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The complete amino acid sequence of Akazara scallop, Chlamys nipponensis akazara,
troponin-I was determined by automated Edman degradation. It is composed of 292 amino
acid residues with a blocked N-terminus. The MT is calculated to be 34,678, about 14,000
larger than that of vertebrate skeletal troponin-I but significantly smaller than the 52,000
that had been estimated by SDS-polyacrylamide gel electrophoresis. The homologous
sequence to vertebrate and arthropoda troponin-Is is found in the C-terminal region. In
particular, the sequence of the regions essential for binding to actin and troponin-C is
highly conserved. On the other hand, Akazara scallop troponin-I has 100-133 extra residues
at the N-terminus compared with vertebrate troponin-I. This extra region is rich in Glu and
Arg and has a unique sequence, that shows in part a high sequence homology with the
tropomyosin-binding site of troponin-T and caldesmon.
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Troponin is a Ca2+-dependent regulatory protein of muscle
contraction (I). It is a complex of three distinct subunits: a
Ca2+-binding subunit, troponin C (TnC); a tropomyosin-
binding subunit, troponin T (TnT); and an inhibitory
subunit of actin-myosin interaction, troponin I (Tnl). In the
early 1970s, molluscan muscles were believed to be regu-
lated only by a myosin-linked regulatory system (2-4).
However, Tnl- and TnC-like proteins were isolated from
the striated adductor muscle of scallop (5, 6), suggesting
the presence of troponin. Subsequently, we have isolated
troponin from Akazara scallop and Ezo giant scallop stri-
ated and smooth adductor muscles (7-10). These scallop
troponins and their subunits revealed somewhat different
biochemical properties from vertebrate troponins. For
instance, the troponin plays a regulatory role by enhancing
the actomyosin Mg-ATPase activity in the presence of Ca2+

(7). In addition, the TnC binds less Ca2+ (1 mol Ca2+ per
mol) (7, 11) than vertebrate fast skeletal TnCs (4 mol Ca2+

per mol) (12). Thus, the hybridized troponin of Akazara
scallop TnC with vertebrate Tnl and TnT shows no ability
to regulate the actomyosin Mg-ATPase activity together
with tropomyosin (13). Moreover, two types of scallop Tnl
showing Mr of 52,000 and 19,000 on SDS-PAGE are
present (7, 14, 15). It is noteworthy that the former is more
than twice as large as vertebrate Tnls. It is therefore
important to clarify the amino acid sequence of scallop
troponin subunits for better understanding of the molecular
mechanisms of regulation.

Recently, we determined the amino acid sequence of
1 This study was financially supported in part by a Grant-in-Aid from
the Ministry of Education, Science, Sports and Culture of Japan.
' To whom correspondence should be addressed.
Abbreviations: TnC, troponin-C; TnT, troponin-T; Tnl, troponin-I.
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Akazara scallop and Ezo giant scallop TnCs (16, 17). The
sequences show that these TnCs bind only one Ca2+, at the
site IV located in the C-terminal region, in contrast to the
four Ca2+ ions bound at sites I-IV in vertebrate fast skeletal
TnC (12), where Ca2+-binding to sites I and H in the N-
terminal half of the molecule has been considered to be
essential for the regulation (18-20). Subsequently, Aka-
zara scallop and Ezo giant scallop TnTs were sequenced (21,
22). Both have shorter N-termini by 27 residues and longer
C-termini by 78 and 83 residues, respectively, than the
rabbit skeletal counterpart.

We previously reported that digestion of Akazara scallop
Mr 52,000 Tnl with CNBr yielded two major fragments, the
N-terminal 35-kDa fragment (CN35K) and the C-terminal
17-kDa fragment (CN17K), and two minor fragments,
CN47K and CN5K. CN17K inhibited the actomyosin Mg-
ATPase activity along with tropomyosin, while CN35K did
not (23). We also determined the amino acid sequence of
the CN17K and found that it has a considerably high
sequence homology to the vertebrate Tnl (24).

Here, we describe the determination of the amino acid
sequence of the CN35K and the complete amino acid
sequence of Akazara scallop Tnl.

MATERIALS AND METHODS

Preparation of the CNBr Fragments of Akazara Scallop
Tnl—Tnl was prepared from the striated adductor muscle
of Akazara scallop according to the method of Ojima and
Nishita (7, 25), and subsequently carboxymethylated. The
modified Tnl was digested with 10,000-fold molar excess of
CNBr in 70% formic acid at 25'C for 24 h. The digests were
separated into CN17K, CN35K, CN47K, and CN5K frag-
ments by chromatography on DEAE-Toyopearl 650M
column (22 mmX 150 mm) as reported previously (23).
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Enzymatic Digestion of CN35K—CN35K was digested
with either 1:120 (w/w) lysylendopeptidase (Wako Pure
Chem.) in 10 mM Tris-HCl (pH 9.0) at 37'C for 2 h, 1:60
(w/w) Staphylococcus aureus V8 protease (Pierce Chem.)
in 0.1 M NH,HCO3 (pH 8.0) at 30'C for 1.5 h, or 1 : 400
(w/w) a-chymotrypsin (Sigma Chem.) in 0.1 M NH<HCO3

(pH 8.0) at 37*C for 1 h.
Phenylthiocarbamylation and Subsequent Tryptic Diges-

tion—To restrict the tryptic digestion to the Arg-X peptide
bond, free amino groups of Tnl were phenylthiocarbamyl-
ated. Akazara scallop Tnl (20 nmol) was dissolved in 100 //I
of 60% pyridine and 0.4 M dimethylallylamine (pH 9.5),
then 5 fi\ of phenylisothiocyanate was added. The mixture
was incubated at 55*C for 20 min, and excess reagents were
removed by extraction three times with 500 //I of benzene.
The aqueous phase containing phenylthiocarbamylated Tnl
was lyophilized, then digested with 1 : 50 (w/w) trypsin
(Sigma Chem.) in 1.6 M urea and 0.1 M NH^HCOa (pH 8.0)
at 37°C for 17 h.

Separation of Peptides by HPLC—Peptide fragments
were separated by HPLC with a TSK-gel ODS-120T
column (4.6 mm X 250 mm, Tosoh). Elution was performed
with a linear acetonitrile gradient from 0 to 60% in 0.1%
trifiuoroacetic acid in a total volume of 60 or 100 ml at a
flow rate of 1.0 ml/min. The effluents were monitored by
absorbance at 214 nm.

Analysis of Amino Acid Composition and Sequence—
Akazara scallop Tnl and peptide fragments (0.2 to 6.6
nmol) were hydrolyzed with 6 N HC1 at 110"C for 24 h ire
vacuo, and amino acids produced were phenylthiocarbam-
ylated using a PICO-TAG work station (Waters). The
phenylthiocarbamylated amino acids were analyzed by
HPLC on a PICO-TAG column (3.9 mm X150 mm,
Waters). The amino acid sequence was determined using a
model 473A protein sequencer (Perkin Elmer).

RESULTS

The sequencing data for Akazara scallop Tnl is summarized
in Fig. 1. The chromatographic separations of peptides and
amino acid compositions are shown in Fig. 2 and Table I,
respectively.

Determination of the Amino Acid Sequence of CN35K—
As reported previously, CN35K, the N-terminal CNBr-
fragment of Akazara scallop Tnl, has a blocked N-terminus
(23). Thus, it was digested with lysylendopeptidase to yield
two fragments, CN35K-L1 and CN35K-L2 (Fig. 2A). Of
these, CN35K-L1 has the blocked N-terminus, and thus the
deblocking method of Wellner et al. (26) was applied,
which is known to remove the acetyl group from an N-
acetylated peptide. As a result, a sequence consisting of Ser
and 12 subsequent residues was determined, suggesting
that the blocking group is an acetyl group. On the other
hand, the N-terminal 34 residues of CN35K-L2 were
directly sequenced.

CN35K was also digested limitedly with V8 protease to
yield 12 fragments, named CN35K-V1 to CN35K-V12
(Fig. 2B). Based on the sequencing data of these fragments,
CN35K-V3 was found to overlap CN35K-L1 and CN35K-
L2, while CN35K-L2 overlaps the N-terminal region of
CN35K-V7 and CN35K-V12, which possess identical
N-termini. The fragments other than CN35K-V11 were
sequenced as summarized in Fig. 1. CN35K-V11 appeared
to be a mixture of two fragments whose N-terminal 10
residues were the same as those of the CN35K-V12 and
CN35K-V10. However, the separation of the mixture was
unsuccessful.

Next, CN35K was digested with a -chymotrypsin to yield
nine fragments, CN35K-CT1 to CN35K-CT9 (Fig. 2C).
CN35K-CT7 possesses overlapping regions with CN35K-
V7, CN35K-V12, and CN35K-V9. In addition, CN35K-
CT5, containing homoserine at the C-terminus, overlapped
CN35K-V9. Thus, the complete sequence of the CN35K
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Fig. 1. Summary of sequencing
data of Akazara scallop Tnl. Se-
quences were determined by an auto-
mated sequencer as indicated by arrows
(—). Each fragment is named in the
text. The amounts of peptides applied
on sequencer are indicated in paren-
theses. The sequences of CN35K-L1,
CN35K-V4, and CN35K-V5 were ana-
lyzed after N-terminal deblocking
treatment by the method of Wellner et
al. (26). The detailed sequencing data
of CN17K were described previously
(24).
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was determined, and its Mr was calculated to be 16,034.
Sequence Analysis of CN5K and CN47K—CN5K, con-

sisting of 22 residues, was purified by HPLC and sequenced
completely. It possesses an unblocked N-tenninus and a
homoserine residue at the C-terminus. Therefore, CN5K
seemed to originate from the region between CN35K and
the C-terminal CN17K. The sequence of CN17K was
reported previously {24).

Another fragment, CN47K, was also purified by HPLC
and subjected to sequence analysis. Like CN35K, however,

its N-terminus was blocked, suggesting that CN47K origi-
nated from the N-terminus of Tnl. CN47K showed similar
contents of Glx and Arg and higher contents of Lys and Gly
compared with CN35K. In addition, CN47K contained a
small amount of Met (Table I). CN47K gave three frag-
ments, CN47K-L1, CN47K-L2, and CN47K-L3, on diges-
tion with lysylendopeptidase (data not shown). The N-ter-
minal sequence of CN47K-L1 was determined to be SSLEE
after deblocking treatment, which agreed with that of
CN35K-L1. CN47K-L3 showed the N-terminal sequence

B
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Fig. 2. Separation of prote-
ase digests of Tnl by HPLC. A,
lysylendopeptidase digests of
CN35K (42 nmol); B, V8 prote-
ase digests of CN35K (22 nmol);
C, iz-chymotryptic digests of
CN35K (22 nmol); D, tryptic
digests of the phenylthiocar-
bamylated Akazara scallop Tnl
(6.9 nmol). The fraction of PTC-
Tnl-T25 is indicated by a bar
OH)- The recoveries (mol %) of
peptides estimated by amino
acid analysis are shown in paren-
theses. The values for CN36KV-
11, CN35K-CT4, and CN35K-
CT9 could not be determined
because of the heterogeneity of
these fractions. Dashed lines
indicate the linear gradient of
acetonitrile concentration.

TABLE I. Amino acid compositions of Akazara scallop Tnl and Its fragments.*
Aaino

•c id Tnl CN17X CW47K CN35K-L1 CN35KL2 CN35K-V3 CN35K-V9 CN35K-V12 CN35K-CT5 CN35K-CT7
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•For the protease fragments of CN35K, only the data needed to establish the sequence are shown. The values in parentheses are the number
of residues determined by sequencing. bCarboxymethylcysteine. cHomoserine. "Decomposed during hydrolysis with 6 N HC1.
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QDENEGGEEQEETT, identical with that of CN35K-L2.
CN47K-L2 was sequenced as GLGGLSPEK, which is
identical with the sequence of residues 11-19 of CN5K.
Thus, it was concluded that CN47K corresponds to the
peptide CN35K-CN5K and arose through incomplete CNBr
cleavage.

Amino Acid Sequence of Akazara Scallop Tnl—To
determine the sequence of the region connecting CN47K
and CN17K, Akazara scallop Tnl was phenylthiocarbamyl-
ated and digested with trypsin. An overlapping peptide
named PTC-TnI-T25 was isolated from the digests by
HPLC (Fig. 2D) and its N-terminal 36 residues were
sequenced. The sequence corresponds to that of the region
from the C-terminus of CN35K to the N-terminal seventh
residue of CN17K. Accordingly, the CNBr fragments were
aligned as CN35K-CN5K-LKKLIM-CN17K. Moreover,
the small peptide showing the sequence LKKLEM was
obtained when the whole CNBr digest of the Tnl was
directly applied to HPLC (data not shown). It should be
noted that only one overlapping residue, Met-129, between
CN35K and CN5K was obtained from PTC-TnI-T25 (Fig.
1). However, the linkage of CN35K and CN5K was con-
firmed by the sequence of another fragment of residues
114-134, which was prepared by digestion of Tnl with
lysylendopeptidase and ff-chymotrypsin (data not shown).

Accordingly, complete amino acid sequence of Akazara
scallop Tnl was determined as in Fig. 1.

DISCUSSION

Akazara scallop Tnl is composed of 292 amino acid residues
and has a blocked N-tenninus, probably by an acetyl group.
As reported previously (24), Akazara scallop Tnl possesses
sequence homology to various species of Tnl in the C-tenni-
nal region of residues 134-292. On the other hand, the N-
terminal residues 1-133 are not found in vertebrate skele-
tal Tnl. This extra region is extremely rich in Glu and Arg
and shows almost no similarity with other Tnls (Fig. 3).
The molecular weight of Akazara scallop Tnl is calculated
to be 34,678, which is approximately 6,000-14,000 larger
than those of other species of Tnl. However, it is consider-
ably smaller than the value of 52,000 that was estimated
previously by SDS-PAGE (7, 14). This slower mobility
may be attributable to the presence of many acidic and
basic residues in the N-terminal region, as seen in the case
of caldesmon (33, 34), calpastatin (35), and some species of
virus coat protein (36).

The sequence of the C-terminal region of residues 134-
292 (all residue numbers hereafter are based on the
Akazara scallop Tnl sequence) of Akazara scallop Tnl
exhibits 39% homology with arthropoda Tnls and 26-30%
with vertebrate ones. Residues 138-179, 211-231, 235-
250, and 269-285 of the Akazara scallop Tnl are highly
conserved in many Tnls (Fig. 3). In particular, residues
235-250 show the highest homology, with significant
overlapping with residues 240-251 of rabbit skeletal Tnl,
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ADRSGGSTAGDTVPAPPPVRRRSSANYRAYATEP:

GDE
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.V-PKFSTDGKDVAAEO.A&CKD7HJUILAS:
I|EERCGSPRNLSDASEGE|QESCEEYYERMYI
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!STRC-O.PLELAGLGFAE£Q.D£CRQIIHARVD:
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TEKBRDLRDVGDWRKHIEEKSGMEGRKKMFESES

Fig. 3. Alignment of the amino acid sequences of various Tnls.
Akazara, Akazara scallop striated adductor muscle Tnl (present
paper); Drosophila, Drosophila melanogaster Tnl (sequencing of
cDNA clone A16) (27); Crayfish, crayfish tail muscle Tnl (28); Bovine
c, bovine cardiac muscle Tnl (29); Rabbit f., rabbit fast skeletal
muscle Tnl (30-32). Each sequence was aligned based on the similar-
ity in the region corresponding to residues 134-292 of the Akazara
scallop Tnl. The letter X in the crayfish sequence represents a tri-

methyllysine. Residues conserved in all these five Tnls are boxed and
shaded. The conserved repetitive pattern of hydrophobic residues is
indicated by open and closed circles. The positions of acidic and basic
residues in the N-terminal region (residues 1-133) of Akazara scallop
Tnl are indicated by — and +, respectively. Dotted lines indicate the
highly conserved regions. A predicted actin-binding region is indicated
by a solid bar 0—I).
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Caldesmon

Akazara-Tnl

Rabbit-TnT

AEEEYNRQQEEL

RXIREEEEKKRMKEEIERRRAEAAEKRQK
Fig. 4. Sequence comparison of residues 76-115 of
Akazara scallop Tnl with chicken gizzard caldes-
mon and rabbit skeletal TnT. Residues 76-115 of
Akazara scallop Tnl were compared with those of corre-
sponding regions of the caldesmon and TnT. Identical
amino acids are marked by double dots and conservative
substitutions by single dots. The alternating charge motif is emphasized by outlining the acidic and basic amino acid blocks.

AEQQ RIRA EKER E RQNR LAEE KARR

RRQR3EEERQRR EEEC RRQQ EEEE RLRI

EEEC AKRR &EED LKKK

Rabbit-TnT LNIDHLSDEKLRDKAKELWDTLYQLETDKFEFGEKLKRQKYDIMNVRARV

Akazara-Tnl FSTDGKDVAALQALCKDFHKRLASLEEDVYDWEAKIRKQDFEINELTLKV

Fig. 6. Sequence similarity of residues 186-235
of Akazara scallop Tnl with TnTs. Residues 186-
235 of Akazara scallop Tnl were compared with a
segment of rabbit skeletal TnT (47) and Akazara
scallop TnT (21). Identical amino acids are marked by Akazara-TnT •LTVDGLDLAALMEKATEFHNKIKSLANEKYELEERFKSQQYDMIELAERA'
double dots and conservative substitutions by single
dots. Calculated sequence identities for rabbit skeletal and Akazara scallop TnTs are 27 and 30%, respectively.
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Fig. 6. Predicted secondary structure and
hydropathy plot of Akazara scallop Tnl. (A)
Secondary structure prediction by the method of
Gamier et al. (53). The predicted conformations are
indicated by bars. (B) Hydropathy plot prepared by
the method of Kyte and Doolittle (54) with a span
setting of nine residues. The additional N-terminal
region (residues 1-133) and the homologous region
to other species of Tnl (residues 134-292) are
indicated by hatched and open boxes, respectively.

which is regarded as an actin- and TnC-binding site (37-
39). Among these residues, Lys-243, Arg-244, Pro-246,
Arg-249, and Arg-251 of rabbit skeletal Tnl are replaced by
Val, Lys, Val, Lys, and Asn, respectively, in Akazara
scallop Tnl. These replacements lead to a decrease in
positive charges in this region. Since the ionic interaction of
this positively charged region and negatively charged
residues of actin is thought to participate in the binding of
Tnl and actin (40), these substitutions may be responsible
in part for the weaker inhibition of the Mg-ATPase activity
of rabbit actomyosin-tropomyosin by Akazara scallop Tnl
than by rabbit Tnl {14). Another conserved region com-
prises residues 138-179, which is comparable to the region
required for interaction with TnC irrespective of the
presence or absence of Ca2+ and for the structural integrity
of the troponin complex (32, 37, 41). In addition, residues
211-231 showed overlapping with residues 176-226 of
rabbit skeletal Tnl, a region assumed to interact with TnT
(42, 43). Interestingly, the heptad hydrophobic repeat
typical of the a -helical coiled coil is conserved around
residues 211-231 (Fig. 3), suggesting that the coiled coil
structure is involved in the interaction between Tnl and
TnT. In many Tnls, the sequence of residues 269-285 is
highly conserved (28), though its function is still obscure.
Farah et al. indicated that the C-terminal 67 residues
including this region of chicken fast skeletal Tnl are

important for Mg-ATPase inhibition (41). Thus, the
regions required for Tnl function are highly conserved in
the C-terminal portion of Akazara scallop Tnl.

On the contrary, residues 1-133 showed an unusual
sequence with alternating Glu-rich and Arg-rich blocks
(Fig. 3). Vertebrate cardiac and arthropoda Tnls possess
regions longer by 20 to 83 residues at the N-terminus than
vertebrate skeletal Tnl (27-29). Phosphorylation of Ser in
this region of vertebrate cardiac Tnl is involved in modula-
tion of troponin function (44-46), although the role of these
residues of arthropoda Tnl is unknown. Scanning the
sequence of Akazara scallop Tnl for patterns stored in the
PROSITE database revealed the existence of three poten-
tial phosphorylation sites (Thr-30, Ser-31, and Ser-34) for
protein kinase C, two sites (Ser-1 and Ser-2) for casein
kinase II, and one site (Tyr-80) for tyrosine kinase in the
N-terminal region, though it is uncertain whether the
residues are phosphorylated or not. At the same time, the
N-terminal region of Akazara scallop Tnl is considerably
larger than those of the cardiac and arthropoda Tnls, with
which it has sequence homology as low as 20%.

On the other hand, a search of the SWISS-PROT data-
base revealed that residues 76-115 of Akazara scallop Tnl
have high homology to residues 525-565 of chicken gizzard
caldesmon (33) and residues 105-145 of rabbit skeletal
TnT (47) (Fig. 4). Although the sequence identity is not so
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high (37-39%), these three proteins have a characteristic
charge distribution, i.e., an arrangement of alternating
acidic and basic blocks of four residues. The region of rabbit
skeletal TnT is a part of residues 71-151, the so-called CB2
fragment, which has been considered to bind to tropomy-
osin (48, 49). Chicken gizzard caldesmon is also assumed to
possess a tropomyosin-binding region at residues 508-565,
judging from the sequence similarity with the CB2 frag-
ment (33). Huber et al. suggested that this region has little
affinity for smooth muscle tropomyosin but high affinity for
the skeletal counterpart (50). Consequently, residues 76-
115 of Akazara scallop Tnl may play a role in its binding to
tropomyosin. However, we could not prove the interaction
between CN35K (residues 1-129) and actin-tropomyosin
complex by means of cosedimentation (data not shown).

The sequence similarity among the above regions of
Akazara scallop Tnl, rabbit TnT, and chicken gizzard
caldesmon may reflect their molecular evolutionary rela-
tionship. This is supported by the functional consideration
that caldesmon is an actin-linked regulatory protein of
smooth muscle and possesses both Tnl- and TnT-like
functions in that it has the abilities to inhibit strongly
actomyosin Mg-ATPase activity, to neutralize this inhibi-
tion together with Ca2+-binding protein, and to bind tropo-
myosin (51, 52). Moreover, Akazara scallop Tnl shows
sequence similarity to Akazara scallop and rabbit TnTs at
not only residues 76-115 but also residues 186-235 of the
C-terminal region, where it shows high sequence homology
to various Tnls (Fig. 5).

According to the method of secondary structure predic-
tion of Gamier et al. (53), the sequence of the N-terminal
region, especially residues 51-133, of Akazara scallop Tnl
shows high a -helix content as seen in Fig. 6. The arrange-
ment of alternating acidic and basic blocks in the region of
residues 76-115 mentioned above might stabilize an a-
helix through intrachain ionic interactions between oppo-
sitely charged residues four positions apart. On the other
hand, the hydropathy plot prepared by the method of Kyte
and Doolittle (54) indicates that the N-terminal region is
very hydrophilic compared with the C-terminal 19 K
region, which has considerably high homology to other Tnls
(Fig. 6).

We are now interested in the functions of the N-terminal
region, in particular whether its unique amino acid se-
quence is related to the dual regulatory mechanisms
specific to molluscan muscle.
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