoform by
regulated alternative splicing involving inclusion or exclu-
sion of the penultimate exon, resulting in substitution of the
C-terminal 12 amino acids (19). Both the alkali and the
regulatory myosin light chains appear to bind MHC in the
region encoded by common exon 12 (49). These binding
models do not take into account the three-dimensional
nature of the MHC head. so binding regions may actually be
quite different. Alternative exon 3 encodes part of a hydro-
phobic region near the ATP-binding site of the MHC head. A
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single amino acid change in this region results in nonfunc-
tional body wall muscle in C. elegans. indicating that the
hydrophobic region is required for MHC function (16). The
nonconservative amino acid differences in exon 3a and 3b
sequences may result in MHC isoforms with specific prop-
erties. Exon 3a is not found in MHC 7.1-kb mRNAs that
contain thorax-specific exon 18. This result suggests that
mRNAs which contain exon 3a may encode MHCs that are
specific to larval and adult intersegmental muscles rather
than to the IFM. The IFM contains only one of the two
forms of alternative exon 15, which encodes part of the S2
hinge. This flexible hinge region located within the rigid
helical tail has been proposed as the site of motive force
generation by helix-coil transitions (69. 70). Recent in vitro
assays of MHC movement along actin fibers show that the
S1 head alone is capable of movement and therefore can
contribute to the generation of motive force (68). However,
the hinge cannot be ruled out yet as a second site of force
generation (31). The precisely regulated. IFM-specific
expression of the alternatively spliced exon 15 strengthens
the argument that the S2 hinge plays an important role in
MHC function. Analysis of MHC isoform expression at the
single-fiber level. using exon-specific RNA and antibody
probes. will be necessary to define the cellular, subcellular.
and thick-filament localization (48) of the different alterna-
tively spliced exons in the various MHC protein isoforms in
different muscle types.

We have determined that alternative splicing generates
diversity in six separate regions of the multifunctional MHC
protein and. as discussed above, that these alternatively
spliced exons encode functionally significant enzymatic and
structural domains in muscle-specific MHC isoforms. These
alternatively spliced exons do not encode entire domains but
rather encode segments of domains. Therefore, these exons
may distinguish subregions within functional domains.
which may determine specific contractile properties of
MHC. D. melanogaster is an excellent organism for inves-
tigations of specific functions of such specific sequences in
MHC isoforms. The presence of a single muscle MHC gene
in the Drosophila genome makes feasible the use of both
genetic and molecular genetic analyses to examine MHC
function in vivo and in vitro. Since this single MHC gene,
through alternative exon splicing, encodes all muscle MHC
isoforms of the fly. genetic manipulations that affect specific
protein functions can be undertaken without the complica-
tions of coexpression and complementation by other MHC
genes in a multigene family. Alternative exons can be
substituted in vitro and then reintroduced into the fly by
P-mediated germ line transformation (61) to test function in
vivo. Biochemical analysis of purified MHC isoforms also
can be accomplished by expression of specific alternatively
spliced cDNA clones in vitro. Thus. the functional signifi-
cance of alternatively spliced MHC isoforms can be tested
both in vitro and in the whole fly.

Genetic analysis of MHC function is also possible, and
MHC gene mutations likely already exist with lesions that
cause isoform-specific defects in IFM-specific exon splicing
or protein function. The IFM has MHC requirements dis-
tinct from those of other muscle types (50). Two classes of
dominant flightless mutations map to the MHC locus. The
first class is dominant flightless and homozygous lethal. The
second class is dominant flightless but homozygous viable.
Several types of genetic lesions can account for these
IFM-specific phenotypes. including mutations in IFM-spe-
cific transcriptional control elements. in IFM-specific splic-
ing. or in amino acid sequences of alternative exons such as
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15a, which is the only form present in the MHC mRNA of
the IFM. The structure of the 36B MHC gene described
here, therefore, provides a basis for analysis of the structure
and expression of these IFM-specific MHC mutations.

The complex organization of the Drosophila muscle MHC
gene described here raises several questions concerning the
mechanisms involved in alternative splicing of MHC pre-
mRNAs. Our analysis of restricted alternative exon combi-
nations suggests that only a few regulated splice choices
occur, which implies that alternative splice choice must be
precise. This regulation includes selection of one exon in a
set of as many as five possible alternatives. These mecha-
nisms must involve cis-acting recognition sequences con-
tained within the primary transcript and trans-acting factors,
such as proteins and small nuclear RNAs, that recognize
these sequences or their resultant secondary structures and
either repress or direct splicing (see reference 63 for a recent
review). We have examined and have not found any se-
quence correlations at the nucleotide level between introns
flanking common versus alternative exons. We have also not
found any homologous sequence elements near the 5' and 3’
splice donors and acceptors of alternatively spliced exons
that our analysis suggests are coregulated. To date, the only
other example of a gene with more than two alternative
splice choices is Drosophila tropomyosin gene 1, exons 9A
through 9D (32). However, the splicing of these tropomyosin
gene exons differs from that of the MHC gene, since the
tropomyosin exon 9 is the most 3’ exon. The tropomyosin
gene alternative RNA splicing involves a single alternative
splice choice and differential utilization of polyadenylation
sites, whereas the alternatively spliced exons of MHC are
internal and thus alternative splice choices must be made at
both the 5’ and 3’ ends of each alternative exon. Molecular
genetic studies should reveal the mechanisms that regulate
the complex alternative splicing of MHC gene transcripts
and that coordinate the regulation of MHC splicing with
expression and splicing of transcripts expressed from other
muscle genes.

Transgenic experiments are now also possible to test
specific hypotheses concerning MHC domains and their
interactions in the diverse muscle types of the fly. Muscle-
specific transcription of alternatively spliced MHC c¢cDNA
clones or modified gene segments can now be achieved by
fusion with the 5’ end of the MHC gene, which directs
marker gene expression in all larval and adult muscle types
(E. L. George and C. P. Emerson, Jr., manuscript in
preparation). Further analysis of transcription by the MHC
gene 5' end may reveal separable muscle type-specific
transcriptional control elements, which will make expression
of alternatively spliced isoforms in individual muscle types
possible.
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