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ABSTRACT  An eel calmodulin cDNA probe has been used to
isolate a calmodulin gene from a chicken DNA library. Sequence
analysis revealed this calmodulin gene (cCM1I) to contain the nu-
cleotides that code for 148 amino acids, a termination codon, and
486 residues of 3'-noncoding sequence before an A-A-T-A-A-A
poly(A) addition signal. The amino acid sequence derived from
these nucleotides is 87% homologous to that of bovine brain cal-
modulin. ¢cCM1 is one of two calmodulin genes in the chicken ge-
nome but is unique in that it does not contain intervening se-
quences to interrupt the structural segments of the protein, This
suggests that cCM1 originated as a processed gene copy derived
from the other calmodulin gene, cCL1, a circumstance usually as-
sociated with pseudogenes. In contrast, cCM1 appears to be a
functional member of a multigene family whose expression is spe-
cific for muscle cells.

Calmodulin is a Ca®*-binding protein that has been found in
virtually every eukaryotic cell type (1, 2). It exists as a monomer
of molecular weight 17,000 and contains four Ca®*-binding sites
(3). Calmodulin plays multiple roles in the regulation of cell
function by mediating intracellular Ca®* interactions. It ap-
pears to be constitutively expressed in a number of hormonally
regulated systems including the hen oviduct (1), but it is found
in increased concentrations in virally transformed cells (4, 5)
and is regulated during the cell cycle (6).

Amino acid sequences of calmodulin from human, rat, cow,
rabbit, sea anemone, sea scallop, sea pansy, and a protozoan,
Tetrahymena pyriformis, have been reported (see refs. 1 and
7 for reviews). The sequence conservation of these calmodulins
is striking, with the most distantly related, T. pyriformis and
cow, differing by only 12 amino acids. Furthermore, there are
4 calcium binding domains with significant regions of internal
sequence homology, indicating that the present calmodulin
evolved from a smaller ancestral precursor by successive gene
duplication events (1, 8).

Here, we report the use of an eel calmodulin cDNA probe
to isolate a calmodulin gene from a chicken DNA library. An
analysis of the sequence organization of the calmodulin gene
based on restriction endonuclease analysis, heteroduplex map-
ping, and DNA sequence determination establishes a lack of
introns in this gene. This gene, cCM1, codes for a calmodulin,
or calmodulin-like, protein that differs significantly from all
known calmodulins. Furthermore, cCMI seems to be ex-
pressed in the chicken in a tissue-specific manner.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. §1734 solely to indicate this fact.

6485

MATERIALS AND METHODS

Screening of a Chicken Genomic Library. Recombinant Cha-
ron 4A phages carrying the chicken gene library were screened
for the calmodulin gene by using the in situ plaque-hybridiza-
tion technique of Benton and Davis (9). Hybridization with 32P-
labeled calmodulin ¢cDNA from Electrophorus electricus (10)
was performed in 6X NaCl/Cit [1X NaCl/Cit (standard saline
citrate) is 0.15 M NaCl/0.015 M sodium citrate] containing 0.04%
Ficoll, 0.04% polyvinylpyrrolidine, 0.04% bovine serum al-
bumin, 0.5% NaDodSO,, and 1 mM Na,EDTA at 60°C for 16
hr. The filters were washed at the same salt concentration and
temperature.

Restriction Endonuclease Digests and Gel Electrophoresis.
Restriction endonucleases were purchased from Bethesda Re-
search Laboratories and New England BioLabs. Reactions were
carried out according to the recommended assay conditions.
Analytical as well as preparative agarose gel electrophoresis was
carried out in a Tris acetate buffer as described by Lai et al. (11).

Nick-Translation, DNA Transfer, and Filter Hybridization.
The procedure used to label DNA fragments by nick-transla-
tion has been described (12). DNA in agarose slab gels was
transferred onto nitrocellulose filters by the method of South-
ern (13). The filters were hybridized to 32P-labeled DNA probes
as described by Lai et al. (12).

Subcloning of Calmodulin Gene Fragments in Plasmid
pBR322. EcoRI-digested phage DNA (0.4 ug) was mixed with
0.1 ug of EcoRI-digested pBR322 and 75 units of T4 DNA li-
gase in 10 ul of ligase buffer (66 mM Tris-HCI, pH 7.5/6.6 mM
MgCl,/66 um ATP/10 mM dithiothreitol). After incubation for
16 hr at 4°C, this ligated DNA was used to transform CaCl,-
treated EcoRI as described by Stein et al. (14). Plasmid DNA
was isolated according to the procedure of Katz et al. (15).

DNA Sequence Determination. DNA fragments were treated
with bacterial alkaline phosphatase and labeled at the 5’ ends
with T4 polynucleotide kinase in the presence of y-[**P]ATP as
described above. The labeled DNA was cut with an appropriate
restriction endonuclease and the desired fragments were iso-
lated from a 5% polyacrylamide slab gel. These fragments were
degraded chemically according to the method of Maxam and
Gilbert (16) and analyzed by electrophoresis on 0.3 mm urea/
acrylamide gels according to the method of Sanger and Coulson
(17).
Isolation of mRNA. White Leghorn hens were sacrificed by
decapitation, and appropriate tissues were placed in liquid ni-
trogen immediately after dissection. Total nucleic acid was ex-

Abbreviations: NaCl/Cit, standard saline citrate; bp, base pair(s); kb,
kilobasefs).
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Fig. 1. Partial restriction map of a chicken calmodulin gene and
its 5’ and 3’ flanking region. The sizes in kb of the three EcoRI frag-
ments subcloned from the original phage isolate, CL10, are indicated
above the figure. Also indicated above the figure are the positions in
the sequence of the initiator codon ATG, the terminator codon TGA,
and the polyadenylylation signal A-A-T-A-A-A. The extent of the se-
quenced region is indicated by the double-headed arrow. M, Structural
sequence; (], 3’ flanking sequence; &, 5' flanking region.

tracted, and poly(A)* mRNA was isolated from the frozen tissue
as reported (14).

RNA Blotting and Hybridization. mRNA (15-30 ug) was
denatured in 50% formamide/6% formaldehyde, subjected to
electrophoresis in a 1.5% agarose/6% formaldehyde gel (18),
and transferred to nitrocellulose paper (19). The immobilized
RNA was pretreated and hybridized to the appropriate [**P]DNA
probe at 42°C for 16 hr.

RESULTS

Structural Organization of a Calmodulin Gene Clone.
pCM109 is a chimeric plasmid previously constructed in our

1
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laboratory containing a 350-base-pair (bp) calmodulin cDNA in-
sert prepared from E. electricus mRNA (10). We screened 750,000
phage plaques from a chicken gene library for calmodulin gene
clones by using *2P-labeled pCM109 as the hybridization probe.
One of the eight plaques that gave a positive hybridization sig-
nal, designated CL10, was selected for subcloning and se-
quence analysis. The genomic insert of phage CL10 was cut by
EcoRI into fragments of 11.5, 2.8, and 2.5 kilobases (kb) or-
ganized as shown in Fig. 1. Only the 11.5-kb fragment hy-
bridized to pCM109. Further restriction analysis resulted in
the partial restriction map. The 0.25- and 5.5-kb HindIII frag-
ments, the 2.1-kb EcoRI/BamHI fragment, and the 1.3-kb Cla
I/EcoRI fragment, but not the 0.5-kb BamHI or 7.5-kb Cla I
fragments, hybridized to a full-length eel calmodulin cDNA
probe, pCM116 (20). Thus, the calmodulin sequences were lo-
cated near the left-hand terminus of the 11.5-kb genomic frag-
ment represented in Fig. 1.

Sequence Analysis of the Calmodulin Gene. For DNA se-
quence analysis all three of the genomic EcoRI fragments of
phage CL10 were subcloned in pBR322. The sequence of a short
region of genomic DNA within the fragments that hybridized
to pCM116 was analyzed (Fig. 1). A 450-bp DNA sequence be-
ginning near the end of the 2.8-kb EcoRBI fragment and ex-
tending into the 11.5-kb EcoRI fragment is shown in Fig. 2.
The sequence begins with the ATG initiation codon and extends
in open reading frame through a termination codon at nucleo-
tide 448. Not shown in this figure is the 3’-noncoding sequence
that includes 486 nucleotides before an A-A-T-A-A-A polyade-
nylylation signal at nucleotide 937. The sequence of this gene,
designated cCM1, is uninterrupted by intervening sequences.

The amino acid sequence translated from ¢cCM1 is also shown
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Fic. 2. Partial sequence of calmodulin gene cCM1. The sequence begins with the initiator codon, ATG, and ends with the terminator codon,
TGA. The nucleotides are numbered below the line. The corresponding amino acid sequence is above the nucleotide sequence and is numbered above
the line.
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in Fig. 2. Encoded is a 148-amino acid protein that bears ex-
tensive sequence homology with the human, bovine, rat, and
eel calmodulins. Of the 148 residues, 129 are identical to these
other calmodulins (87% homology), including the invariant (tri-
methyl) lysine at position 115. However, this 13% sequence
nonhomology represents a significant departure from the near
identity of all other vertebrate calmodulins.

Hybridization of cCMI with Chicken DNA. Using the cloned
1.3-kb EcoRI/Cla I fragment of cCM1 (CM1.3), we investi-
gated its corresponding genetic complexity. High molecular
weight DNA was prepared from hen liver and digested with
BamHI, EcoRI, and HindIII. Only HindIII cut within the se-
quences represented by the cloned probe. We subjected 15 ug
of each digest to electrophoresis, transferred the DNA to ni-
trocellulose paper (13), and hybridized it with 32P-labeled CM1.3
(Fig. 3). In all cases only one band was observed, and all had
an intensity corresponding to that expected for a gene present
in one copy per haploid genome. Fig. 1 would have predicted
the presence of a second HindIII fragment 0.25 kb long. Pre-
sumably, its absence reflects the use of a 1% agarose gel to re-
solve the fragments.

Quite recently, however, as a result of screening a brain cDNA
library, a second chicken calmodulin gene has been isolated (21).
This gene, designated cCL1, codes for a calmodulin that is iden-
tical to the bovine, rat, and human calmodulins, and thus is 87%
homologous to cCM1 (see Discussion). It does, however, con-
tain multiple intervening sequences. Southern blot analysis of
¢CLI under stringent hybridization conditions yields a unique
set of hybridizing bands, again corresponding to one copy per
haploid genome. Only under conditions of decreased strin-
gency do ¢cCLI and ¢cCM1 cross-hybridize. It thus appears that
the chicken genome contains two different calmodulin genes in
which coding sequences are related but sequence organization
is considerably different.

Expression of Calmodulin mRNAs in Chicken Tissue. In light
of the fact that two potential calmodulin genes exist in the chicken
genome, it was of interest to examine their expression in dif-
ferent tissues. A cDNA probe for the cCLI gene and the cloned

Fic. 3. Hybridization of cal-
modulin gene ¢CM1 to hen liver
DNA. BamHI- (lane 1), EcoRI- (lane
2), or HindIII-digested (lane 3) DNA
was separated on a 1% agarose gel,
transferred to filter paper, and hy-
bridized to CM1.3. Approximate size
in kb is indicated.
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F16. 4. Identification of calmodulin mRNA species in different
chicken tissues. Poly(A)* mRNA (20 ug) prepared from chicken ovi-
duct (lanes 1), brain (lanes 2), breast muscle (lanes 3), and liver (lanes
4) was run on a 1.5% agarose/6% formaldehyde gel. After transfer to
nitrocellulose paper, the RNA was hybridized to a cDNA probe for gene
¢CL1I (Left) or the 1.3-kb genomic cCM1 fragment (Right). The positions
of 28S and 18S rRNAs are indicated.

CM1.3 probe for cCM1 were both labeled by nick-translation
and hybridized against cytosolic poly(A)* mRNA prepared and
separated on 1.5% agarose/formaldehyde gels. The results with
mRNA from chicken oviduct, brain, breast muscle, and liver
are shown in Fig. 4. Whereas the ¢cCL1I gene probe hybridizes
to one (or more) mRNA species in all tissues examined, the cCM1
probe hybridizes to a mRNA species in muscle only. The het-
erogeneous (>28S)-oviduct RNA that hybridizes is not usually
observed and presumably represents a hybridization artifact.
The lone mRNA species to which cCMI hybridizes is smaller
than any of the calmodulin 2 mRNAs. These data suggest that
¢CL1 is the primary gene responsible for the production of cal-
modulin and that cCM1 is a muscle-specific calmodulin (or cal-
modulin-like) gene.

DISCUSSION

Here, we report the sequence of a calmodulin gene. Because
of the extensive sequence homology of calmodulins from di-
verse species, a short eel calmodulin cDNA was used to screen
the chicken DNA library. This cDNA probe contained only 168
bp of coding sequences, which code for amino acids 93-148 of
eel calmodulin (10); 182 bp of the probe represent 3'-noncod-
ing sequences of the eel mRNA and show very little sequence
homology to the 3'-noncoding region of the chicken calmodulin
gene (cCM1) that we isolated. However, under the hybridiza-
tion conditions of decreased stringency that were ultimately
used (60°C and 6Xx NaCl/Cit), a number of positive hybrid-
ization signals were observed. All of these clones proved to
contain identical or overlapping fragments of the same chicken
gene. This fact together with the Southern hybridization data
in Fig. 3 argue that the cCM1 sequence represents a unique
gene. However, our preliminary data suggested that a mRNA
complementary to this gene is not present in every chicken tis-
sue. These observations, together with the fact that calmodulin
exists in all chicken tissues, raised the possibility that multiple
calmodulin genes exist in the chicken genome. To test this hy-
pothesis, a cDNA library prepared from chicken brain mRNA
was screened by using a full-length eel calmodulin cDNA (20).
Indeed, a brain ¢cDNA representing a calmodulin mRNA not
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identical to the chicken gene ¢cCM1 was found, isolated, and
recloned. Using this cDNA as a hybridization probe, Putkey et
al. (21) isolated a second chicken calmodulin gene (cCLI). Hy-
bridization experiments against chicken DNA have shown that
it is also unique in the chicken genome and that cCM1 and ¢CLI
cross-hybridize poorly.

The nucleotide sequence of the coding region of calmodulin
gene cCM1 is shown in Fig. 2. This gene sequence codes for
a calmodulin-like protein of 148 amino acids uninterrupted by
intervening sequences. This is contrary te our original hypoth-
esis (22-24); because calmodulin contains four somewhat ho-
mologous Ca®*-binding domains we expected to find three in-
trons. Calmodulin gene cCLI does, however, contain three (or
more) introns. A comparison of the sequence of cCMI shown
in Fig. 2 with the sequence of the exons of ¢cCLI shows a ho-
mology of 74%; 333 of the 450 nucleotides are identical. Even
though this is a substantial sequence homology, the longest
stretch of sequence identity is only 14 bp. This observation ex-
plains the poor hybridization of the two sequences under strin-
gent hybridization conditions. Furthermore, the overall se-
quence homology demonstrates that the two genes are related
and suggests that gene cCMI might have originated as a pro-
cessed gene copy derived from ¢CLI.

Processed genes normally contain a poly(A) sequence at their
3' end. So far a sequence of 750 nucleotides 3’ to the TGA ter-
mination codon in cCM1 has been determined, and no poly(A)
sequence has been found. However, cCLI contains at least two
polyadenylylation signals, one located at 857 and the other lo-
cated at 1,157 nucleotides past the TGA codon (21). One of these
termination sites would have been used in creating the mRNA
from which gene cCM1 was presumably processed, and so the
poly(A) sequence has not yet been reached by our sequence
analyses. This conclusion suggests that the A-A-T-A-A-A poly-
adenylylation signal of cCMI indicated in Fig. 1 that would
produce a mRNA of the size observed in Fig. 4 was created
after reinsertion of gene cCM1 into the genome.

The amino acid sequence coded for by ¢cCM1 is also shown
in Fig. 2. The sequence of 148 amino acids after the initiator
methionine is typical of all calmodulins isolated to date. Eighty-
seven percent of the amino acid residues are identical to human
(25), rat (26), and bovine (27) calmodulins and to the protein
sequence translated from ¢CL1 (21). The 19 amino acid dif-
ferences between calmodulin 1 and these other calmodulins are
listed in Table 1. Interestingly, 11 of these differences are non-
conservative substitutions. This represents a significant vari-
ation for calmodulins, because the largest difference among
vertebrate calmodulins previously. analyzed is one amino acid.
Even T. pyriformis contains a calmodulin that differs from hu-
man calmodulin at only 12 positions, and only 5 of those sub-
stitutions are nonconservative.

Examination of the amino acid substitutions in the Ca®*-
binding subdomains of cCM1 suggests the possibility of func-
tional changes in the calmodulin coded for by this gene. Based
on sequence analogies to metal-binding sites proposed by Kret-
singer and Barry (28) for parvalbumin and troponin C, Dedman
et al. (26) determined the probable metal-binding sites of cal-
modulin proteins. These four Ca®*-binding subdomains of cCM1
are listed in Table 2. Subdomain 3 is identical to previously se-
- quenced calmodulins, and subdomain 2 is 91% homologous (only
one amino acid difference). However, subdomains 1 and 4 are
only 75% homologous to the corresponding Ca®*-binding sub-
domains in the other vertebrate calmodulins. Significantly, the
smgle change in subdomain 2 is an asparagme, which is one of
the six coordination residues for Ca®*, to a serme which still
could participate in the coordination of a Ca . Thus, subdo-
mains 2 and 3 could have fully functional Ca® -bmdmg sites.

Proc. Natl. Acad. Sci. USA 80 (1983)

Table 1. Differences in amino acid sequences derived from
chicken calmodulin genes cCM1I and cCL1

Position cCM1 ¢CL1
2 Glu Asp
3* Arg Gln
5 Ser Thr

21 Arg Lys
26* Cys Thr
30* Met Lys
52* Val Ile
53* Gly Asn
60* Ser Asn
70 Ser Thr
71* Leu Met
77 Arg Lys
79 Ser Thr
126 Lys Arg
130* Cys Ile
131 Asn Asp
132* Asn Gly
143* Arg Gln
147* Glu Ala

* Nonconservative substitutions.

The changes in subdomains 1 and 4 are more extensive, how-
ever. Two of the three differences in subdomain 4 are in critical
residues implicated in Ca®*-binding (asparagine-131 and gly-
cine-132), and the third change is the substitution of a bulky
cysteine residue for the adjacent isoleucine-130. In subdomain
1, three residues are replaced by bulkier groups, including the
substitution of a cysteme for threonine-26, which is located in
the center of the Ca?*-binding subdomain. These changes
themselves would probably be sufficient to severely impede
the binding of Ca®* to these two subdomains. In addition, the
presence of a cysteine residue in both subdomains suggests that
a disulfide bond might even be formed that would bridge the
central portions of the first and fourth Ca®*-binding sites. It
thus seems likely that, for whatever reason, this variant calmod-
ulin has evolved to the point where it functions as a two-domain
Ca®*-binding protein.

The nucleotide homologies of the Ca®>*-binding subdomains
listed in Table 2 also support this hypothesis. Whereas the sec-
ond and third subdomains of cCM1 are very homologous to the
corresponding regions in ¢CLI, subdomains 1 and 4 are con-
siderably less so (64% and 61%, respectlvely) If these two sub-
domains no longer functioned as Ca®*-binding sites, then the
sequence would be less constrained than subdomains 2 and 3,
and evolutionary “drift” would be more rapid.

¢CL1I is expressed in all tissues (Fig. 4; ref. 21) and thus pro-
vides the bulk of chicken calmodulin. cCM1 hybridizes to a
smaller mRNA found in breast muscle but not in brain, oviduct,

Table 2. Conservation of Ca?*-binding subdomains between
chicken calmodulin 1 and other calmodulins

% Homology*
Subdomain Amino acids* Amino acid Nucleotide
1 20-31 75 64
2 56—-67 91 81
3 93-104 100 83
4 129-140 7% 61

* Position of amino acid residues involved in each Ca®*-binding sub-
domain.

1% homology of each subdomain with the corresponding subdomain in
chicken calmodulin 1, which is equivalent to the human, bovine, and
rat sequence.
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or liver. Preliminary experiments further indicate that cCM1 is
expressed in skeletal and cardiac muscle but not in smooth mus-
cle. cCM1 clearly does not code for a troponin C, because only
54% of the residues are identical to bovine troponin C, which
is roughly 50% homologous to calmodulin. The sequence ho-
mologies and tissue specificity of expression indicate that cCM1
codes for a calmodulin-like protein that may have a Ca®*-bind-
irllg function somehow concerned with striated muscle physi-
ology.

The lack of intervening sequences in this calmodulin gene
was unexpected. The extraordinarily high sequence homology
of the four domains of calmodulin is a cogent argument that this
protein has evolved via two successive duplications of a pri-
mordial single-domain Ca®* binding protein (8). In light of other
evidence concerning the sequence organization of genes that
have evolved by successive duplications, such as ovomucoid (24),
we believe that the evolution of this calmodulin gene would
have resulted in the presence of three intervening sequences
located between domains 1 and 2, 2 and 3, and 3 and 4. It is
likely, therefore, that three (or more) introns were present in
a primordial calmodulin gene but were subsequently lost by
some mechanism of gene conversion. Several examples of such
processed genes have recently been published. A mouse pseudo
a-globin gene has moved from the a-globin cluster on chro-
mosome 11 to a position on chromosome 15 and is flanked by
retrovirus-like elements (29). Other processed genes that are
flanked by short direct repeats have been described, including
human small nuclear RNA genes (30), a rat a-tubulin gene (31),
and human immunoglobulin (32) and B-tubulin genes (33). All
of these processed genes are pseudogenes; they are nonfunc-
tional because of numerous point mutations and deletions. A
different type of processed pseudogene has also been discov-
ered—the human metallothionein IIg gene (34). Even though
this gene has an intact coding sequence, it is apparently not
expressed because it lacks functional promoter sequences near
its 5’ end. These discoveries imply that RNA transcripts of
functional genes, or their DNA cognates, can be reinserted at
a distant chromosomal site to generate processed gene copies.

The potential applicability of this type of mechanism to the
origin of cCMI was enhanced by the discovery of a second
chicken calmodulin gene, ¢CL1, that apparently contains the
predicted three introns. We hypothesize that gene cCM1 was
originally derived as a processed copy of the primordial cal-
modulin gene ¢CLI. This processed copy, lacking the inter-
vening sequences, was inserted back into the genome and has
since evolved into a functional calmodulin-like gene, cCM1, that
codes for a Ca®*-binding protein that binds only two molar
equivalents of Ca®*. This gene has an intact coding sequence,
and preliminary evidence that it produces a mRNA in certain
muscle tissues has been obtained. This hypothesis predicts that
some form of repeat sequence flanks both ends of the gene, a
poly(A) tract exists at the 3’ end of the gene, and regulatory
sequences that direct tissue-specific expression of this gene ex-
ist in the 5' flanking region. Indeed, preliminary sequence
analysis has revealed the presence of a 9-bp direct repeat flank-
ing both ends of cCM1.
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