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1. Introduction

Troponin, a protein found in the thin filaments of
muscle of a wide variety of species [1], in combina-
tion with tropomyosin regulates muscle contraction
by conferring a calcium sensitivity on the interaction
of actin and myosin, as originally shown by Ebashi
[2}. Troponin is a complex of three proteins [3,4]:
a calcium binding protein (TN-C); an inhibitory pro-
tein (TN-I) and a protein (TN-T) which binds to tro-
pomyosin. TN-C is a single polypeptide chain of mo-
lecular weight about 18 000 [5].

In lower vertebrates (but not in mammals) a fami-
ly of low mol. wt (about 12 000}, soluble muscle cal-
cium-binding proteins (MCBP), or parvalbumins, are
found in abundance [6—11]. Aithough the biological
role of the MCBPs is unknown, it has been speculated
that they may be homologous with TN-C [6].

We report here the amino acid sequence of TN-C.
The possibility of gene replication in the evolution of
TN-C and the relationship of its sequence with that of
MCBP are discussed.

2. Results

The amino acid sequence of TN-C from rabbit skel-

etal muscle, shown in fig. 1, was determined as follows.

The polypeptide chain was cleaved at its 9 methionine
residues with cyanogen bromide (CB), the resulting
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peptides were isolated, and their amino acid sequences
determined [12]. The larger CB-peptides were fur-
ther cleaved with proteolytic enzymes. Sequences
were determined by conventional procedures of sub-
tractive Edman degradation and digestion with amino-
peptidase M or carboxypeptidase A [13], or by
means of an automatic, solid-phase peptide sequencer
[14,15]. There remain 10 residues (no. 1—4 and
64—69) whose sequence assignment is tentative. Full
documentation of the sequence determination will be
published when the order of these residues has been
definitively established. The order of the CB peptides
was determined by studies on the methionine-contain-
ing tryptic peptides of TN-C. Although these studies
are still in progress, we have been able to unequivocal-
ly identify all of the necessary overlaps.

The calculated mol. wt of the polypeptide chain of
TN-C is 17 846, and it has a net negative charge of 30
(assuming complete ionization of all carboxyl, amino,
guanidino and imidazole groups). Included in the 158
amino acid residues are one residue each of cysteine,
histidine and proline, and two residues each of tyro-
sine and asparagine. Tryptophan is absent from TN-C.

We have used the ‘diagram’ method [16] for com-
paring the sequences of TN-C and MCBP, and also for
seeking internal repeats in the TN-C sequence. Simi-
larities between sequences were evaluated both by
counting the number of identical residues and by using
the ‘0 to 9’ scale proposed by McLachlan [17] for
comparing distantly related sequences. TN-C was com-
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phe —asp —arg —asn--ala —asp— gly— tyr—ile ~asp— ala—glu— glu —leu — ala ~ glu—ile — phe—arg — ala—

110
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CB-7

ser — gly —glu~— his—val— thr— asp— glu— glu—ile — glu—ser — leu— met—lys — asp—gly — asp—~lys — asp—

130
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CB-2

asn— asp— gly — arg—ile — asp— phe—asp—glu~phe—leu—lys— met-met—glu~ gly—val— gln—OH

150

Fig. 1. The amino acid sequence of rabbit skeletal muscle TN-C. The order of the nine CB peptides is shown. The order of residues

in parentheses is tentative.

pared with four homologous MCBPs of known se-
quence: carp components 2, 3, and 5 and the major
component of hake [9, 11, 18]. Each of these MCBPs
has 108 residues, with 70 positions invariant among
them. The 3-dimensional structure of carp component
3 has been determined [19] and the other three
MCBPs are probably very similar in structure [18].
The best alignment of the TN-C and MCBP sequences,
which gives 35 identities, is shown in fig. 2. TN-C has
hydrophobic residues at 17 of the 22 positions where
hydrophobic core residues occur in MCBP. The great-
est sequence similarity is between the C-terminal re-
gions of TN-C (residues 116—156) and MCBP (residues
68—108), where 17 of 41 residues are identical and all
8 of the hydrophobic core residues of MCBP have cor-
responding hydrophobic residues in TN-C. It is neces-
sary to place a 3 residue gap between residues 67 and
68 of TN-C to continue the similarity into the middle

third of the MCBP sequence. The N-terminal third of
MCBP and residues 45--84 of TN-C show very little
(if any) similarity.

Kretsinger [18, 19] proposed that gene triplication
has occurred to produce three homologous regions
(called AB, CD and EF) in MCBP. The sequence simi-
larities are barely detectable and the internal homolo-
gies were inferred from similarities in the 3 dimension-
al structures of these regions. McLachlan [20] also
examined the sequence and structure of MCBP and
concluded that the CD and EF regions (both of which
include one calcium-binding site) are probably homol-
ogous, but that there is no evidence for homology of
either CD or EF with the AB region (which lacks a
calcium-binding site). TN-C can be divided into four
regions (I, II, IIT and IV) which are similar in sequence
to each other and to the CD and EF regions of MCBP.
These are shown in fig. 3. The AB region is slightly
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responding residues (given in parentheses) in components 2 or 5 or in the hake protein give identity or closer similarity [11] with
TN-<C. Identical residues are capitalized. Hydrophobic core residues in MCBP and corresponding hydrophobic residues in TN-C are

underlined. Asterisks (*) are used to indicate residues in MCBP that are involved in calcium-binding. Gaps in the MCBP sequence
are those introduced by Kretsinger and Nockolds in their comparison of three segments of the MCBP with each other [19].

similar to I, but not at all to the other regions of TN-C.

Within TN.O the greatest similariiv is hetwean reoionc
Within TN-C, the greatest similarity is between regions

IT and IV, and both of these are more similar to EF
than to CD. The greatest overall similarity among all
regions (except AB) is in the 12 residue segments cor-
responding to the two calcium-binding sites of MCBP.
The distribution of hydrophobic residues among the
different regions is also very similar. In the 5 positions
where hydrophobic core residues occur in both CD
and EF, hydrophobic residues occur in all four regions
of TN-C. There are 8 segments in TN-C where helices
can be predicted from the sequence by the ‘helical
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These cotrespond very well with
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in MCBP (see fig. 3).

wheel’ method [21].
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3. Conclusions

The sequence similarities shown in fig. 3 lead us to
conclude that TN-C has evolved by gene replication,
and that it is uuuluwguua with MCBP. However, the
possibility of convergent evolution between the two
cannot be completely excluded. The great similarity

in the sequence of the calcium-binding sites of MCBP
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MCBP TNC
AB CDh EF I II 11 v
la 72a 9s 84 ¢
2fy g 73 d,g 10y 85d
3a,s 35L 74 a 11L 47g 86 a 122 ¢
4g 36 t,a,k 75« 12s 48q 87k 123 e
Sv,i 37s.g 76 a 13e 49t 88¢g 124 h
6L 38k 77L 1de 50p 89k 125V
7n,a 39 s,t 78t 15m 51t 90 s 126 t
8d 40 ap 79d 16 i 52k 91e 1274
9a 41d,a 80ga 17 a 53¢ 92e 128 ¢
10d 42d 8te 18¢ 54 ¢ 93e 129 ¢
111 43V 1 821t 19F 55L 94 L 1301
12 a,t 44k 83k,a 20k 56d 95 a 131g
13a 45k 84 ta 21a 57a 96 e 132s
14 a 46 a 85 F 22a 581 97¢ 133L
151 47F 86 L 23F 591 98 F 134 M
16¢e,a 48a 87k 244 60e 991 135k
17 a 49i 88a 25 m 6le 100 i 136 d
18¢ 501 : 89¢g 26 F 62V 101 F 137 g
19k.e 514d* 1 90 d* 27d 63d 102d 1384
20a 52q 91s 28 a 6de 103r 139k
21 ae 534d* 92 @* 294 65d 104 n 1404d
22d,g 5S4k 93 g 30g 66 g 105 a 141 n
23s 55 s* 94 d* 31g 67s 106 d 1424
24 F 56 g.d 95¢g 32¢g 68¢g 107 g 143 g
25dnk 57 f* 96 k* 33d 69t 108y 144 1
581,V 971 341 701 1091 1451
59 e* 98 g 35s 71d 1104 146 d
26 h,e 60¢ 99v 36v 72 f 111 a 147 f
27k 61d 100d,e 37k 73e 112 ¢ 148d
28 a,e 62 e* 101 e* 38e T4 e 113 e 149¢
29F 63L 102 F 39L 75F 114 L 150F
30F 64 k 103 t,a 1q |40g 76 L 115a 151L
31a,s,t 651 104 a 24 |41t Mv 116 ¢ 152k
32k 66 F 105 LM 3q |42V 78 M 1171 153 M
33V 67L 106 V 4t |43M 9V 118 F 154 M
\ 684 107k Sa |44r 80 119r 155 e
| 69n 108 a,g 6e |45m 81q 120 a 156 g
! 70F 7a l46L 82 M 121s 157V
71 k,s 8r 83k 158q

Fig. 3. Proposed homologous regions in TN-C and MCBP. The alignment of the MCBP regions is according to Kretsinger and
Nockolds [19]. The regions of TN-C are aligned on the basis of maximum overall sequence similarity [9, 11]. Residue numbers
and single letter abbreviations [23] for the amino acids are given. Residues from carp component 3 in MCBP are listed first, fol-
lowed by substitutions (if any) occurring in components 2 or 5 or in the hake protein. Hydrophobic core residues in MCBP and
corresponding hy drophobic residues in TN-C are capitalized. Residues in MCBP involved in calcium-binding are indicated by aster-
isks (*). Vertical bars indicate helical regions in MCBP and predicted a-helices [21] in TN-C.

and the four corresponding segments of TN-C suggest mole is demonstrated. The correspondence of a-helices
that TN-C has four calcium binding sites, located at and hydrophobic residues suggests that each of the
residues 27—38, 6374, 102—113 and 138—149. This four regions of TN-C has a three-dimensional structure
correlates well with recent Ca2* binding studies on very similar to the CD and EF regions of MCBP. The
TN-C [22] in which the binding of 4 Ca2* ions per validity of these conclusions may be tested by deter-

mining. the three-dimensional structure of TN-C.
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