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Synopsis. c DNA sequences of calmodulin genes
taken from chicken and eel were compared to investigate the
molecular evolution of its protein. One notable feature of
the amino acid coding region of the gene is that the second
positions of codons are more conservative than the first posi-
tions, while the third positions are highly diverged to exhibit
almost saturation. This kind of behaviour is reminiscent of
that of the histone gene.

Origin and evolution of protein is one of the most
important problems in biology and biochemistry. Re-
cently, primary nucleotide sequences have been deter-
mined with a number of genes which code for pro-
teins. Studies on molecular evolution of proteins
in terms of such DNA sequences are very interest-
ing. Calmodulin (CaM) is one of the calcium-binding
proteins.!=® It has four calcium-binding sites, and
interacts reversibly with Ca?t* to form a calmodulin-
Ca?* complex. It contains 148 amino acids and
has a trimethylated lysine at position 115. One
notable feature of CaM is that it is widely distri-
buted throughout eukaryotes and that the primary
amino acid sequence is highly conservative against
evolution. In previous papers,4® we examined the
origin and evolution of CaMs in terms of their pri-
mary amino acid sequences. So for, their amino acid
sequences have been determined with a number of
representative species.!~® However, little informa-
tion was known with the m RNAs that code for
CaM. Recently, Lagacé et al. and Putkey et al.
isolated m RNAs of CaM from the electroplax of elec-
tric eel (Electrophorus electricus) and from chicken
brain, respectively,8:? and their c DNAs (DNA com-
plementary to m RNA) have been cloned and se-
quenced. Therefore, it is very interesting to com-
pare the DNA sequences between both biological
species. We pay attention to how the highly con-
servative amino acid sequence of CaM is related to the
coding region of ¢ DNA.

Figure 1 shows the amino acid coding regions of the
nucleotide sequences of CaM ¢ DNAs for chicken and
eel. The numbers indicate amino acid positions. The
initiation (ATG) and termination (TGA) codons are
common to the two species. If we exclude these two
codons, the coding region of the ¢ DNA is composed
of 148 codons. For the two species, the corresponding
codons are aligned and compared in Fig. 1. Those
nucleotides which are different between the two spe-
cies are indicated by asterisk (*). The other nucleotides
are found to be identical between the two. As is expect-
ed from the highly conservative amino acid sequences
of CaM, the primary nucleotide sequences in the
amino acid-coding regions of the respective c DNA are
highly homologous, with an overall homology of 79%.
Particularly, the first and second positions (replace-
ment sites) of codons show markedly higher degree of
homology than does the overall homology. In contrast
to these, the third positions (silent sites) of codons

are very much diverged.

In order to treat these situations more quantita-
tively, we consider one-parameter and two-parameter
models for evaluating the degree of nucleotide changes
proposed by Kimura et al.? In estimating the evolu-
tionary distances between homologous sequences in
terms of the number of nucleotide substitutions, cor-
rections for multiple and revertant changes at homolo-
gous sites are important. The total number of
nucleotide substitutions per site, K, which separate
two sequences and therefore involve two branches each
with time length T, is expressed by K=2Tk, where k is
the total rate of substitutions per site per year. In the
one-parameter model where probability of every
nucleotide substitution is assumed to be common, K is
given by®

3 42

K= ——4—1:1(1——27) (1)
where 4 is the fraction of sites for which two sequences
differ from each other. From the data of Fig. 1 of the
chicken and eel CaM genes, the A value for the first
positions of codons was calculated as 7/148=0.0473,
while the values for the second and third positions, as
1/148=0.00676 and 84/148=0.568, respectively. As
can be seen from the highly conservative amino acid
sequences of CaM, the magnitudes of A for the replace-
ment sites are extremely small, while that for the silent
site is found to be larger than 1/2. If nucleotide substi-
tutions occur randomly, the 4 value will show a satu-
rated value of 3/4=0.75. In view of this, the value for
the third position appears to approach such a satu-
rated value. Using Eq. 1, the K values for the first,
second and third positions of codons were calculated
as 0.049 (+0.019), 0.0068 (+0.0068) and 1.06 (+0.17),
respectively, where the figures in parentheses show
standard error.®

In the two-parameter model, the probabilities of
transition type nucleotide substitutions and transver-
sion type substitutions are discriminated. The transi-
tions are substitutions of purines by purines (AeG),
and pyrimidines by pyrimidines (T<C), while the
transversions are substitutions in which a purine is
replaced by a pyrimidine, or a pyrimidine is replaced
by a purine (A or GeoT or C). In this model, the
K value is expressed by?

K= ——;~ln{(1—2P—Q)1/l_~_2@}- @)

Here, P and Q are given by the fraction of sites for
which two sequences differ from each other with respect
to transition type and transversion type substitutions,
respectively. In the chicken and eel CaM genes, P and
Q for the first positions of codons were calculated as
4/148=0.0270 and 3/148=0.0203, respectively. These
values lead to K=0.049 (10.019) for the first posi-
tions, where the figure in parentheses shows stan-
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10 20
ATG GCT GAT CAA CTG ACA GAA GAG CAG ATT GCA GAA TTC AAA GAA GCT TTT TCA CTA TTT GAC
- * * *

* * * * * * * *
EEL: ATG GCA GAT CAG CTG ACT GAG GAA CAG ATT GCT GAG TTC AAG GAG GCG TTT TCC CTC TTT GAC

40

AAG GAT GGT GAY GG'I ACT ATA ACT ACA AAG GAG TTG GGG ACT GTG ATG AGA TCA CTT GGT
* * * * * * *

*

- * *
AAA GAT GGT GAC GGC ACC ATC ACC ACC AAA GAG CTG GGT ACT GTG ATG CGC TCT CTG GGC

50
CAG AAC CCC ACA GAA GCA GAA TTA CAG GAC ATG ATC AAT GAA GTA GAC GCT GAT GGC AAT

60

* * * %
CAA AARC CCC ACC GAG GCA GAG CTG CAG GAC ATG ATC AAT GAA GTG GAT GCT GAC GGC AAT

70
GGC ACA ATT GAC TTC CCA GAG T'I‘T cT6 AEA ATG ATG GCA AGA AAA ATG AAA GAT ACA GAT
 wx * *

80

GGA ACA ATA GAC TTC CCG GAG T‘I’C €16 ACC ATG ATG GCC AAG AAA ATG AAG GAC ACA GAC

AGC GAA GAA GAA AYT AGA GAA GCG TTC CGT GTG TTT GAC AAG GAT GGT AAT GGT TAC AYY

. * * * * * *
AGT GAA GAA GAG ATC CGA GAA GCC TTC CGA GTT TTT GAC AAG GAC GGT AAT GGC TAC ATC

110

20
AGT GCT GCA GAA CTT CGT CAT GYG ATG ACA AAT CTT GGG GAG AAG CTA ACA GAT GAA GAA
* *

* 2 %

*

* * * % - * *
AGT GCA GCC GAG TTG CGA CaT GTC ATG ACT AAC TTG GGC GAG AAG CTG ACG GAC GAG GAG

130
GTT GAT GAA ATG ATT AGG GAA GCA GAC ATT GAT GGT GAT GGT CAA GTA AAC TAT GAA GAG

.o *

140

* * -
GTG GAT GAG ATG ATC CGA GAG GCC GAC ATC GAT GGC GAC GGC CAG GTG AAC TAT GAA GAG

TTT GTA CAG ATG AYG ACA GCG AAG TGA
* * * *

-
TTC GTG CAA ATG ATG ACT GCA AAG TGA

Fig. 1.

Comparison and homology of the amino acid coding regions of the ¢ DNA sequences taken

from chicken and electric eel (Electrophorus electricus).®? The initiation (ATG) and termination

(TGA) codons are common between the two species.

The numbers indicate amino acid positions.

Those nucleotides which are different between the two species are shown by asterisk (*).

dard error.? Similarly, for the second positions, P=
1/148=0.00676, Q=0.00000 and K=0.0068 (+0.0068),
and for the third positions, P=53/148=0.358, Q=31/
148=0.209 and K=1.44 (£0.49). In all three positions,
P is greater than (1/2)Q, indicating that the transitions
have occurred more frequently than have the transver-
sions. In this respect, the two-parameter model is more
realistic than the one-parameter model, and the fol-
lowing discussion will be made with the two-parameter
model.

The most notable feature of the CaM genes is that
the K value of the third positions (K3) is much greater
than those of the first (Ki) and second (K2) posi-
tions. This means that the pressure by natural selec-
tion has been strongly applied to amino acid sequences
of CaM, while the third positions of codons are
almost neutral against evolution; most of the third po-
sitions are synonymous with respect to changes of
amino acid residues. Itisalso found that the magnitude
of K3 is less than that of K;. The order of K:<K1<K3
holds generally with various protein genes, such as
B-globin gene.1®

Using the equation of K=2Tk, we estimate the
values of k, the rate of nucleotide substitutions
per site per year. We assume that the common ances-
tor of eel and chicken CaMs diverged 7=3.5X108
years ago (the time of divergence into osteichthyes
and amphibians).?? Then, the values of k& for the
first, second and third positions of codons of CaM
are calculated as k1=0.070X10-°, k2=0.0097X10—° and
k3=2.1X1079, respectively. These results may be com-
pared with histone H4 which is known to be the
most highly conservative protein against evolu-
tion. The rate of amino acid substitutions per site
per year of histone H4 is known as k..=0.006X10-9.12
The value of k2 of CaM is of comparable order
with that of k.., while the value of k1 of CaM is

about ten times larger than that of k.. Therefore,
although the first positions of codons of CaM are
less conservative than those of histone H4, the conser-
vative properties of these two proteins are compa-
rable with each other. In contrast to these, the rate
of k3=2.1X107? of the third positions of CaM is as
high as 2.3X107° of fibrinopeptide or (3.7+1.4)X10-®
of the third nucleotide positions of histone H4 gene.!?
The latter two values are known as the highest rate
of nucleotide substitutions. It is remarkable that, in
CaM gene, synonymous mutant substitutions have
occurred with the highest rate, while the amino
acid substitutions have occurred with as low rate
as that of histone H4.
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