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ABSTRACT The total sequence of the Drosophila melano-
gaster gene encoding the myosin light chain dissociated by al-
kali (MLC-ALK) has been determined. By sequence compari-
sons with an MLC-ALK cDNA clone and by S1 nuclease analy-
ses, the pattern of introns and exons within the gene has been
deduced. There are multiple polyadenylylation signals that can
account for most of the observed heterogeneity in the lengths
of mRNAs. In the 3' half of the gene, there are two alternative
splicing patterns which result in mRNAs that translate to give
proteins with two alternative 14 amino acid carboxyl-terminal
sequences. There is developmental regulation of the selection
of the above splicing sites. One splicing pattern produces an
mRNA that translates into a protein used for both larval and
adult musculature, whereas the other splicing pattern is used
for the latter stage only.

Drosophila melanogaster is an excellent model system for
studies of the structure and function of gene products such
as myofibrillar proteins, because one may use both molecu-
lar and genetic approaches. To date a number of genes cod-
ing for the major myofibrillar proteins have been cloned and
characterized. The actin gene family comprises six genes,
which are dispersed in the genome (1-3); each gene exhibits
a unique tissue and temporal pattern of expression during
development (4). On the other hand, Drosophila has only
one gene encoding myosin heavy chain (MHC) (5, 6) and, as
reported by us previously (7), only one gene encoding the
myosin light chain that is dissociated by alkali (MLC-ALK).
A question of interest then is whether there is only one pro-
tein encoded by each gene, so that the several different mus-
cle tissues of the larva and the adult, which use slightly dif-
ferent actin proteins, all use the same MHC and MLC-ALK
proteins in their myofibrils.

In the present communication, we report that this is not
the case. We find that there is a developmental difference in
splicing patterns of the primary transcript of the MLC-ALK
gene, resulting in at least two slightly different polypeptides
encoded by and expressed by the single gene. A similar situ-
ation occurs for the MHC gene (C. Rozek, personal commu-
nication).

EXPERIMENTAL PROCEDURES
Isolation and S1 Nuclease Analysis of RNA. Total cellular

RNA was prepared by homogenizing developmentally staged
whole animals in 4 M guanidine thiocyanate/1 M 2-mercap-
toethanol/0.05 M NaOAc/0.001 M EDTA, pH 6.0, and
banding in cesium chloride (2, 8). Poly(A)+ RNA was select-
ed by oligo(dT)-cellulose (Collaborative Research, type T3)
chromatography as described (9). S1 nuclease mapping of
RNA transcripts was done essentially as described (6, 10).

Subcloning, Labeling, and Sequencing of DNA. HindIII/
EcoRI fragments from the MLC-ALK X clone dmpT102 (7)
were subcloned in pBR322 by standard methods (11). Addi-
tional subclones were generated from one of the resulting
plasmids, p102.6 (see Fig. 2), as follows: the insert was iso-
lated from an agarose gel, digested with BamHI and HindIII
or digested with either Sau3A1 or Taq I, and ligated into
BamHI/HindIII-digested M13mp8 and M13mp9 phage DNA
or ligated into BamHI- or Sal I-digested M13mp8 replicative
form DNA, respectively (11).
Preparation of nick-translated probes and hybridization of

[32P]DNA probes to filter-bound DNA were performed es-
sentially as described (12). Nick-translated probes were hy-
bridized at a concentration of 1 x 105 dpm/ml (108 dpm/,ug).
The sequencing strategy used is shown in Fig. 2C. The

sequence of nucleotides 1-1705 was determined according to
Maxam and Gilbert (13) with modifications (14). Nucleotides
1705-3551 were determined by dideoxy sequencing methods
of Sanger et al. (15). We had to use the chemical modifica-
tion techniques of Maxam and Gilbert to determine the se-
quence of nucleotides 1-1705 due to an inverted repeat from
nucleotides 1273-1285 and 1638-1650. Presumably, the indi-
rect repeat formed a stable hairpin that prevented the pro-
cession of the Klenow fragment ofDNA polymerase through
this region in the dideoxy sequencing reactions.

RESULTS

Nucleotide Sequence of the MLC-ALK Gene. Our previous
studies suggested that the primary transcript of the MLC-
ALK gene lay entirely within a segment of length 3.5 kilo-
bases (kb). There was heterogeneity in molecular length for
both the encoded mRNAs and proteins, and there was het-
erogeneity in isoelectric point for the latter (7). We have se-
quenced the entire 3.5-kb region, to investigate further the
structure and expression of the gene, as well as the nature of
the mRNA and protein heterogeneity.
The sequence of length 3552 base pairs is shown in Fig. 1;

all of the protein coding sequence was determined from se-
quencing both strands. Only the 5' sequence of 150 nucleo-
tides (nt) was determined from reading the sequence ofjust
one strand. We have previously reported the sequence of a
cDNA clone (denoted pcMLC.1-10) and interpreted it in
terms of a protein sequence (7). By comparing the cDNA
sequence with the genomic sequence, we have identified one
set of exons of the latter. This interpretation is shown in
Figs. 1 and 2. The comparison shows that the gene has a
minimum of five introns ranging in length from 59 to 986 nt.

Abbreviations: MHC, myosin heavy chain; MLC-ALK, myosin
light chain dissociated by alkali; kb, kilobase(s); nt, nucleotide(s).
tPresent address: Department of Genetics, 1735 Neil Avenue, Ohio
State University, Columbus, OH 43210.
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* * * * 0 0 0 0
tgatattcagcactggtccggctgggaatgccacaagcgattattattttgccttcacgaacgaaataaaaagaaatattcacagaatagccgaaaaaac 100

* 0 0 0 0 * 0 0 0

tcaaaatgcttataaatagc tcggctagagagcggacaacaaatggctctggctccataggagagcctcccaatatctggtggtcgttgggatccatggg 200
* 0 * 0 * * 0 0

atcccaaaagagagtggcattcgaaaaagttcccccaagatgaaagtaaattcttgccatcgcacatactacagcatatattttggtgtgtgtatagcct 300
* 0 * 0 0 0 0 0ctgcgcaggaaaagagcgagcgtttcgtcatccattcgtattcgtattcgtttttgaattcgttttcgaagctatagctgtaaatgtatctgtatctgtgt 400
* * * 0 0 0 0 0 0

ctggtgctcggcgatcggctggttggctttcacctcagaattaccttgccgtactgccactgacgaataacgttcagtcgagaccgAGCTCATCCGCGAT 500
ACAGTTGATTTTCGCATCAAACAGACAAAATGgtgagtgcccagtcggccaaggagtc t t cacacatc ttccaccaatatccagtgatatagatgtacat 600

* 0 0 0 0 0 0 0 0

aaatatatgcagcagctgaaaactgaagattttccacactcgaactaatgccaaactctCaaatcttt ttcgat tccgttgacagGTCGATGTTCCAAAG 700

CGTGAAGTTCAAAgtaagttaaaaccccgcacgaaaaggattatct ttaacctcaaacgaaatccatcaaagttaaaccaaataaaacatataaaatgaa 800
* 0 0 0 0 0 0 0 0

cgaggtaacggaaaacccagcagaaaggactaaaaacaagtatattaaaatatccataaaaatacagattacataatgtgcgcgtgtgagatacacaaca 900
00 0 0 0*0 0 0

aaaagtacacaaaagtcggtgaacatatttcgtaatcacttggaatatatcgcatacatatacgcatgcctatatatataacactatgcggaaaat tttc 1000

attaaggaatgctgtcgtctatatgcatcgcctgagctattttcatcgatcgaccatccaaaaccagaacggataaaggttgccaacacaattccggtag 1100
Is * * * * * *s*o

agaaaatctagtgcaaagttaagtttgatttgcgttatagaaaagccgcggaaaacaatgaaaatcgtgtgtgtatatgttgcgaacccgaacgcgcgat 1200

cctcgtcttcgagccgaaatgcttctcgtttagagatctaattt tggccaagttatttctttagatttattttcgatcaaacgacacagcgaagagatga 1300

gctaactatgcgactt tgtgtgttgatatacgcctatatactgtgtatatagcgcagacgagggcgaaggcgttcggttcgggtgtcggattacgtatac 1400

gtactgtgttctcggggctggcaactctcccagatccgcactcgcccagcagccatgtcaagat tttcatgatgaccaaaaatgtgcgtaccagaaattt 1500

cagggttaccacatcgaccccgttttcgaaaataaaaagggtggtcaacacccacctctgctaaagtattttttaaaacaattaatgaggcagcataata 1600

aaatgaaaciaataaaaacaaaaatttgatgggatttacgtttgatcgactaacatgaacatgaagatgtaaatgctaatcgagttccttttgcgcagAT 1700

GTCGAATTCGTTTTCGAAGTCATGGGCTCCCCCOGTGAGGGCATTGATGCCCTCGACCTAGGTGATGCCCTCCGCGCTCTGAACTTGAACCCCACCTTGG 1800

CGCTGATCGAGAAATTGGGCGGCACCAAGAAGCGCAACGAGAAGAAGATCAAGCTGGATGAGTTCCTGCCCATCTACTCACAGGTCAAGAAGGAGAAGGA 1900

GCACGGCTGCTACGAGGACTTCATTGAGTGCTTGAAGCTCTACGACAAGGAGGAGAACGGCACCATGCTGCTGGCTGAGCTGCACCACGCCCTGCTGGCG 2000

CTTGgtgagtaatcaacatgcatatatcctgggctatccctctaaatcattgtgtgccctatagGTGAGAGCTTGGATACACAGCAGGTGCAGACCCTGT 2100

TCGCTGACTGCATGGATCCCGAGGATGATGAAGGATTTATCCCCTACTCTC~taagtattcgttcaatggacgagcctcatctaatgttttttgtgcata 2200

tacgatttgtaaactcgctttgtctattcacatgtcactctcagtctgcgcaccaaaccaaaaaaatccccaccattctgcactgtgcactttgtaccac 2300

caactcgacctgaaaaacaccaacaaacccaaaaatatgtgtatgcgtgtatccatgtttgcgtgtccat tccttcaacactacactcgaaaaaaaaaaa 2400

ccgtccaactcccgaatgtcaaacgtatggtctctgcacggtgattgcgtct tgtttacccgccgt ttgtcgccgatccact tgaaattgaatgaaaaca 2500

gAGTTCGTCCACGCGCTCATGAGCCATCCTGTCCTCTTCGACTAA CAgtaagtagggatggagcccatggcacttcgccgatctctggatgtctacttg 2600
0 0 0 0 0 0 0 0 0

tccaacaaatttgggtaatcccttgctaatatggcccttttcttcgtctactccacagCATTCCTCGCCAGAATGTCTGACAGACCACATCAGCTAAAAT 2700

AGTTGAAAACAACAGCTTCAACAACAACCAACAAACAACAACAACAACAACACCAACAAACTTTTAGCGACAACCATTCTCCATAGATG'TTATATTCATC 2800

GCTAACTCTCTCTATCTCTCTCGTATATTATTTTAATTAAAAATTACTTCTGCTACTACAACTGCAAAATTGAACTTCAGATAATATTTTTTTTAAAA 2900

ATAAAAAAAITTTAAATTATAAAATAACGAAAACAAAAAAIACTGAAAA Atattcaaattttgtgcacattattttgttatgaattattttgttggttcag 3000

ccaaaagcaaagcaatagttaatgattatt ttatatgagacgtgaataaaccaaatagcaaataatataatgtt taggcaaattcaacatccgaaagcgt 3100

ccaaaaagggcagttagcaaaacgccaaatgtgtaaattgtgccttttagccttctcaatttaccaagtgaatgtgtgaaagtgaaataagtcaaatgta 3200

tttaaataaacactaagaataattgtgcggccgatgaggtgt tgcacaatcaatataaaagaagatcagggtggtggaaaaatttgggtattatgctata 3300

taggcaggccaatattaatacaagatgtggctgacttgtttaataaactaaaagtaatagagaaagtttaaaaatcttatactgcacattccaccaagaa 3400

atgtctaaatattttcgccgcagactgcaatacttcagctgagacgcaaaccaccgaacgagaagcaggCgaaagactaaaataccgtgtactaaaatgt 3500

ctttttcgctttttctcaacgagagagagctttcgaaatgtttgttaagctt

FIG. 1. Sequence of the MLC-ALK gene region. Exon sequences, identified by homology with the MLC-ALK cDNA clone pcMLC.1-10,
are uppercase, whereas all other sequences are lowercase. The * denotes the translation initiation codon and A denotes the translation termina-
tion codon. The "TATA box," exon-intron junctions, and polyadenylylation signals (A-A-T-A-A-A) are underlined.

Exon 2 (28 nt; designated E2) and exon 5 (47 nt; designated nt upstream of the origin of transcription are the sequences
E5) are particularly small. The first intron separates theini- T-A-T-A-A-A-T and A-T-A-T-A-T-T located around posi-
tiator AUG from the amino terminus of the encoded peptide, tion 115 and 276, respectively. Only the sequence located
whereas the most 3' intron is found 3 nt downstream from around position 276 has an additional sequence located 30 nt
the translation termination codon and is thus in the 3' un- downstream, C-G-C-A-G-G-A, which shows homology to
translated region of the gene. E3 contains 66% of the protein- other Drosophila transcription start sequences (14). The hy-
encoding sequences of this gene. Intron 3 interrupts the pro- pothesis that this is the transcription start is consistent with
tein-encoding gene region at the carboxyl terminus of helix F the observed mRNA lengths and the polyadenylylation sites
of the EF hand domain, the region of greatest homology to that have been identified, but it has not been confirmed by
the chicken MLC-ALK protein (7). experiment.
The cDNA sequence extends at its 5' end up to nucleotide The genomic sequence shows five possible polyadenylyla-

501 from the HindIII site. The structure of the transcripts tion signals (A-A-T-A-A-A) within or downstream of E6.
further upstream has not yet been determined. The best can- These are marked a, b, c, d, and e in Fig. 2B. S1 nuclease
didates for a Goldberg-Hogness box that would lie 20 to 30 analyses of the 3' ends of transcripts present in pupae show
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FIG. 2. Summary of MLC-ALK gene structure. (A) Restriction
map of the sequenced region of genomic DNA that encodes the
MLC-ALK gene (e, Taq I; o, Sau3A1). (B) Arrangement of introns
and exons that were identified by homology with the MLC-ALK
cDNA clone pcMLC.1-10. E refers to exon and I refers to intron; a,
b, c, d, and e are polyadenylylation sequences (A-A-T-A-A-A); *,
TATA box; A, translation initiation codon; *, translation termina-
tion codon. (C) Sequencing strategy of the MLC-ALK genomic
DNA. The DNA sequencing strategy is such that a vertical line (I)
denotes 32p labeling at the 3' terminus and a circle (A) denotes those
subregions sequenced by using the dideoxy sequencing methods.
The arrows indicate the direction and extent of sequencing for a
particular run.

that sites b and c are used for relatively abundant RNAs
(data not shown).
Developmental Regulation of Transcript Splicing. Having

determined the structure of the gene as it is expressed as one
species of pupal mRNA, we asked whether there are other
splicing patterns besides E1-E2-E3-E4-E5-E6 that generate
an MLC-ALK-encoding mRNA. Examination of the se-

quences showed that a splicing pattern of E1-E2-E3-E4-E6
would maintain a reading frame generating a polypeptide
with a different carboxyl terminus from that encoded by the
cDNA clone pcMLC.1-10. We therefore carried out S1 nu-
clease analyses ofMLC-ALK mRNAs from larval and pupal
mRNAs to search for alternative splicing patterns besides
that of the contiguous E3-E4-E5-E6.
A Sal I 3'-end-labeled Sal I/HindIll fragment of the

cDNA clone pcMLC.1-10 was hybridized to early embryo,
larval, and pupal poly(A)+ RNA, digested with S1 nuclease,
and electrophoresed on an alkaline agarose gel. The logic of
the experiment and the autoradiograms are shown in Fig. 3.
Note that this fragment was labeled at the Sal I site within E3
and extends to the HindIII site in the poly-linker of the pUC8
cloning vector. This HindIII site is 8 nt 3' to the poly(A)
sequence of the cDNA clone pcMLC.1-10 (7). Note further
that the cDNA clone pcMLC.1-10 uses polyadenylylation
site b (Fig. 2B). The poly(A) stretch of length approximately

SAL
676 nt -I

626 nt I

814 nt

FIG. 3. S1 nuclease analysis of MLC-ALK mRNAs. Poly(A)+
RNA (1 ,g) from different developmental stages of synchronized
populations of D. melanogaster (embryo, 0-4 hr; 2nd instar larvae,
55 hr; late pupae, 195 hr) was hybridized with a 3'-end-labeled Sal
I/HindIll fragment isolated from the cDNA clone pcMLC.1-10 and
digested with S1 nuclease. The S1 nuclease-resistant fragments were

electrophoresed on a 1.5% alkaline agarose gel. After electrophore-
sis, the protected fragments were visualized by autoradiography.
Size markers are Hinfl-digested pBR322; controls are the double-
stranded (ds) Sal 1/HindIII fragment incubated with or without S1
nuclease and the Sal I/HindIII fragment hybridized without RNA.

140 nt in the pcMLC.1-10 cDNA clone begins 35 nt down-
stream from this site. Therefore, hybrids of the DNA with
this RNA should protect a fragment of maximum length 814
nt. The renatured DNA band of length 820 nt is seen as a

weak signal in the autoradiogram in the embryo lane (0-4
hr), where by RNA blots no detectable muscle mRNA is pre-
sent. The much more intense band of about this length in the
larval and pupal lanes is therefore attributed to the RNA that
uses polyadenylylation site b. RNAs using polyadenylyla-
tion site c diverge in sequence from pcMLC.1-10 at the junc-
tion of the poly(A) stretch with the 3' untranslated region of
the cDNA clone, resulting in the band of length approxi-
mately 660 nt in these lanes.
The most significant result is the additional prominent

band of length approximately 340 nt found only in the late
pupal lane. That is, there is an abundant RNA in pupae that
includes E3 (at least downstream from the Sal I site) and E4
but differs from the mRNA sequence of clone pcMLC.1-10
at the E4-E5 junction.
To determine the sequences that are continguous with E4

in this new set of pupal MLC-ALK mRNAs, we have isolat-
ed and sequenced a corresponding cDNA clone. We sur-
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mised that the arrangement of exons would be E3-E4-E6.
Therefore, an end-labeled Rsa I/Nco I fragment (Fig. 1, nu-
cleotides 2294-2565) containing ES sequences was isolated
from the genomic plasmid p102.6 and used to rescreen 10
isolated MLC-ALK cDNA clones (7). Three cDNA clones,
which did not hybridize with this probe, did hybridize with a
more amino-terminal coding fragment from E3 (data not
shown). One of these, pcMLC.1-1, was partially sequenced
(Fig. 4 A and B). The relevant sequences (Fig. 4C) show that
in this mRNA, E4 is precisely joined to E6. This junction
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FIG. 4. Sequence comparisons of cDNA clones pcMLC.1-1 and
pcMLC.1-10. The BamHI sites of cDNA clones pcMLC.1-1 and
pcMLC.1-10 were 5'-end-labeled with [y-32P]ATP and polynucleo-
tide kinase and subsequently digested with HindIll. The labeled
BamHI/HindIII fragments were isolated by gel electrophoresis and
subjected to the chemical sequencing methods of Maxam and Gil-
bert (13). The products of the sequencing reactions were electropho-
resed on 20%6 acrylamide/urea gels (A) and 8% acrylamide/urea gels
(B). (C) Comparison of the nucleotide sequences of pcMLC.1-1 and
pcMLC.1-10 around the E4-E5 and the E4-E6 junction.

generates a new reading frame in E6 leading to a carboxyl-
terminal fragment 14 amino acids long. Note that the mRNA
containing E4-E5-VE6 translates to give a carboxyl-terminal
fragment in ES of quite different amino acid sequence but
again 14 amino acids long (see Fig. 4C).
The splice donor sequences are all very similar and con-

form to Drosophila and eukaryotic consensus sequences (14,
16, 17). The splice acceptor sequences also conform to the
consensus, with the notable exception of that preceding ES.
In this case, the consensus C-A-G at the junction is preceded
by a purine-rich sequence rather than the consensus pyrimi-
dine-rich sequence (18) (T-G-A-A-A-T-T-G-A-A-T-G-A-A-
A-A-C-A-G-A-G-A-T).

DISCUSSION
The sequence of a 3.5-kb region containing the entire MLC-
ALK gene has been determined. The precise 5' end of the
gene has not yet been mapped. However, by consideration
of a cDNA sequence that extends into the 5' untranslated
region and of the genomic sequence, a plausible start site for
transcripts such as that which gave rise to the cDNA clone
pcMLC-1.10 has been identified.
We reported previously that the most abundant mRNA

species have molecular lengths in the range of 950 to 1050 nt,
but species exist with lengths about 1300 nt (7). There are
several consensus polyadenylylation sites at the 3' end of the
gene that are used (see Fig. 2B, data not shown). These sites
generate mRNAs that are greater in molecular length than
the shortest species by 220 nt. The observed lengths of the
putative primary transcript (3.2 kb) and of the mature
mRNAs (0.9-1.3 kb) (7) are consistent with the hypothesis
that transcription starts at the site proposed for pcMLC.1-10
and ends at the mapped poly(A) site.
The nucleotide sequence of one MLC-ALK cDNA clone

corresponds to an mRNA that is expressed during both lar-
val and pupal muscle development and that contains six ex-
ons from the genomic sequence. This mRNA has the se-
quence E1-E2-E3-E4-E5-E6. A surprising result is that an-
other MLC-ALK mRNA, present in pupae only, includes
the sequence E3-E4-E6; that is, it is missing E5 (Fig. 3). The
translation of the two mRNAs results in different carboxyl-
terminal amino acid sequences, each of length 14 amino ac-
ids, within E6 and E5, respectively.
The cause for the observed diversity of about 10% in mo-

lecular weight from sodium dodecyl sulfate gel electropho-
retic velocity of the MLC-ALK polypeptides (7) is not readi-
ly explained by the observed differences in carboxyl termini.
Possibilities for the heterogeneity include sequence effects
on electrophoretic velocity, post-translational modifica-
tions, protease degradation, or some as-yet-undiscovered
differences in transcript initiation sites, splicing patterns,
and translation starts at the 5' region of the gene.

Nevertheless, the important point is that there is a devel-
opmental difference in splicing that provides two different
carboxyl terminal MLC-ALK polypeptide sequences for the
pupal and adult musculature, but only one of these in the
larval musculature. Thus, in this case, as for the MHC gene
of Drosophila (C. Rozek, personal communication), devel-
opmentally regulated RNA processing (specifically splicing)
of transcripts from a single gene is used to provide different
proteins for the myofibrils of larvae and pupae. The func-
tional significance of these sequence differences is of course
unknown; this ignorance is aggravated by the fact that the
function of the MLC-ALK polypeptide in the myofibril is
unknown (19).

It is not yet known whether the two predicted MLC-ALK
polypeptides in pupae are made in different or the same mus-
cle cells. We note that the intron 4 3' splice site used for E4-
ES splicing is nonconsensus. It is used in both larval and

Proc. NatL Acad Sci. USA 82 (1985)
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pupal RNA processing. The competing E4-E6 splice, which
occurs in pupae only, involves consensus sequences. Specu-
lative models as to whether there are positive or negative
regulatory factors that act specifically on the nonconsensus
sequence can be more fruitfully formulated when it is known
whether'or not the two patterns of pupal splicing occur in the
same or different muscle tissues.
There are now a number of cases known in which a single

transcribed region ofDNA gives rise to a diverse but related
set of polypeptides by a combination of alternative transcrip-
tion initiation sites, splicing choices, or polyadenylylation
sites (20-26).

In the present context, it is particularly interesting that the
two chicken skeletal muscle alkali light chains (LC1 and
LC3) are encoded by one gene. The polypeptide sequence
differences between chicken LC1 and LC3 occur exclusively
at the amino termini and arise through differential use of
transcription initiation sites and splice sites in the 5' region
of the gene. However, identical use is made of exons and
introns in the 3' region of the single gene, in marked contrast
to that seen for the Drosophila MLC-ALK gene.
We also note that' Karlick et al. (26) report additional ex-

amples for the generation of muscle protein polymorphisms
in Drosophila by alternative patterns of RNA processing
from a single DNA segment. Whether this general strategy
for the generation of protein diversity is more frequently
used in muscle rather than in other tissues of diverse species
or in Drosophila rather than in species with larger genome
sizes remains to be determined.

Note Added in Proof. Primer extension experiments have mapped
the 5' end of embryo, larval, and pupal MLC-ALK mRNAs to nu-
cleotide 473 (Fig. 1), indicating that there is only one promoter used
throughout development.
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