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ABSTRACT
The nucleotide sequence of a cDNA clone (pML10) for chicken cardiac myosin
light chain is described. The cDNA insert contains 613 nucleotides represen-
ting the entire coding sequence,with the exception of nine NH -terminal amino
acids,and the full 3'-non-coding region of 146 nucleotides. Tge missing 5'
terminus of the mRNA, not represented in the clone pML10, was obtained by
extension of the cDNA using a 43 nucleotide long internal EcoRl fragment as a
primer. The non-coding region contains several direct and inverted repeated
sequences and the polyadenylation signal sequence AATAAA. The coding portion
exhibits non-random usage of synonymous codons with a strong bias for codons
ending in G and C.

INTRODUCTION
Myosin from various vertebrate muscles consists of 2 heavy chains, poly-

peptides of 200,000 M.W. and 2 to 4 light chains (MLC) of 17,000 - 25,000 M.W.

depending on the muscle type (1-4). Chicken cardiac muscle myosin contains two

kinds of MLC designated L-1 and L-2 whose amino acid sequence has been recent-

ly described (5-6). Myosin light chain L-2 is known to consist of two compo-

nents, L-2A and L-2B, which are very highly related but differ at specific
positions of their primary structure (7). At least 8 different isozymic forms

of avian MLC have been identified by amino acid sequence analysis (7). There

are embryonic forms of MLC which are not found in the adult (8,9). Each of

these MLC polypeptides represents presumably the product of a different gene.

It is generally believed that proliferating myoblasts do not synthesize any

of the myosin isozymes but synthesis is initiated at myoblast fusion in
skeletal muscle cells. The molecular mechanism(s) that controls the expression
of genes specific for the multiple myosin light chains is not clear. The

evidence available so far suggeststhat several possible levels of control,
i.e.,transcriptional, post-transcriptional or post-translational control,
exist during muscle development (10-12). Similar information on cardiac
myoblast differentiation, where no fusion occurs, is not available.
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We have previously reported the construction of a recombinant plasmid
(pML10) containing cDNA for embryonic chicken cardiac MLC (13). The specifi-
city of the cloned sequence was demonstrated by hybrid-arrested translation
assay. In the following, we present the nucleotide sequence for the entire
cloned DNA representing the coding and 3'-non-coding regions of MLC mRNA. The
amino acid sequence derived from the DNA sequence establishes the identity of
clone, pML1O, as specific for MLC-2A.

MATERIALS AND METHODS
Preparation of cloned DNA

The contruction of the recombinant plasmid pML1O was previously des-
cribed (13). Plasmid DNA was isolated (14) and restriction fragments were
fractionated on polyacrylamide gel electrophoresis and eluted either by
electroelution or the crush and freeze technique (15). DNA fragments were also
isolated by electrophoresis on low-melting agarose (Sea Plaque) gel and DNA
was recovered by repeated phenol extraction.
Restriction mapping of recombinant DNA

Restriction enzymes were used as recommended by the supplier (Bethesda
Research Laboratories). Enzyme digestion at multiple sites was mapped by
electrophoresis on polyacrylamide gel using essentially the partial digestion
technique of Smith and Birnstiel (16).
Sequencing of pl_asmid DNA

The sequencing method was essentially as described by Maxam and Gilbert
(15). Fragments were labeled at the 5' end by polynucleotide kinase (Boehrin-
ger) and 32P-y-ATP (Amersham). Sequence samples were resolved on 20%, 10%,
and 6 and 8% polyacrylamide gels, 0.3 mm thick and 40 cm long.
Primer extension of cloned cDNA

The internal EcoRI fragment of 43 nucleotides in length was labeled with
32P-y-ATP and polynucleotide kinase on both 5' ends. The strands were sepa-
rated as described (15), and the complementary strand was used to hybridize to
poly(A+)RNA from embryonic chick heart in 50% formamide, 0.4 NaCl, 100 mM
Pipes-buffer pH 4.5 and 0.1% SDS at 50°C for 5 hours. The hybrid was precipi-
tated with ethanol and incubated in the presence of 10 mM MgCl2, 50 mM Tris pH
8.3, 0.5 mM DTT, 1 mM each of dCTP, dATP and dTTP and 200 U/ml of rever-
se transcriptase for 1 hour at 42°C. The reaction was stopped with chloroform/
phenol 1:1 and the denatured reaction products subjected to polyacrylamide gel
electrophoresis on a 6% sequencing gel.
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Secondary structure analysis of 3'noncoding sequence
Determination of potentially base pared regions in the 3'noncoding se-

quence of MLC-2AmRNA was performed by computer analysis on a VAX 11/780 using
the program of Zucker and Steigler (24). The energy parameters for optimal
binding energies were modified as described by Henco (25).

RESULTS AND DISCUSSION
The construction of the recombinant plasmid pML10 was described earlier

(13). The DNA upon hybridization to total mRNA from 16-day old chicken cardiac
muscle arrested specifically the translation of mRNA for myosin light chain 2,
although the arrest was not complete (13). The identity of the plasmid pML10
has now been fully characterized by direct sequence analysis of the total DNA
insert (17). Double-stranded DNA fragments of defined lengths were generated
by digestion with restriction endonucleases (Fig. 1).
The fragments were radio-labeled on both 5'ends and subjected to secondary
cleavages with appropriate restriction enzymes to obtain singly labeled sub-
fragments, which were then sequenced separately. The complete cDNA sequence
thus derived is shown in Fig. 2. The final sequence was obtained by repeated
sequencing of the same fragment and by sequencing the overlapping fragments of
the same and opposite polarity as shown in Fig. 1. The orientation and the
reading frame were established by comparison of the derived amino acid
sequence to the published primary structure of the protein (7). The cloned
cDNA contains 613 nucleotides of coding sequence plus 30 and 70 adenosin re-
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Figure 1: Restriction Map of the MLC-2 Insertion of PML-10 and Diagram of the
Restriction Fragments used for Sequencing. The horizontal arrows are
indicative for the orientation and the approximate length of
sequences obtained. The hatched areas represent the poly(A-T)homo-
polymers used for inserting the cDNA into the vector.
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10
Gly - Ala - Asn - Ser - Asn - Val - Phe - Ser - Met - Phe
GGT GCG AAT TCC MT GTC TTC TCC ATG TTC

20
Glu - Gin - Ala - Gin - Ile - Gln - Glu - Phe - Lys - Glu
GAG CAG GOC CAG ATC CAG GAA TTC AAA GAG

30
Ala - Phe - Thr - lie - Met - Asp - Gin - Asn - Arg - Asp
GGG TTC ACC ATC ATG GAT CAG MC CGA GAC

40
Gly - Phe - lie - Asp - Lys - Ala - Asp - Leu - Arg - Asp
GGC TTC ATC GAC MG GCA GAC CTG AGA GAT

50
Thr - Phe - Ala - Ala - Leu - Gly - Arg - Leu - Asn - Val
ACA TTT GCT GCA CTT GGG CGC CTG MT GTG

60
Lys - Asn - Glu - Glu - lie - Asp - Glu - Met - lie - Lys
AAA AAC GAG GAG ATC GAT GAG ATG ATC MG

70
Glu - Ala - Pro - Gly - Pro - lie - Asn - Phe - Thr - Val
GAG GCA GCT GGC CCA ATC MC TTC ACT GTG

80
Phe - Leu - Thr - Met - Phe - Gly - Glu - Lys - Leu - Lys
TTC CTC ACC ATG TTT GGG GAG AAA CTC MG

90
Gly - Ala - Asp - Pro - Glu - Glu - Thr - lie - Leu - Asn
GGC GCT GAT CCA GAG GAG ACG ATC CTG MC

100
Ala - Phe - Lys - Val - Phe - Asp - Pro - Glu - Gly - Lys
GGG TTC AAG GTG TTT GAT CCG GAG GGC AAA

110
Gly - Leu - Lys - Ser - Ala - Tyr - lie - Lys - Glu - Met
GGG CTG AAA TCT GCC TAC ATC AAA GM ATG

1.20
Leu - Met - Thr - Gin - Gly - Glu - Arg - Phe - Ser - Gin
CTG ATG ACG CAG GGC GAG AGG TTT TGC CAA

130
Glu - Glu - lie - Asp - Gin - Met - Phe - Ala - Ala - Phe
GAG GAG ATC GAT CAG ATG TTT GCT GGC TTC

140
Pro - Pro - Asp - Val - Ser - Gly - Asn - Leu - Asp - Tyr
GCT CCA GAC GTC TGC GGC MC CTC GAC TAC

150
Lys - Asn - Leu - Val - His - Val - lie - Thr - His - Gly
AAA MC CTC GTT CAC GTC ATC ACA CAC GGA

i60
Glu - Glu - Lys - Asp - term.
GAG GAG MG GAC TM CCCATGGGGTTAGCACTGTGGGGTCAC

-. - . <
CTCTGTGTGGGTCACTCTGCAGGTGCCTTTGTCGCTCTCGCTGGAGCTGCAGAGCTG
TTCTTCACGGGGATMCAGCGAGMCAGCAGGCACACGCAATAMGTGCATTTTGG

TGAGAGA n)

Figure 2: The complete nucleotide sequence of recombinant clone PML-10, and
the derived amino acid sequence of MLC-2A. The boxed-in amino acids
124 and 125 appear in reversed order when compared to the published
protein sequence (7). The underlined nucleotides represent the poly-
adenylation signal of mRNAs. Direct and inverted repeated sequences
are indicated by arrows above the sequence.
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Figure 3: Possible secondary structure of the 3'-non-coding sequence of chicken
MLC-2A mRNA. Maximal base pairing was determined by computer analysis
as described under Materials and Methods.

sidues at the left and right ends, respectively. The inserted DNA appears to
be smaller than we had suggested previously (13).

The sequence agrees at 152 positions with the published amino acid
sequence of cardiac MLC-2A. However, the codons for amino acids glutamic acid
and glycine located at positions 124 and 125, respectively (7) appear in
opposite order in pML10 DNA. The DNA coding for these two amino acids has
been sequenced on both strands and was read independently by two investigators.
The hexanucleotide sequence GGCGAG which we have proposed would have to
differ in at least 3 positions in order to agree with the published protein
sequence. Since 3 sequencing errors within 6 nucleotides seem to be very
unlikely, we feel that the reverse order of amino acids 124 and 125 is correct.
An explanation for the disagreement of sequences could lie in genetic poly-
morphism, since different chicken strains were used in the stulies (7, 13).
MLC-2A differs from MLC-2B by 16 amino acid substitutions, one insertion and
one deletion of an amino acid (7). In addition, differences may be found in the
3'-non-coding segments of the two mRNAs. These differences might explain the
partial arrest of translation of MLC-2 mRNA when hybridized to pML10 under
highly stringent conditions.
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The pML10 DNA contains coding information for amino acid 9-163 of cardiac
MLC2. Following the termination codon TM, the entire 3'non-coding sequence of
148 nucleotides plus the poly A residues are present in the plasmid. In the 17
nucleotide segment before the poly(A), there is the hexanucleotide sequence

ATAMA, the putative signal for polyadenylation of eucaryotic mRNA (18). The
non-coding part of the cloned sequence contains multiple direct repeats of 6
to 7 nucleotides in lenth and an inverted repeated sequence of seven nucleo-
tides separated by 9 nucleotides around the middle of the 3'-non-coding
sequence. The functional significance of these sequences remains unclear. On
the basis of simplified rules for estimating thermodynamic stability (24, 25),
the most plausible secondery structure of the 3'trailing sequence was deter-
mined by computer analysis as shown in Fig. 3. About 50% of the nucleotides
form helical structures, bringing the stop codon and the 3'end very close
together, thus leading to a rather compact configuration of this sequence.
It is noteworthy that a stable loop structure is located very close to the
UM stop codon of the mRNA. This arragment could suggest a role in translation,
since it might support termination.

Alternatively, the loop could function in termination of transcription,
as has been shown for the attenuation of bacterial operons (26) or the pre-
mature termination of late SV 40 transcription (27) in which potential stem-
and-loop configurations of the transcript seem to be involved. A similar
stem-and-loop structure has been observed in the 3'-non-coding sequence of
the pGAP 30 DNA, coding for GAPDH mRNA of chicken (28).

To obtain information on the precise length of the MLC-2A mRNA a primer
extension experiment was performed as described under Materials and Methods.
As shown in Ilg.4 , a maximally extended cDNA of 145 (+3) nucleotides was

synthesized, indicating that the complete MLC-2A mRNA has a size of 727 (+3)
nucleotides plus poly(A), consequently 96 (+3) nucleotides from the 5'terminus
are not represented in the cDNA clone PML1O. Since only coding information
for 9 NH2-terminal amino acids is missing in the ilone, it can be calculated
that the 5'-non-coding sequence comprises 69 (+3) nucleotides. The amount of
radioactivity present in the extended cDNA was unfortunately not sufficient
for sequence analysis.

The G + C content (51,5 %) of pML1O is significantly higher than that of
total chicken DNA (42,3 %). The 3'-non-coding sequence is particularly rich
in G + C (56,8 %), unlike the 3'-non-coding sequences of rabbit globin mRNA
(19) and rat actin mRNA which are A + T rich (20). As s.hown for other mRNAs
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Figure 4: Autoradiograph of primer extended cDNA of the
220- 5'end portion of MLC-2A mRNA. The priming DNA fragment

and the reaction conditions are described under Materials
and Methods. The maximally extended primer is indicated

154- by the arrow. The shorter bands are presumably premature
C- termination products.

75-*

43__

Table 1

The frequency of use of each codon, as revealed by the LMC-2A mRNA
from chicken heart, is indicated. Amino acids showing a highly
significant preference are underlined with solid lines, marginal
preference is indicated by dotted lines.
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(19, 21, 22, 18), it appears that there is a non-random usage of synonymous
codons for MLC as well. The data, summarized in Table 1 suggest that
synonymous codons are not neutral, contradicting ideas in favour of non-
Darwinian evolution (23). Particularly noteworthy is the marked underutili-
zation of codons terminating in A or T and the preference for codons ending
in G or C. There is a high statistical significance of codon preference for
Ile, Glu, and Ser and to a lesser extent for Leu, Val, and GlN. In contrast,
codons for Ala, Thr, Asp, Lys, Gly and Arg are used almost equally. Comparing
the codon usage in MLC-2A mRNA with that in glyceraldehyde-3-phosphate
dehydrogenase mRNA from the same chicken tissue (28) or with cc-globin mRNA
from different chicken tissue (29), we have found a general preference for
codons ending in G or C. For some amino acids, like Ile and Glu, the same
codons are preferentially used in all three mRNAs. The pattern of amino acids,
however, which exhibit nonrandom codon utilization is different for the
3 mRNAs; for Thr and Gly, for instance, prodominarnt codon usage was shown in
oc-globin mRNA (29) but not in the other two mRNA. If there is nonrandom
codon usage for a given amino acid, the same codons seem to be preferentially
used in all three chicken mRNAs. Thus the bias in codon utilization seems to
correlate to the organism, whereas the pattern of amino acids using codons
preferentially appears to be specific for the mRNA per se, rather than for
the organism or tissue. The functional and/or evolutionary meaning of non-
random codon selection remains unresolved.

*To whom requests for reprints should be addressed
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