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We have cloned and analyzed the Caenorhabditis elegans regulatory myosin light-chain genes. C. elegans
contains two such genes, which we have designated mic-1 and mic-2. The two genes are separated by 2.6
kilobases and are divergently transcribed. We determined the complete nucleotide sequences of both mic-1 and
mlc-2. A single, conservative amino acid substitution distinguishes the sequences of the two proteins. The C.
elegans proteins are strongly homologous to regulatory myosin light chains of Drosophila melanogaster and
vertebrates and weakly homologous to a superfamily of eucaryotic calcium-binding proteins. Both mic-1 and
mlc-2 encode abundant mRNAs. We mapped the 5’ termini of these transcripts by using primer extension
sequencing of mRNA templates. mic-1 mRNAs initiate within conserved hexanucleotides at two different
positions, located at —28 and —38 relative to the start of translation. The 5’ terminus of mlc-2 mRNA is not
encoded in the 4.8-kilobase genomic region upstream of mic-2. Rather, mic-2 mRNA contains at its 5’ end a
short, untranslated leader sequence that is identical to the trans-spliced leader sequence of three C. elegans

actin genes.

Myosin is a ubiquitous eucaryotic protein that is found in
both muscle and nonmuscie cells. In muscle cells, it is the
principal structural component of thick myofilaments. Mus-
cle contraction occurs when myosin-containing thick fila-
ments slide past actin-containing thin filaments (29). This
process is coupled to the hydrolysis of ATP and is regulated
by the intracellular concentration of free calcium (for re-
views, see references 9, 13, 21, 26). Native myosin is
composed of two molecules of myosin heavy chains (MHCs)
and two pairs of myosin light chains (MLCs). Myosin
exhibits two distinct structural and functional domains, a
rodlike tail and a globular head region. Heavy-chain rod
segments align with each other along the length of thick
filaments and are responsible for the precise packing of
myosin in thick filaments. Globular heads protude from thick
filaments, interact with actin, and hydrolyze ATP. MLCs are
located within the globular heads, each head containing one
molecule of regulatory and one molecule of alkali (also called
essential) MLCs.

Regulation of the myosin ATPase by Ca?* occurs by both
myosin-based and actin-based control systems. Myosin-
based control involves functions of the regulatory MLCs (for
a review, see reference 1). For example, in vertebrate
smooth muscle and in nonmuscle cells, phosphorylation of
regulatory MLCs by a Ca?*-dependent protein kinase allows
activation of the myosin ATPase by actin. In molluscan
muscle, direct binding of Ca®* by the regulatory MLCs
promotes actin activation of the myosin ATPase. In verte-
brate skeletal and cardiac muscle, calcium regulation is actin
based. Binding of Ca®* to a troponin-tropomyosin complex
induces a conformational change in thin-filament structure,
such that the myosin ATPase is activated by actin. The
regulatory MLCs of skeletal and cardiac muscle are phos-
phorylated, but this appears to play a minor, modulatory role
in the contractile cycle (35, 50). The muscles of many
invertebrates, including C. elegans, exhibit elements of both
myosin-based and actin-based control (23, 36).

Genetic manipulation of MLC proteins will likely be
required for a complete understanding of their in vivo
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functions. MLC genes from several genetically manipulable
organisms, including Drosophila melanogaster, Dictyoste-
lium discoideum, and the mouse, have been described (7, 16,
48, 52, 59). Such studies should lead to in vivo analyses of
MLC function that will complement investigations in which
mutant proteins are engineered by site-directed mutagenesis
and are analyzed in vitro (51). We have begun to investigate
the MLC genes of the nematode C. elegans. Genetic analysis
of C. elegans is well developed (6, 25), and reliable methods
for DNA transformation are now available (17). C. elegans is
especially well suited to genetic analysis of muscle. Because
the animal reproduces by self-fertilization, mutants having
even severe muscle defects are, nevertheless, viable and
fertile. Approximately two dozen C. elegans genes that are
necessary for the synthesis, assembly, or function of muscle
have been defined to date (for a review, see reference 63).
The protein products of several of these genes are known,
including actins, MHCs, and paramyosin (15, 34, 41, 42, 62,
64). The in vivo relationships and functions of these proteins
are steadily being revealed by a combination of genetic,
molecular, and cell biological analyses. Thus, C. elegans
should be a favorable organism for the in vivo analysis of
MLC function.

Much is known concerning the genes, subunit associa-
tions, tissue distributions, and functions of C. elegans MHC
proteins (for a review, see reference 31), but relatively little
is known about the MLCs or the genes that encode them.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
resolves two C. elegans MLC proteins (M,s approximately
16,000 and 18,000) (22), but the degree of heterogeneity
within each of these isoforms is currently unknown. In this
paper we describe the family of C. elegans regulatory MLC
genes, their complete DNA sequences, and an analysis of
the mRNAs expressed from these genes.

MATERIALS AND METHODS

DNA isolation and filter hybridizations. Procedures for C.
elegans growth, DNA extraction, and filter transfer hybrid-
ization by using nick-translated probes have been described
previously (12, 57). Filter hybridizations using end-labeled
oligonucleotide probes were performed as described by
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Meinkoth and Wahl (40). We calculated the hybridization
temperature (T) for oligonucleotide probes as follows (40):
Ty = {[2°C(no. of A - T base pairs)] + [4°C(no. of G - C base
pairs)]} — 5°C. Oligonucleotides were end labeled by incor-
poration of [y-32P]JATP with T4 polynucleotide kinase (38).
Plasmid DNA was prepared by the method of Hicks and
Fink (27).

Construction and screening of a C. elegans genomic DNA
library. C. elegans DNA from the wild-type Bristol (N2)
strain was partially digested with Mbol. The digestion prod-
ucts were size fractionated on NaCl gradients (55), and 15- to
20-kilobase fragments were collected. These fragments were
ligated to BamHI-digested lambda-EMBL3 DNA (18), and
the products were packaged into virions (28). The genomic
library was screened for phages that hybridized to clone
pCDM20, a D. melanogaster regulatory MLC cDNA clone
(48). We gel purified, radiolabeled, and used as a probe a
600-base-pair restriction fragment of pCDM20 that is derived
exclusively fromh the cDNA insert. Plaque hybridizations
were similar to those of Benton and Davis (5), except that
hybridizations and washes were performed under conditions
of reduced stringency (63°C; 5x SSC [1x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate], 10 mM Tris hydrochlo-
ride pH 7.5, 10X Denhardt solution, 100 mg of Escherichia
coli carrier DNA per ml, 0.1% sodium dodecyl sulfate).

DNA sequence analysis. In preparation for DNA sequence
analysis, restriction fragments were subcloned into M13
vectors (61, 66). We used the 3’ to 5’ exonuclease activity of
T4 DNA polymerase to generate a series of overlapping
deletions of these M13 clones (10) and determined their
DNA sequences by the method of Sanger et al. (54). We used
computer programs available from DNAStar, Inc., Madison,
Wis., for storage and analysis of DNA and protein se-
quences. This software system provided access to release 54
of the GenBank Genetic Sequence Data Bank and release 15
of the National Biomedical Research Foundation Protein
Identification Resource Database.

RNA methods. To obtain RNA samples from defined
postembryonic stages, an unsynchronized culture of nema-
todes was separated according to size with Nitex nylon mesh
filters (C.B.S. Scientific Co., Del Mar, Calif.) of 6-, 10-, 20-,
30, and 41-micron pore sizes. We inspected the animals
retained on each filter and used their sizes to estimate their
ages. We prepared RNA by dissolving nematodes in a urea
buffer (7 M urea, 2% sodium dodecy! sulfate, 0.35 M NacCl,
0.001 M EDTA, and 0.01 M Tris hydrochloride [pH 8.0]) as
described by Ross (53) with the following modifications.
Vanadyl-ribonucleoside complexes (10 mM) were added to
inhibit RNases (38), and 0.1% B-mercaptoethanol was added
to dissolve the worm cuticles. Total cellular RNA was
prepared from these lysates by standard procedures (38).
For Northern (RNA) transfers, the RNA was electropho-
resed through 1.4% agarose gels in 0.01 M NaH,PO, (pH
7.0) after denaturation of the RNA with glyoxal and di-
methylsulfoxide (38).

Primer extension sequencing. End-labeled oligonucleotides
(20-mers; synthesized at the Beckman Research Institute of
the City of Hope, Duarte, Calif.) were annealed to total RNA
and extended with reverse transcriptase by using the method
of Zaug et al. (67) as modified by Krause and Hirsh (32; M.
Krause, personal communication). The oligonucleotide
primers were annealed to the RNA by boiling for 3 min and
slow cooling to 50°C. Extension reactions were carried out
with avian myeloblastosis virus reverse transcriptase (Life
Sciences, Inc., St. Petersburg, Fla.) at 50°C for 60 min.
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Extension products were analyzed on 8% polyacrylamide (8
M urea) sequencing gels.

RESULTS

Isolation of C. elegans regulatory MLC genomic clones. We
identified the C. elegans regulatory MLC genes by hybrid-
ization to a muscle regulatory MLC gene probe of D.
melanogaster. Genomic Southern blots indicated that
pCDM20, a cDNA clone of the single Drosophila regulatory
MLC gene (48), hybridized to C. elegans DNA under
conditions of reduced stringency. We prepared a library of
C. elegans genomic DNA inserted into lambda-EMBL3 and
screened it for bacteriophages that hybridized to pCDM20
under the same conditions (see Materials and Methods). We
screened 10 genome equivalents and isolated 23 hybridizing
clones. The restriction maps of these clones defined three
nonoverlapping chromosomal regions. Further mapping of
the lambda clones, coupled with Southern hybridizations
using the Drosophila probe, identified restriction fragments
from each region that were responsible for hybridization to
the Drosophila probe. Surprisingly, each of the three chro-
mosomal regions contained two noncontiguous sites of hy-
bridization. Thus, six different regions of the C. elegans
genome hybridized to the Drosophila regulatory MLC
probe.

To distinguish bona fide MLC genes from pseudogenes or
sites of adventitious hybridization to the Drosophila probe,
we sequenced each restriction fragment that hybridized to
the Drosophila probe. We analyzed these DNA sequences
for the presence of open reading frames and for any relation-
ship of potential proteins to known MLC sequences. Four of
the six hybridizing sites (representing 16 of 23 hybridizing
lambda clones) exhibited either no open reading frames or no
significant homology to MLC proteins. We have not ana-
lyzed these clones further. The remaining two sites (repre-
senting seven overlapping, hybridizing clones) defined the
genes mic-1 and mic-2. Their organization and DNA se-
quences are described below.

DNA sequences of mic-1 and mlc-2. We determined the
complete nucleotide sequences of mic-1 and mlc-2. These
genes are separated by 2.6 kilobases and are divergently
transcribed. Figure 1 shows a restriction map of these genes
and summarizes their structures. The DNA sequences of
mlic-1 and mlc-2 are presented in Fig. 2 and 3, respectively.
We sequenced both strands of all sequences shown. By
inspecting the DNA sequences of mic-1 and mlc-2, we
deduced the sizes and positions of their introns. Recognition
of C. elegans introns is usually unambiguous, because most
of them are very small (approximately 50 base pairs) and
their splice sites are highly conserved (56; nematode infor-
mation compiled by T. Blumenthal, personal communica-
tion). MLC proteins are strongly conserved during evolu-
tion, and we used this conservation of sequence to help
identify MLC proteins and introns within our sequences.
The introns of mlc-1 and mlc-2 are shown in Fig. 1to 4. mlc-1
and mic-2 each contain three small introns at equivalent
positions in the protein; the introns range in size from 47 to
54 base pairs. mic-1 contains a fourth intron that is not
present in mic-2. This intron separates the ATG translational
initiation codon from the remainder of the milc-I-coding
sequence. This feature is common to MLC genes of several
organisms (44, 46, 48, 49, 52, 65; see Fig. 4).

Both mic-1 and mlc-2 contain putative polyadenylation
signals (AATAAA sequences) at 602 and 90 base pairs,
respectively, downstream of their translational termination
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FIG. 1. Genomic organization of mlc-1 and mlic-2. Structures of mlc-1 and mlc-2 are shown above a restriction map of the region. Boxed
regions are exons. Protein-coding portions of the genes are closed; 5’ and 3’ untranslated regions are open. Arrows indicate the direction of

transcription for each gene. bp, Base pairs.

codons. These sequences are likely to be the true polyadeny-
lation signals, because the sizes of mRNAs that would result
from their utilization are close to the sizes that we measured
on Northern blots (see below).

The protein-coding regions of mic-1 and mic-2 are closely
related to each other (96% nucleotide sequence identity; 99%
amino acid sequence identity). The homology between mlc-1
and mlc-2 does not extend into their 5’ untranslated regions
and extends for only 5 nucleotides 3’ of the translational
termination codons. Introns of the genes are less conserved
(57 to 87% nucleotide sequence identity when equivalent
introns are compared). The inferred amino acid sequences of
mlc-1 and mlic-2 are shown in Fig. 4; they are identical
except for a single, conservative amino acid substitution (Ile
to Val) at position 99 of the protein sequence.

We conclude that mlc-1 and mlc-2 are regulatory MLC
genes because of their high degree of sequence homology to
Drosophila regulatory MLC2 (48) (40% amino acid identity),
rat skeletal MLC2 (46) (48% identity), chicken skeletal L-2
(39) (48% identity), and other regulatory MLCs (39 to 48%
identity). These relationships are shown in Fig. 4. Regula-
tory MLCs are members of the troponin C superfamily of
calcium-binding proteins (3). As expected, the protein se-
quences of mic-1 and mic-2 exhibit reduced, but significant,
homology to a variety of calcium-binding proteins from other
organisms, including alkali MLCs (23 to 27% amino acid
identity), calmodulin (32 to 35% identity), troponin C (26 to
27% identity), and parvalbumin (19 to 31% identity).

Copy number of C. elegans regulatory MLC genes. We
believe that mlc-1 and mlic-2 constitute the complete family
of regulatory MLC genes. mic-1 and mlc-2 hybridized
strongly to each other, even under conditions of high strin-
gency. mlc-1 and mlc-2 did not hybridize to any other C.
elegans genomic sequences, even under conditions of re-
duced stringency (Fig. 5). The probe designated TR#35 in
Fig. 5 includes most of the mlc-2 gene and some 3’-flanking
sequence; it does not contain sequences from mic-1. The
probe designated TR#36 includes most of the mic-I1-coding
sequence, but none from mic-2. Both of these probes yielded
an identical pattern of hybridizing restriction fragments on
genomic Southern blots. The reduced stringency conditions
used for these experiments were those that allowed hybrid-
ization between the Drosophila and C. elegans MLC genes.

mlc-1 and mlc-2 transcripts. mic-1 and mlc-2 each express
an abundant mRNA. Figure 6B shows a Northern blot in
which we prepared RNAs from defined postembryonic
stages and hybridized them with a probe (clone TR#34) that
detects both mic-1 and mic-2. We detected two abundant
mRNAs s of approximately 1,150 and 680 bases. We observed
no major differences in expression of these mRNAs from the
L1 larval stage through adulthood. On the basis of the DNA
sequences of the genes, mlc-1 should encode the larger
transcript and mlc-2 should encode the smaller one.

To demonstrate this relationship directly, we repeated the

Northern blots using gene-specific hybridization probes.
Probe TR#38 is a clone that contains approximately 500
bases of homology to the 3’ untranslated region of mic-1.
Oligo-Micl.1 and oligo-Mic2.1 are synthetic oligonucleo-
tides that hybridize only to mic-1 and mlc-2, respectively
(see legend to Fig. 6). We confirmed that these oligonucleo-
tides are specific for their respective MLC genes by using
them as hybridization probes on Southern blots of appropri-
ate clones. When used as probes on Northern blots, the
oligonucleotides generated weak but reproducible hybridiza-
tion signals. TR#38 and oligo-Micl.1 hybridized to the
larger mRNA, while oligo-MIc2.1 hybridized to the smaller
mRNA (Fig. 6C). We conclude that mic-1 and mic-2 each
express a single-size class of mRNA.

We have considered the possibility that the ATG sequence
beginning at position 1272 of mlc-1 (located within the first
intron; Fig. 2) represents a translational initiation codon for
a second mlc-1 mRNA. Use of a different mlc-1 promoter or
alternative processing of a mic-1 precursor RNA could
produce an mRNA that is translated using this ATG se-
quence. To test this possibility, we used an oligonucleotide,
designated oligo-Mlcl.2, that is complementary to the se-
quence from positions 1260 to 1279 in Fig. 2. Utilization of
the ATG at position 1272 would require a mRNA that
hybridizes to this oligonucleotide. Oligo-MIlc1.2 hybridized
to mlc-1 DNA on a Southern blot. When used as a probe on
a Northern blot similar to that shown in Fig. 6C, oligo-
Micl.2 did not hybridize to any RNAs. When used as a
primer for mRNA sequencing (see below), oligo-Mlc1.2 was
not extended by reverse transcriptase. mic-l mRNAs that
contain this region, therefore, are not detectable. We believe
that the mic-1 mRNA diagrammed in Fig. 1 is the only one
expressed from this gene.

5’ termini of mlc-1 and mlc-2. Both mlic-1 and mic-2 contain
sequences upstream of their ATG initiator codons that
closely resemble 3’ splice sites (Fig. 2 and 3; 47, 56). This
suggested to us that these genes might contain introns within
their 5’ untranslated regions. To determine the sites of MLC
transcription initiation, we used gene-specific oligonucleo-
tides as primers for sequencing the 5’ termini of mic-1 and
mlc-2 mRNAs. Our results are shown in Fig. 7.

mlc-1 does not contain an intron within its 5’ untranslated
region. mlc-1 exhibited two sites of transcription initiation,
at positions —38 and —28 relative to the ATG translational
initiator codon. Each of the initiation sites occurred within a
short repeated sequence (5'-TCAGTT-3’), and at each of
these sites, initiations occurred at both the C and A residues
of the repeats. Like certain other eucaryotic genes, mlc-1
does not contain a recognizable TATA box (4, 20) or
CCAAT sequence (11) positioned appropriately upstream of
its transcription initiation site.

mic-2 mRNA exhibited a very different structure at its 5’
end. The sequence of the 5’ terminus of mic-2 mRNA
diverged from the mic-2 genomic sequence at position —22
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mlc-1

Pwu IT .
CAGCTGACGCATTATCTTAAAAGCTGTTTTCAGATMGAGCACTGGTAGACAGAACACTCAATAGAAAATCAGATGAMAAGTTTGAAAGTTGAGGAATC 100

AAAAAAGTTATCCTTGTTAATTTAGGATATGAGTAAGAACCTCTTGTCACACTAATTCTGATGGAAGGTTTTTTTTTCTGAATCGTTTCTGAATTGTCTC 200
CAATGAGAGTATAGTTCGAAACACAATTTTTGTCTGTTATTCAATGACATCAAAATTAT TGATTTCAAARATAGCTGCAAATCCTAAAATCAARAATCAC 300
TGCGTATGTCAAAACTTTGAAGATTGTGTGAAAATCAATATTTGCTCTGTTTCATCCTATCTTAAAATACGCCCGATTAATTATTTCATTTTAACAARAC 400
TTGAAAAAAAACTATACAAATAGAT TTCACAAGTAGT TGAAACAATTAGTAGGAAAATTATAATT TATACCAGAAAAATATATGTCAAARAARATTATCG 500
TTAGTGAAATATTATAAACAGATATTACTGGAACCATCTGATAAATTCAGTATGTCCCATTTAGTCATGTTATGAAAAT TAAAATTTATAATCAAGTTCC 600
AAAACAARAGAGTTTCAGATTTTCAAGTTTTCAATTATCCTGTTTGTTGGAAATGTTGAATTTAAACCTTCCTTTCCAACTCAAAACAAATTCTGATTAT 700
GTTGTGCCCTGCTCAGATTTAAAGCTCGGATGATCTATTCCCTTTCCCTTATTGCATCCCCTCATTTATCCGATCGAGCAACT TTTTCGATGGCBGGTAA 800
GAGGCATCGCGACGCAAGCAAGGCGAGAGTTTTGCCCATCTTCTTGGAAACCTCCGACGEGTECC TGATGTTAGCACCACGGGGGCGETGCGCCTCTTET 900
GTAAAGTTGTTGAGATTTGCTCAAACAGCCCTCCCCTCRACGCGRBGCCCAACGAGTGTAAAAGGCAGACAAAAGCGACGGATAATC TICAGTTAGTCIC 1000

AGTTCACTACTCAGTACAGTCCACAAAATGGTGAGTTGGATTTTTTAATAAGTTATTTGAAAAGCATGTGTTTCTGTATAGGAATAGGAGTGCGTTCATA 1100
Met

TATATTTTGATTTAACCTGTCTATATTGTATTTAAAARATTATTTATTTTGAATCAGAGGT TCTATAATCAGT TTCATCTTTAAAARATTTCTGGTARAT 1200

TAAGAACGTAACATTTAGATTTAGGCTTTGTTTAAAAATCAAGCAAT TAAATCGACTATAAAATTGTCAATATGTTCTCAATTTTCCAGTCCAAGGCCGE 1300
SerLysAlaAl

CAAGAAGAAGTCCTCAAAGAAGCGC TCGGGATCCGAGECCECCCAAT TCGACCAGAAGACCATCCAGGAAT TCAAGGAGGCTTTCGGAATCATGGATCAG 1400
alysLysLysSerSerLysLysArgSerGlySerGluAlaAlaGlnPheAspGInLysThrI1eG1nGluPheLysG1uAlaPheGlylleMetAspGln

AACAAGGACGGAATAATTGACAAGGTTAGAATTTTTCTTATTTTTTTAATGGTTCTAATCAACAATTTTTAGTCTGACCTCAAGGATCTCTACGCTTCCA 1500
AsnLysAspGlyllelleAsplLys SerAsplLeulysAsplLeuTyrAlaSerM

TGGGACAAATCGCCCCAGACAGCCAGATCGACGCCATGATTAAAGAGGCTTCCGGACCAATCAACTTCACCETCTTCCTCACCCTTTTCGGAGAGAGATT 1600
etGlyGInlTeAlaProAspSerGinlleAspAlaMet1eLysGluAlaSerGlyProlleAsnPheThrValPheLeuThrLeuPheGl yGluArgle

GACAGGTAGGCTAATTAAATT TGATAAGT TAATGGTGATTTGAATCTATTTAATT TCAGGAACTGACCCAGAGGCCACCATTATTGGAGCCTTTGCCATG 1700
uThrG 1yThrAspProGluAlaThrIlel1eGlyAlaPheAlaMet

TTCGACAAGAAGGACTGCGGAAAGATCAAGGAGGACGACCTTATCAAGATCCT TCAAAACAAGAGAGGAGAGCCATTGGACGAGGATGAGGTCAAGGCTA 1800
PheAsplLysLysAspCysGlyLysIlelysGluAspAspLeul leLysI1eLeuG1nAsnLysArgGlyGluProLeuAspGluAspGluVallysAlaM

1277-AAA-TCTTCCTTTCTTAAATTTTTGCA-1302: unc-54
TGTACAAGGTAAATTCATTCTTTCTGAMTTTTTGMACTTCCCAACTCCTCATTTTTTAGGGAAAGCCACCAATCGAGGGAGGAGAGGTCGACTACMG 1900
etTyrLys GlyLysProProl1eGluGlyGlyGluValAspTyrLys

GCCTTCGCTCACCTCAT TACCACCGGAGCCCAAGACGAGCTCGCCAGCGCCTGAACATC TCCAGCCCACAAGCAATTGCAACCACTTTGGGAGTGGCGTC 2000
AlaPheAlaHisLeulleThrThrG1yAlaGinAspGluLeuAlaSerAla***

AACGTTATTCTAGAATCCATTACGGTGTCTCATTTGAAGACCTTTCCACGTGCTCCTATGATACATCGCCGTGTATTCAAGACTCATTGTTGTCATTCCG 2100
TGTGGCGCAGCGTTCAGACGGCGCTCTAACCCATTCCGCBCGCATTTTTCTATTTTCGCCECTCTTTACCCTTAGTTTTATAGCCGAGATCATTATAATC 2200
ACCTGGAAATGTGTGGTTGCCGGTTGGTTTGACCAACTTCTTCCACCAGTEGGAAGAATAACGTCAT TTCGAAGCCATCTGGCAACCCCAATTTCCTAAG 2300
CACGCCGTCTGACTGCGCGTACACACTTCTATCACTCCAAATGGTTTTTCCTTCTTTTTTCTCECTCGCAAATTCTATTGTCATTTCATTACATGTTTTG 2400

. unc-54:8254-AAACTTCTTCTT-AATTTCTTTG-8275 .
TCATTTTTTTTTTGTGTTCACCCACTTTCATTACTTTGGTATTCCAAAACATTTGCAAACTTCTTCTAGATTTTCTCTGAGCAGTTACTTGTGGTGCATA 2500

TACATTCTCCCATATCGGGACTAGTCAAAGCTCTACGATGTACTTTCAATATGTAAAATAAACAATGTC TCAATTCAACATCCAGACTTTCATTGTGTTC 2600
TTTGAAGGAGTTCAGCCTCAAAATTCTGAAAGC TAGAAAAAAAAT AAGGAARAAC TC TG TGGGGAAAGATCAATTATGCTTCTAATAGAAAGGAAATETG 2700
GGAAAGTTAGATATGTTGACCATCTATTCCAGCTGTCCGACAAAGGAAGTGTECTCTGCGECCCATGGT TGTAGGGTAGCGTCGGCGAACTTCCAAAARA 2800
TTGCAGCTCCGAGCAGATAAGCAGATATTATGATGTACATGATCACGTTCCACTCACCGATTGTCTAAAAACAGGTAAATTTTTTTAGTTTCTCTGGCTT 2900
GTAAGCTTACCCCATTTTGCACAAT TGCTCCAACTAGAAGAGGTCCGAAAATTCCAGGAAT TGTCGCAAATGTGTTCGACGTGECCATCAAATGTCCAGE 3000
ATACTGTEGEGCCAAATCCAGATGATT TACTGAAAATCCACACCAACAAAT TCCGCCTAGTCCGATGGAAATTGAGAAGAAAAGGACCAGAAGCAGCGAG 3100

TTAGAGGTGéTCATMCMéGMGAGAMéACAGATTGAéCGATGAAACéTGGAAAATGfTAAG?TCT 3200
Bgl II

FIG. 2. DNA sequence of mic-1. The sequence of a 3.2-kilobase Pvull-BgllI restriction fragment is shown. We sequenced both DNA
strands for the entire fragment. The Pvull site at the beginning of this sequence is the same one that is at the beginning of the sequence in
Fig. 3. The sequences in Fig. 2 and 3 together include the entire intergenic region between mic-1 and mic-2. The predicted amino acid
sequence is shown below the DNA sequence. ***, Stop codon. The probable poly(A) addition signal and two hexanucleotide repeats that
include the sites of transcription initiation are underlined. Sequences and coordinates of two regions from the unc-54 gene that are similar to
regions in mlc-1 are shown above the DNA sequence (see Discussion).
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mlc-2

Pvu IT . . . . . . . . . .
CAGCTGGCAGAAACGCTTTTAATTTTGCTTCCTGTTTGTTAACTTATTTTTGAAACGT TTTACTTCGAAAAGAGTTAATTTTTTGGTTTGTTTGTAAATT 100

TGAAAAAATCATTTAATGTTTATTATGAGCGTATTACAAATGTTCGTAAAAGTTATTATTATTATCACTCCACAAT TTCCGTTTGTAAAATGAATAATTG 200
AATTTTTTTTTCCAATATACATCAAACAAAATTGTGAAAAAATTGCTT TAACGAAATTGAAGCATAAACAATAGTTCTAATTCCAATTACAACAATTTGT 300
GTAAATCAAATGTTTCCTCTGAAAACTTCAAACAGTAAACCATTAATGTT TTGAAAAGTACGATGATGGTCTGGAAAACGCGCTTTGAAAATTTGTTACA 400
ACACGTTAGAATCACAAGTTCAGATTAGCTGTCGCCTCTAAAAATCAATTGTTGAACAATGTCTTCTTCAATTTTTTGATAATCAGCAAGCACAACTACT 500
AGAAACAAAATATACAAT TTTAAAGT TGGCAAAGAAACAT TGGATACAATTTTCCAGTCGCTTGGCATTTTTGTTGAACATAATTTCAATTTTTCGAAA 600
ATTTATGTTTTGTAATGTTTTATTTTGATTTCCATACTTATGAAGTAGTAAAGATTTCTACTGGGCTCATGAGATACAAAACAATCTGAACATTCAATTT 700
TTTATCTTCGGAAAAGTTCTTGCTAGAAAAACAATAAAAACCACTTATAAACATTCCTTTCAATTGTTCTCTTTTTACGAACTTGTTAATTTGTCTTCAG 800
CCATTAGAAACAATATTCGATGTTACATGTTTTCATTCAACATTCAAAGTTATATTCTTTCTAATTCCTATTTTGTGTTAATGGGCCACCCTCAGTECAA 900
CTCTGATCATTCATCTCCCAAAAATCCCTAGATTCCCTGCTCTCCACCCTCACTTTTCTGCGCECAGCAAAAAGCCTACCACCTTAACTTTTACCTECTT 1000
TTGAGAGAGATGTACT TGAGAAAATATTCGAAGCCAAACAGTTGGCTT TTCCAAARAT TCTCTCCCCCATECGTTGCCGCAACTCTGTAGATATTTGCGT 1100
TTGTCGTTTCTTCACAAACAGATATTGCGTATATCTTCCCGGCCATETGAGGGTGATCAGAAAGTCTGAGATCCCCAAAGAGAGCACAGACACGGCGCAC 1200
GGATCACGGGCACTGCTCTTTCTAGCGCTCTTTGTGTCRAGCTTCTECTTGEGACACATTATCTCTGCTGECAAAACTGATCECTGCCCECTGTGTTACA 1300
CTCTATCTCAAACGGCATCCCGBGAATCTGCCACCCTCCACCAATTECCTACTAACTT TGCCCACCGTGGAGAGAGCACCTCCTCTCGGTCTCTTTTCGT 1400
ATCACATTCCTCCCATCCAGCTACTCCTCCTTCCCATACGCCTACCAACCAACCATTATTATCTCAATECTCTCGACAAGATCGEGACTTGGAAAAGGCT 1500
TCTTCTTCATACTTTTCATGEGTGCATTTTTAATTTTAATTTGTTCGT TTCCCAAGCAATTTACTTCTATCATTGTTTCGACAATTTTGTGTGCTACCTE 1600

TAAACAAATAACTGAGTTTICAGGTAGAGAACCTTTTCCAACATGTCCAAGGCCECCAAGAAGAAGTCCTCAAAGAAGCGC TCGGGATCCGAGGCCGCCCA 1700
MetSerLysAlaAlalLysLysLysSerSerLysLysArgSerGlySerGluAlaAlaGl

ATTCGACCAGAAGACCATCCAGGAGT TCAAGGAGECCTTCGGAATCATGGATCAGAACAAGGACGGAATCATCGACAAGGTTAGCTTTTTTTAAGTTTTA 1800
nPheAspGlInLysThr11eG1nGluPheLysG1uAlaPheGlylleMetAspGlnAsnLysAspGlyllelleAsplys

AAATGATACTAATGAACAATTTTTAGTCTGACCTCAAGGATCTCTACGCATCCATGGGACAAATCGCCCCAGACAGCCAGATCGACGCCATGATCAAGGA 1900
SerAsplLeulysAsplLeuTyrAlaSerMetGlyGInIleAlaProAspSerGInlleAspAlaMet I1elysGl

GGCATCCGGACCAATCAACTTCACCGTCTTCCTCACCCTTTTCGGGEAGAGATTGACAGGTAGECT TTTCAGATTTTCTAATGGAATTCAATTCATTATT 2000
uAlaSerGlyProlleAsnPheThrValPhelLeuThrLeuPheGlyGluArglLeuThrG

GCAATAATTTCAGGAACTGACCCAGAGGCCACCATTGTTGGAGCTTTTECTATGTTCGATAAGAAGGACTGCGGAAAGATCAAGGAGGACGACCTTATCA 2100
1yThrAspProGluAlaThrlleValGlyAlaPheAlaMet PheAsplysLysAspCysGlyLysI1elysGluAspAspLeullel

AGATCCTTCAAAACAAGAGAGGAGAGCCAT TAGACGAGGATGAGGTCAAGGCTATGTACAAGGTAAATTCATTCTTTCTGAAATCATTGAAACTTACCAA 2200
ysIleLeuGlnAsnLysArgGl yGluProlLeuAspGluAspGluVallLysAlaMet TyrLys

TTCCTCTTCTTTCAGGGAAAGCCACCAATCGAGGGAGGAGAGGT TGACTACAAGGCAT TCGCTCACCTCATCACCACCGGAGCCCAAGACGAGCTCECCA 2300
GlyLysProProlleGluGlyGlyGluValAspTyrLysAlaPheAlaHisLeul 1eThrThrG] yAlaGlnAspGlulLeuAlaS

GCGCCTAAACATCCGGCAATTGCACACAAATCTTACATTCTTTCAAATAATACTTTCTCATTTATTTCTCCAATTATAATCTTTCAATGGATTAGTGCAA 2400
erAla***

TAAATGGTGGTGATAAAATTAGTTGATACCAATGACTTCTAATGTTAT TTTATAAAAAGGCTAATAGGTATTGGGGAAAAAAGTGATGAATAGTTTGAAA 2500
AAGAAATGCGAGAGGTGGAAAAGGCAACAAATCTGTACTGGGTGTCTATCACAATTGGAACAAATCTTAATGAGAAAATATGTTTCAATAAGGTTCATTA 2600
CAGAGT TACCAGATGTCTGATAACCCGAGCTACGTTGAATTTTAAAAGTAAAATAGTTAGAAGATTACTTTTGATTCAATAACTGCATTGAAATTTACAT 2700
TTGATTAAGATATCCCACGGTAAATAAT TGATGATCATCACAATAATAACAATAGAAT TTACAAGGTCTCGAATCATTCCATCATGTCCTCTTGAGGTEG 2800

ATCAGGCACTGGAGATGGATGTGTCCCACTGCTACTTEGTCCTTCCACAAATGACATCACAGCGAGTTGCCGATGGAATGGATCC , 2900
Bam HI

FIG. 3. DNA sequence of mic-2. The sequence of a 2.9-kilobase Pvull-BamHI restriction fragment is shown. We sequenced both DNA
strands for the entire fragment. The Pvull site at the beginning of this sequence is the same one that is at the beginning of the sequence in
Fig. 2. The sequences in Fig. 2 and 3 together include the entire intergenic region between mlc-1 and mlc-2. The predicted amino acid
sequence is shown below the DNA sequence. ***, Stop codon. The probable poly(A) addition signal and a 3’ splice site upstream of the ATG
initiator codon are underlined.
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FIG. 4. Comparison of regulatory MLCs. C. elegans mlc-1 and mic-2 are compared with each other and with Drosophila MLC-2 (48) and
rat MLC2 (46). Arrowheads indicate the positions of introns relative to the amino acid sequences.

relative to the ATG initiator codon. In the genomic se-
quence, this position exactly coincides with a 3’ splice site
consensus sequence. Our sequence of the mic-2 mRNA
extended for 21 or 22 nucleotides beyond the splice site and
then terminated. These 5'-terminal nucleotides are not
present within the 4.8-kilobase region upstream of mlc-2 that
we have sequenced. However, the sequence is identical to
the trans-spliced leader sequence that is found at the 5’
termini of three different C. elegans actin mRNAs (32).

DISCUSSION

We have identified two regulatory MLC genes in C.
elegans. These genes, designated mlc-I and mic-2, are
separated by 2.6 kilobases and are divergently transcribed.
The DNA sequences of both mlic-1 and mic-2 predict pro-
teins of about 18,600 daltons. This agrees well with the
measured size (18,000 daltons) for the larger of two MLC
size classes of proteins identified in C. elegans (22). The
molecular sizes predicted from the DNA sequences may be
overestimates, since certain MLCs are modified posttrans-
lationally by removal of N-terminal amino acids (24, 65). The
smaller of the two size classes of C. elegans MLC proteins
(16,000 daltons; 22) is likely to be the alkali MLC(s).

C. elegans regulatory MLCs are strongly homologous to
regulatory MLCs from other eucaryotes (Fig. 4) and weakly
homologous to other members of the troponin C superfamily
of calcium-binding proteins (3). This superfamily of proteins
is believed to have a common ancestor that contained four
calcium-binding domains (19, 33). Through mutation, the
regulatory light chains lost the ability to bind Ca?* by all but
the first of these domains (2, 8, 39). C. elegans, Drosophila,

and rat regulatory MLCs exhibit two regions of especially
strong amino acid sequence conservation (Fig. 4). The first
region, extending from positions 25 to 55 of the C. elegans
sequences, corresponds to the first, functional calcium-
binding domain. The second region, extending from posi-
tions 61 to 89 of the C. elegans sequence, corresponds to the
ancestral calcium-binding domain 2. The high degree of
conservation within this second domain, despite its loss of
calcium binding, suggests that it is functionally important.
This region may be involved in biriding to MHCs (19).

mlc-1 aild mlc-2 are the only regulatory MLC genes that
we detected in the C. elegans genome. Of six C. elegans
genomic regions that hybridized under conditions of reduced
stringency to the Drosophila probe, only mlc-1 and mic-2
encode bona fide MLC proteins. mic-1 and mic-2, further-
more, did not hybridize to any other C. elegans genomic
sequences except each other, even under conditions of
reduced stringency (Fig. 5). It is possible, however, that
other regulatory MLC genes are sufficiently diverged from
mlc-1 and mlic-2 that they did not hybridize under these
conditions. A likely candidate for such genes would be those
encoding nonmuscle MLCs. The similarities of cytoplasmic
regulatory MLCs to those from muscle are largely unknown.
The gene for a chicken cytoplasmic alkali MLC hybridizes to
its skeletal muscle counterpart (45), but the generality of this
is uncertain.

We analyzed the noncoding regions of mlc-1 and mic-2 for
similarities to other C. elegans muscle genes. unc-54 en-
codes one of two MHC isozymes expressed in body wall
muscle (15, 37). Two regions of mlc-1 are strikingly similar to
two regions of the unc-54 MHC gene. First, a 23-base
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FIG. 5. Copy number of C. elegans regulatory MLC genes. (A) Plasmid probes used in Southern hybridizations are shown below a
restriction map of mlc-1 and mic-2. BamHI and EcoRlI restriction fragments are indicated below the map with lowercase letters. Restriction
sites: R, EcoRI; B, BamHI; P, Pvull; S, Sall; Bgl, Bglll. Probe TR#35 contains the BamHI restriction fragment ‘‘a’’ cloned into plasmid
vector pAT153 (60). Probe TR#36 contains a 560-base-pair BamHI-Sall restriction fragment cloned into pAT153. (B) Genomic Southern blot
hybridizations. Each lane contains N2 (wild-type) genomic DNA cut with the indicated restriction enzyme. Restriction enzymes used: S, Sall;
R, EcoRI; H, HindIll; B, BamHI. Hybridizations were done using conditions of reduced stringency (see Materials and Methods). Lowercase
letters mark the positions of the BamHI and EcoRlI restriction fragments shown in panel A.

sequence within the 3’ untranslated region of mic-1 (nucle-
otides 2457 to 2479) is identical at 19 of 23 positions to a
region within the 3’ untranslated region of unc-54 (nucleo-
tides 8254 to 8275 of Karn et al. [30]; Fig. 2). This sequence
similarity occurs approximately 70 bases upstream of the
AAUAAA polyadenylation signal in both mlc-1 and unc-54.
Second, a 26-base sequence within intron 4 of mic-1 (nucle-
otides 1811 to 1837) is identical at 21 of 26 positions to a
region within intron 1 of unc-54 (nucleotides 1277 to 1302;
Fig. 2). The significance of these similarities is unknown.
Transcripts of mlc-2, but not mic-1, contain a spliced
leader sequence. We sequenced the 5’ termini of both mic-1
and mlic-2 mRNAs and found that the terminal 21 or 22
nucleotides of mlc-2 mRNA are not encoded within the 4.8
kilobases upstream of mlic-2 that we have sequenced.

Rather, they are identical to nucleotides found at the S’
termini of three different actin mRNAs (32). Krause and
Hirsh (32) propose that these 5’ leader sequences are added
posttranscriptionally to actin mRNAs by a mechanism anal-
ogous to trans-splicing of mRNAs in trypanosomes (43, 58).
We believe that trans-splicing of the type described by
Krause and Hirsh (32) is responsible for generating the 5’
terminus of mic-2. The site in the mlc-2 genomic sequence to
which these nucleotides are attached in the mRNA coincides
with a consensus 3’ splice acceptor sequence. The function
of the trans-spliced leader sequence is unknown. Perhaps it
influences the localization, stability, or translational effi-
ciency of mRNAs.

Do mlc-1 and mic-2 serve different functions in C. ele-
gans? The inferred amino acid sequences of mic-1 and mic-2
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FIG. 6. Analysis of mic-1 and mlc-2 transcripts. (A) Hybridization probes used in Northern blots are shown relative to the genomic
organization of mlc-1 and mlc-2. Plasmid clone TR#34 hybridizes to both mic-1 and mic-2; it contains a 3.7-kilobase Sau3A-Sall restriction
fragment cloned into pAT153. Plasmid clone TR#38, an M13 clone, is specific for mic-I transcripts; it contains an insert of approximately
1,100 base pairs that includes the terminal 500 nucleotides of the mic-1 3' untranslated region. Oligonucleotide Mic1.1 is specific for mic-1
transcripts. Its sequence is discontinuous with respect to the genomic sequence of mic-1. The 5'-terminal five nucleotides of Micl.1 are
complementary to the first five nucleotides of exon 2 (coordinates, 1290 to 1294; Fig. 2). The remaining 15 nucleotides of Micl.1 are
complementary to the last 15 nucleotides of exon 1, which include the ATG initiator codon and 12 nucleotides of 5’ untranslated region
(coordinates 1016 to 1030; Fig. 2). Oligo-Mlc1.1, therefore, is fully complementary to mature mic-I mRNA. Oligonucleotide Mic2.1 is specific
for mic-2 transcripts; it contains seven nucleotides that are complementary to the mic-2 protein-coding region and 13 nucleotides that are
complementary to the 5’ untranslated region of mlc-2 (coordinates 1629 to 1648; Fig. 3). We used the 18S (1,752 bases) and 26S (3,510 bases)
rRNAs (14) as size markers in panels B and C. (B) Developmental Northern blot. Total RNA was prepared from synchronized populations
of wild-type worms. Lanes: 1, L1 and L2 larvae; 2, L2 and L3 larvae; 3, L4 larvae and young adults; 4, gravid adults. The hybridization probe
was plasmid clone TR#34. As a control to indicate the relative amounts of RNA loaded in each lane, we performed duplicate hybridizations
using a plasmid probe specific for the unc-54 MHC mRNA. These hybridizations are shown below those of TR#34. (C) Northern blots using
gene-specific hybridization probes. The gene-specific probes are indicated above each lane. We calculated the sizes of hybridizing RNAs by
using rRNA size markers. We confirmed these assignments by comparing the autoradiograms to control hybridizations that were done in
parallel by using a probe which hybridizes to both mic-1 and mic-2 mRNAs (not shown).
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FIG. 7. Primer extension sequencing analysis of mlc-1 and mic-2 mRNAs. (A) Summary of 5'-terminal sequences. For each gene, the
sequence that we obtained by using an mRNA template is shown below the sequence of the DNA coding strand. The RNA sequences shown
are the antisense strands (3' — 5’, left to right) as read directly from autoradiograms. The sequencing primers used for each gene are
indicated. Oligonucleotide primer Mic1.1 spans the first intron of mlc-1. Thus, the 5'-terminal 5 nucleotides of Mic1.1 are not complementary
to the DNA strand shown above it; Micl.1 is, however, fully complementary to mic-1 mRNA (Fig. 6A). The 5’ and 3’ splice sites are shown
in boxes with arrows indicating the splice junctions. Symbols: ?, positions where our sequences are ambiguous; X, positions of strong
termination in all sequencing lanes, including reactions performed in the absence of dideoxynucleoside triphosphates (ddNTPs); *, sites of
transcription initiation that we deduce from these results. We included analysis of the act-1 5’ terminus as a control. The spliced leader
sequence common to mic-2 and act-1 mRNAs is underlined. The sequence summary shown in panel A is compiled from several experiments
for each oligonucleotide primer. A representative sequencing experiment for each primer is shown in panel B. (B) Primer extension
sequencing results. G, A, T, and C indicate the ddNTPs added to a given reaction. Each reaction contained all four dNTPs. For lanes labeled
N, ddNTPs were omitted. Symbols: ?, uncertainties in the RNA sequences; X, termination sites in the absence of ddNTPs.

differ at a single position (an Ile-to-Val substitution). We
think it unlikely that this conservative substitution is func-
tionally significant, but definitive proof will likely result from
in vitro manipulation of the genes. The amounts of mlc-1 and
mlc-2 mRNAs are relatively constant throughout postembr-
yonic development (Fig. 6), but we have not examined the

spatial distribution of the mRNAs or their expression during
early development. mlic-1 and mic-2 could serve different
functions if they are expressed in different tissues or at
different times during development. Outside of their protein-
coding regions, mlc-1 and mlic-2 are strikingly different. For
example, mlic-2 is trans-spliced, but mic-1 is not. mic-1
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contains a very long 3’ untranslated region, but mic-2 does
not. The significance of these differences for expression or
regulation of the MLC genes is presently unknown.
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