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Localization and quantification studies were carried out on bay-scallop (Aequipecten
irradians) striated-muscle troponin C- and troponin I-like proteins. Indirect immuno-
fluorescence microscopy of scallop myofibrils stained with either rabbit anti-(scallop
troponin I) or anti-(scallop troponin C) antibodies shows staining of all I-bands
observed. The results of quantification studies using sodium dodecyl sulphate/poly-
acrylamide-gel electrophoresis of untreated scallop myofibrils, washed scallop myo-

fibrils, and isolated scallop thin filaments indicate an actin/tropomyosin/troponin-C
molar ratio of 7:1:1. The molar ratio for troponin I could not be determined in
untreated myofibrils because of interfering bands; in washed myofibrils a value of
0.6 mol of troponin I/mol of tropomyosin was found. Purified scallop troponin C binds
Ca2+ and interacts with scallop troponin I to relieve troponin I-induced inhibition of
actomyosin ATPase. Although scallop troponin C is an acidic protein, it appears to be
less acidic than troponin C from higher organisms. A calmodulin-like protein has been
isolated from scallop striated muscle that activates bovine brain phosphodiesterase to
the same extent as does brain calmodulin. Its amino acid composition and its
electrophoretic mobility on alkaline 6 M-urea/polyacrylamide gels differs from that of
scallop troponin C, and it appears not to be associated with thin filaments.

The regulation of contraction of molluscan muscle
by Ca2+ was previously believed to be solely
thick-filament-linked, a function of the myosin
molecule. However, the discovery of troponin-like
proteins in the striated muscles of the bay scallop
(4equipecten irradians) (Lehman & Szent-Gyorgyi,
1975; Goldberg & Lehman, 1978) and mantle
muscle of the squid Ommastrephes sloani pacificus
(Konno, 1978; Tsuchiya et al., 1978) suggests that a

thin-filament-linked regulatory system may be also
present, and, in common with many other inverte-
brates, a dual-linked regulatory system may exist in
these molluscs.

Molluscan troponin, like vertebrate troponin,
appears to consist of a number of subunits. In
vertebrate skeletal muscle, where the mechanism of
troponin action has been well characterized, each
troponin complex, consisting of three subunits, acts
in conjunction with a second thin-filament compo-
nent, tropomyosin, to control actomyosin ATPase.
Reconstitution studies in vitro using troponin from
the bay scallop shows that this protein is also able to
regulate vertebrate actomyosin ATPase. In the

Abbreviations used: Mg-ATPase, Mg2+-activated ac-

tomyosin adenosine triphosphatase; SDS, sodium dodecyl
sulphate; IgG, immunoglobulin G.

vertebrate system, deficiencies in either troponin or

tropomyosin, or both, diminish the calcium-depen-
dency of the actomyosin interaction. Whereas
comparable amounts of tropomyosin are present in
both vertebrate and molluscan muscles, previous
estimates have suggested that troponin may be
present in molluscan muscle in decreased amounts
(Lehman & Szent-Gy6rgyi, 1975; Szent-Gy6rgyi,
1976). If this were correct, then either the troponin in
molluscs would be non-functional or functioning by
a mechanism distinct from the vertebrate model. The
aim of the present study was therefore to determine
if troponin in molluscan muscle is present in
amounts comparable with troponin in vertebrate
muscle and whether its localization and properties
would enable it to function in the same manner as

the vertebrate troponin.

Materials and Methods

Preparation ofscallop proteins
The striated adductor muscles of live bay scallops

(Aequipecten irradians) were dissected free of
smooth muscle, and used in the preparations
described below. These preparations were carried
out between 0 and 40C.
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Myofibrils. So-called 'unwashed myofibrils' were
prepared by homogenizing three scallop muscles for
6-10s in 60ml of 0.3 M-sucrose/0.1 M-NaCI/1 mm-
MgCl2 / 1 mM-EGTA / 1 mM- NaN3 / 10mM-sodium
phosphate buffer, pH 7.0, with a Sorvall Omni-
Mixer. 'Washed myofibrils' were prepared as des-
cribed previously (Lehman, 1977).

Native and synthetic thin filaments. Native thin
filaments were isolated by differential centrifugation
as described by Goldberg & Lehman (1978).
Synthetic thin filaments were prepared by allowing
scallop troponin-tropomyosin to form a complex
with rabbit actin (Goldberg & Lehman, 1978).

Actin. Purified actin was extracted from native
thin filaments by selectively removing troponin-
tropomyosin at high ionic strength (Spudich & Watt,
1971; Lehman et al., 1972).

Tropomyosin. Tropomyosin was prepared as
described by Lehman et al. (1976).

Troponin C. Troponin C was prepared from
native thin filaments by first dissolving the filaments
in 6M-urea/0.03% 2-mercaptoethanol/lOmM-
sodium acetate buffer, pH 5.0. This solution was
then applied to a 10ml column of SP(sulpho-
propyl)-Sephadex C-50 equilibrated with the above
solution. Troponin C, tropomyosin and actin are
not bound and were eluted with three times the
void volume. The urea in the eluate was removed
by dialysis against 15 mM-2-mercaptoethanol and
the sample freeze-dried and redissolved in 1 ml
of 15 mM-2-mercaptoethanol/l0OmM-NaCl/1 mm-
EDTA/20mM-Tris buffer, pH 7.8. Troponin C was
then isolated by chromatography on a column
(1.5cm x 90cm) of Sephadex G-100 equilibrated
with the above solution, and was the last protein
eluted. The troponin C was dialysed against 5mM-
NaCl, freeze-dried, redissolved in 1-2ml of water
and redialysed against 50mM-NaCl. This procedure
yields approx. 200-400,g of troponin C from eight
to ten muscles.

Troponin L Troponin I was prepared as des-
cribed by Goldberg & Lehman (1978).

Calmodulin. Washed myofibrils from five to eight
muscles were sedimented and homogenized in
80ml of 1O0mM-NaCl / 1 mM-EDTA /6 M-urea/
10mM-sodium phosphate buffer, pH 7.0. Particulate
material was removed by centrifugation at 40000g
for 10 min and the pH of the supernatant adjusted to
6.0 with 1 M-HCl. DEAE-Sephadex A-50 (250 mg),
which bound acidic proteins, was added with
stirring. The Sephadex was subsequently collected
by sedimentation at 3000g for 5min and redis-
persed in the above solution (pH 6.0). Sedimen-
tation and resuspension steps were repeated three
times more to remove unbound material. The bound
proteins were recovered from the Sephadex by
sedimentation in the same solution containing
0.6 M-NaCl. Sp-Sephadex C-50 (250 mg) was added

to the supernatant, and this was then dialysed
against 90mM-NaCl/1 mM-EDTA/6 M-urea/10 mM-
sodium acetate buffer, pH5.0. The Sephadex was
removed by sedimentation at 3000g for 5min and
the supernatant dialysed against lmM-CaCl2/6M-
urea/ 5 mM-2-mercaptoethanol/20 mM-Tris buffer,
pH 7.8. The solution was applied to an affinity
column (2.5 cm x 7.5 cm) containing rabbit troponin I
covalently bound to Sepharose 4B (Head et al.,
1977b) equilibrated with the above solution. Un-
bound material was eluted with 500ml of this buffer,
and calmodulin then eluted with the same solution
but with SmM-EGTA replacing the CaCl2. Frac-
tions containing the protein were dialysed against
15 mM-2-mercaptoethanol/20mM-Tris buffer, pH
7.8, and freeze-dried. This procedure yields approx.
6-8.ug of calmodulin.

Preparation ofvertebrate proteins
Rabbit actin free of tropomyosin contamination

was prepared by the method of Straub (1942) by
using the modification described by Drabikowski &
Gergely (1964). Rabbit tropomyosin was extracted
and purified by the method described by Bailey
(1948) as modified by Lehman & Szent-Gyorgyi
(1972). Ca2+-insensitive rabbit myosin was pre-
pared from longissimus dorsi muscle as described by
Szent-Gy6rgyi (1951) and Mommaerts & Parrish
(1951). Rabbit troponin C was prepared from whole
troponin as described by Greaser & Gergely (1971).
Bovine brain cyclic AMP phosphodiesterase and
calmodulin were prepared by the method of Head et
al. (1979).

Preparation of antisera to scallop troponin I and to
scallop troponin C

Preparations of scallop troponin I are frequently
contaminated with small amounts of a high-mole-
cular-weight protein, and scallop troponin C is
sometimes contaminated with traces of tropomyo-
sin. To ensure the purity of the troponin I and
troponin C used for antibody production, disc-gel
electrophoresis was performed on preparations of
each protein. The appropriate band positions were
determined, by scanning at 280nm or by Coomassie
Brilliant Blue R staining a sample gel, and the band
areas then sliced out of unstained gels. 10% (w/v)
polyacrylamide/SDS gels were used for electro-
phoresis of troponin I preparations and alkaline
1M-urea/8% acrylamide gels for troponin C pre-
parations (see under 'Analysis' for electrophoretic
methods). A sample (70-100,ug) of the appropriate
protein, embedded in polyacrylamide from 12-17
gels, was homogenized in a glass tissue grinder in
approx. 10ml of 145 mM-NaCl and the entire
suspension injected into a rabbit subcutaneously at
several sites. This procedure was repeated and the
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rabbit re-injected once each week for 6 weeks. In the
first two injections, the suspension was emulsified
with 3 ml of Freund's complete adjuvant. After 7
weeks, blood was taken from an ear vein; the blood
was alowed to clot at 40C for 12-16h and serum
separated by sedimentation at 3000g for 20min.

Analysis
Electrophoresis. SDS/polyacrylamide-disc-gel

electrophoresis was performed as described by
Weber & Osborn (1969). The gels were stained and
destained as described by Szent-Gyorgyi et al.
(1973). Densitometric scanning (at 640nm) of Fast
Green (Fisher-FCF)-stained gels was performed on
a Gilford 240 spectrophotometer with a linear
transport adaptor and a Beckman DU mono-
chromator.

Relative dye-binding constants of purified proteins
were measured as described previously (Lehman et
al., 1976). The relative stain intensities of different
proteins contained in scallop myofibrils and thin
filaments were determined similarly from gel scans.

In myofibrilar preparations, resolution of
troponin C (18000 daltons) from myosin light
chains (17000 daltons) was most successful with
6-cm-long SDS/12.5% polyacrylamide gels (run for
4h at 5V), and this system was used to determine
relative stain intensities of scallop actin, tropo-
myosin and troponin C bands. (Some overlap of
troponin C and light-chain peaks occurs in this
system; determination of the shape of light-chain
peaks, on gels of purified scallop myosin, shows it is
reasonable to extrapolate the trailing edge of the
light-chain peak to the baseline, the troponin C peak
being isolated for determination.) On 12.5% poly-
acrylamide gels the troponin I band is diffuse and
not readily resolved; however, this protein can be
easily distinguished by using 10% polyacrylamide
gels (run for 2.5 h at 50V), and this system was used
to determine the relative intensity of troponin I and
tropomyosin.
A second electrophoretic technique, alkaline-gel

electrophoresis, was used in many of our studies
with gels containing either 1 M- or 6M-urea and 8%
polyacrylamide, as described by Head & Perry
(1974). Samples electrophoresed (0.5 h at 200V) in
the presence of Ca2+ contained 5 mM-CaCl2; those in
the absence of Ca2+ contained 5 mM-EGTA.

Protein determination. Protein concentration,
used in determining dye-binding constants, was
measured by micro-Nesslerization, with (NH4)2SO4
standards (Strauch, 1965) and assuming that pro-
tein samples contain 16% N. Since the dye-binding
constants of scalop and rabbit troponins C were
found to be the same, the protein concentration of
scallop troponin C used in Ca2+-binding and enzymic
studies could be determined by densitometric gel
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scanning with rabbit troponin C standards. For
general purposes, protein concentration was deter-
mined by the method of Lowry et al. (1951).

Assays. The actomyosin Mg-ATPase was
measured by the pH-stat method described pre-
viously (Szent-Gyorgyi et al., 1971; Goldberg &
Lehman, 1978). Cyclic AMP phosphodiesterase
activity was measured by the method of Boudreau &
Drummond (1975). Ca2+ binding was determined by
using equilibrium dialysis, in the presence of 0.1 mm-
CaCl2 and 1 mM-MgCl2, the method of Head et al.
(1979) being used.

Immunodiffusion. Antisera were tested for reac-
tion with antigens by the Ouchterlony (1953)
immunodiffusion method. 5 cm-square glass plates
were filled with 5 ml of 1% agarose dissolved in
145 mM-NaCl/0.5 mM-NaN3/10mM-sodium phos-
phate buffer, pH 7.0, and wells punched out with a
spacing of 0.5 cm. Antisera (30-60p1) and various
amounts of antigens were placed into the wells.
Precipitin arcs developed within 2 days. Plates were
then washed with 0.15M-NaCl/10 mM-sodium phos-
phate buffer, pH 7.0, for 12-16h, followed by a 2h
wash with distilled water. The plates were air-dried
and finally stained with Coomassie Brilliant Blue R.
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Fig. 1. SDScpolyacrylamide-gel electrophoresis of various
preparations used in the present study

Gels (Trito acrylamide) were stained with Coo-
massie Brilliant Blue R. (a) Native thin filaments
(48,ug); (b) scalop troponin C (8,bg); (c) king-crab
troponin C; (d) scallop troponin I (2,ug); (e) scallop
tropomyosin (9,ug); (H) scallop actin (20,ug); (g)
washed scallop myofibrils (75,ug). The arrow next to
gel (g) indicates a protein that migrates slightly
slower than troponin I. This protein can be removed
if 1% Triton X- 100 is included in the myofib-
ril-wash solution, without affecting measurements of
relative stain intensity of other bands. Abbrevia-
tions used: X, a protein that may be troponin T;
A, actin; TM, tropomyosin; TN-1, troponin I;
TN-C, troponin C; HC, myosin heavy chain;
LC, myosin light chain.

p

449



W. LEHMAN, J. F. HEAD AND P. W. GRANT

Indirect immunofluorescence microscopy. Stretched
adductor muscles, attached to the valves, were
prepared from the bay scallops as described by
Kendrick-Jones et al. (1970) and were immersed
in 50% (v/v) glycerol/ 100mm-NaCl/ 1 mM-
MgC12/0.2mm -EGTA/10mM - sodium phosphate
buffer, pH 7.0, for 12-16 h. Bundles of muscle fibres
were teased off, homogenized and washed by
sedimentation and redispersion with the same
solution, but free of glycerol. A drop containing
these myofibrils was placed on a glass slide and fixed
with 3.7% formaldehyde. The slides were washed
with 0.15M-NaCl/lOmM-sodium phosphate buffer,
pH 7.0. A sample (50,u1) of antiserum was then
placed on the myofibrils adhering to the slide, and
excess antiserum was washed off as above. A
portion (15iu1) of fluorescein-conjugated goat anti-
(rabbit IgG) serum (0.5 mg/ml: Cappel Labora-
tories, Cochranville, PA, U.S.A.) was placed on the
myofibrils and excess anti-IgG then washed off. The
myofibrils were examined with a Zeiss microscope
with phase-contrast and epifluorescence optics.

Results

Scallop troponin C-likeprotein
We have isolated, from native scallop thin fila-

ments, an 18 000-dalton component that by analogy
to the vertebrate troponin subunit may represent
scallop troponin C. The protein migrates as a single
band on SDS/polyacrylamide gels (Fig. lb) and also
on alkaline 1M- and 6M-urea/polyacrylamide gels
(Figs. 2a and 2d).

Although rabbit skeletal-muscle troponin C binds
four Ca2+ ions per molecule, our preliminary
Ca2+-binding studies indicate that the scallop
protein binds only one Ca2+ ion per molecule
(measured in 0.1 mM-CaCl2/1 mM-MgCl2/mOOMM-
NaCl/lOmM-imidazole buffer, pH 7.0).
The amino-acid compositions of rabbit, king crab

(Limulus) and scallop troponin C are shown in
Table 1. Whereas the three proteins have a high
phenylalanine/tyrosine ratio, characteristic of
troponin C, the (Glx + Asx)/(Lys + Arg) ratio, high
in rabbit and king crab, is lower in scallop troponin

Table 1. Amino-acid compositions oftroponin C-like proteins and scallop troponin I
Values are mol of amino acid/mol of protein in 24h hydrolysates, mol.wts. of 18000 for troponin C-like proteins
and 23000 for troponin I being assumed. Values for scallop troponin C are averages for three preparations;
those for scallop calmodulin are from a single preparation; for king-crab troponin C and scallop troponin-I,
averages of two preparations; for rabbit troponin C and bovine calmodulin, from sequence data (Collins, 1974;
Vanaman et al., 1977). The tryptophan content was not measured.

Content

Amino
acid
Asx
Thr
Ser
Glx
Pro
Gly
Ala
Val
Cys
Met
Ile
Leu
Tyr
Phe
Lys
His
Arg

Asx+Glx
Lys+Arg
Asp + Glu
Lys + Arg

Scallop
Protein . . . troponin C

23.0
7.1
8.7

26.9
2.2

11.8
10.8
10.4
1.1
3.9
7.0

16.0
1.6
7.3

16.2
0.7
6.1

2.2

Rabbit
troponin C
23 (3 Asn)

5
7

31 (5 Gln)
1

13
13
7
1

10
10
9
2
10
9
1
7

3.4

King-crab
troponin C

23.1
9.9
8.5

31.0
0.7

12.5
11.4
6.3
0.7
6.8
8.1

15.6
2.1
8.7
6.3
0.8
7.7

3.9

Scallop
calmodulin

22.4
14.4
8.1

25.3
3.8

16.9
13.1
8.3

2.0
8.4

11.5
0.8

10.1
9.2
1.9
8.4

2.7

Bovine brain
calmodulin

23
12
4

27
2

11
11
7
0
9
8
9
2
8
8
1
6

3.6

Scallop
troponin I

22.5
7.1

13.2
31.0
6.8

14.7
20.6
10.2
2.9
2.3
6.6

18.1
2.3
6.6

32.2
3.4
8.1

1.3

2.9
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C, suggesting that the scallop troponin C-like protein
to be less acidic. Although we have not measured the
absolute amounts of aspartate and glutamate with
respect to their amines, in scallop troponin C, we
point out that even if there were no amine forms,
which would be the most 'acidic' possibility, the
scallop troponin C would still be less acidic than the
rabbit skeletal-muscle protein [Table 1; compare
(Glx + Asx)/(Lys + Arg) for scallop troponin C with
(Glu + Asp)/Lys + Arg) for rabbit troponin C].

Electrophoresis carried out under alkaline condi-
tions gives additional insight into the similarities and
differences between rabbit and scallop troponin C.
Both proteins migrate at the same rate on alkaline
1M-urea/polyacrylamide gels; however, on alkaline
6 M-urea/polyacrylamide gels the electrophoretic
mobility of rabbit troponin C is greater (Fig. 2).
Their co-migration in 1 M-urea probably results from
similar conformation and size, masking any charge
differences. The difference in migration in 6M-urea
presumably reflects either dissimilarity in number or
exposure of charged residues, as would be expected
of proteins with differing acidities, or differences in
susceptibility to urea denaturation and associated
changes in conformation.

Electrophoresis of 1 M-urea extracts of scallop
myofibrils and thin filaments on alkaline 1 M-
urea/polyacrylamide gels yields different band pat-
terns if Ca2+ is present or absent. A rapidly
migrating band, with the mobility of scallop troponin
C, is found in extracts containing EGTA, whereas
this band is substantially weaker in intensity when

these extracts contain Cal+ (Fig. 3). In contrast, the
same electrophoretic pattern is obtained for mollu-
scan muscle extracts in 6M-urea, whether Ca2+ is
present or not (Head et al., 1977b; also confirmed in
the present study).
We showed previously that scallop muscle con-

tains a troponin I-like component that causes a
Ca2+-independent inhibition of vertebrate actomyo-
sin ATPase (Goldberg & Lehman, 1978; Table 2b
of the present paper). In the present study we have
found that addition of scallop troponin C-like
protein to the troponin I-inhibited ATPase relieves
this inhibition without conferring a Ca2+-depen-
dence (Table 2c). This effect is analogous to that of
vertebrate troponin C and troponin I on actomyosin
assayed in the absence of troponin T. We have not,
as yet, succeeded in purifying the scallop 'troponin
T-like' protein and therefore have not been able to
reconstitute and assay the entire troponin-like
complex.

Scallop calmodulin
We have also isolated another 18000-dalton

protein from scallop muscle by using vertebrate
troponin I-Sepharose 4B affinity columns. The
protein forms a stable complex with vertebrate
troponin I in 6M-urea in the presence of Ca2+ and
dissociates from the troponin I in EGTA (Fig. 4).
Such behaviour is an attribute of both vertebrate
troponin C and the structurally related protein,
calmodulin (Head et al., 1979). We have been able
to isolate the protein from myofibril extracts by

(a)
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(b) {c)
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.:::: :.:.: ... ....: .. :. .. :...... ::: ..£ . .
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.: : :
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.. ... .. .. .: .:.
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Fig. 2. Alkaline-gel electrophoresis of scallop and
rabbit troponins

Gels (a), (b) and (c) contain 1 M-urea; gels (d), (e)
and (f) contain 6 M-urea. (a) and (d), scallop
troponin C (7,g); (c) and (f), rabbit troponin C
(5,g); (b) and (e), scallop and rabbit troponins C (7
and 5,ug); Coomassie Brilliant Blue R staining was
used. All samples contained EGTA.
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..........

TN-C

(a) (b) (c) (d) (e)

Fig. 3. Effect of Ca2+ on the alkaline 1lm-urea/poly-
acrylamide-gel-electrophoretic pattern

(a) and (b), synthetic scallop thin filaments (50pg);
(c) and (d), washed scallop myofibrils (150Opg); (e)
scallop troponin C (7pug). Samples in gels (a) and (c)
contained Caa2; samples in gels (b), (d) and (e)
contained EGTA; Coomassie Brilliant Blue R
staining was used. Abbreviation used: TN-C,
troponin C.
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Table 2. Effect ofscallop troponin I and troponin C on rabbit actomyosin A TPase
ATPase activity was assayed in 30mM-NaCl/3mM-MgCl2/0.7 mM-ATP containing either 0.1 mM-EGTA (+EGTA)
or 0.1 mM-EGTA/0.2 mM-CaCl2 (+Ca2+); activity is expressed in umol of ATP cleaved/min per mg of rabbit myosin.

Sample assayed
(a) Rabbit tropomyosin (0.08 mg) + rabbit actin (0.17 mg) +

rabbit myosin (0.5 mg)
(b) Scallop troponin 1 (0.08 mg) + rabbit tropomyosin (0.08 mg) +

rabbit actin (0.17 mg) + rabbit myosin (0.5 mg)
(c) Scallop troponin C (0.08 mg) + scallop troponin I (0.08 mg) +

rabbit tropomyosin (0.08 mg) + rabbit actin (0.17 mg) +
rabbit myosin (0.5 mg)

0
C) i? d

a

(a) Wb)

Mg-ATPase activity

+EGTA +Ca2+
0.41 0.42

0.16

0.41

0.17

0.36

(c)

Fig. 4. Alkaline 6M-urea/polyacrylamide-gel electro-
phoresis ofscallop calmodulin preparations

(a) Scallop extract before application on vertebrate
troponin I affinity column; (b) material eluted from
column in the presence of Ca2+; (c) protein
(calmodulin) eluted with EGTA; see the Materials
and Methods section for details.

using the affinity-column method, but have been
unable to obtain the protein from thin filaments with
the same method. This result suggests the protein is
distinct from scallop troponin C. The amino-acid
composition also differs from that of the troponin
C-like protein isolated directly from thin filaments
[Table 1; e.g. the (Glx + Asx)/(Lys + Arg) ratio is
higher than for the troponin C-like protein]. More-
over, it migrates with the mobility of rabbit troponin
C and more rapidly than scallop troponin C, on
alkaline 6 M-urea/polyacrylamide gels. Immunodif-
fusion studies also show that antisera prepared
against scallop troponin C-like protein do not
cross-react with this protein (Fig. 5).

Studies of the effect of the protein on phospho-
diesterase activity lead us to believe it may represent
scallop muscle calmodulin. Enzyme assays show
the protein to activate bovine brain cyclic AMP
phosphodiesterase to the same extent as equal
amounts of bovine brain calmodulin and to render

Fig. 5. Immunodiffusion reaction of scallop troponin C
antiserum with various preparations

Upper left: a, scallop troponin C (1,pg); b, washed
scallop myofibrils (20,ug); c, washed scallop myo-
fibrils (60,ug); d, scallop calmodulin (0.03,ug). Upper
right: a, synthetic scallop thin filaments (lO,g); b,
synthetic scallop thin filaments (25,ug); c, native
scallop thin filaments (lO,ug); d, native scallop thin
filaments (25,ug). Lower left: a, scallop troponin C
(2,g); b, scallop troponin C (4,g); c, rabbit
troponin C (6,g); d, rabbit troponin C (12,g).
Lower right: a, scallop troponin C (1,ug); b, scallop
troponin C (2,ug); c, lobster troponin C (2,ug); d,
king-crab troponin C (2,g). Myofibrils and thin
filaments were dissolved in 8M-urea before appli-
cation to wells.

the enzyme's activity Ca2+-dependent (Fig. 6).
Control studies show no enhancement of activity
when scallop troponin C is substituted for cal-
modulin.
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45

Fig. 6. Activation of brain cyclic AMP phosphodies-
terase by calmodulin

0, Activation by brain calmodulin; A, by scallop
calmodulin. The basal enzyme activity was
320,mol/min per mg. Open symbols denote sam-
ples with Ca2+; closed symbols denote samples with
EGTA.

Scallop troponin I
The purification and partial characterization of

scallop troponin I was described previously (Gold-
berg & Lehman, 1978). In the present study we have
determined its amino-acid composition (Table 1),
and, in common with vertebrate troponin I, we find it
to be a relatively basic protein.

Localization oftroponin components
We have prepared rabbit antisera against purified

scallop troponin C and purified scallop troponin I.
Immunodiffusion studies show the formation of a
single precipitin arc when anti-(scallop troponin C)
antiserum is diffused against scallop troponin C or
against extracts of scallop thin filaments or myo-
fibrils. No reaction is observed with scallop actin,
tropomyosin or troponin I, i.e. the other com-
ponents of the thin filaments. The antiserum also
does not cross-react with troponin C from rabbit,
king crab or lobster (Homarus) (Fig. 5). Rabbit
anti-(scallop troponin I) also shows specificity for
the troponin I, forming a single precipitin line against
purified scallop troponin I and against extracts of
scallop thin filaments or myofibrils (Fig. 7). It shows
no cross-reaction with scallop actin, tropomyosin or
troponin C, nor with rabbit or lobster troponin I.
The technique of indirect immunofluorescence

staining was used to localize troponin C and
troponin I in scallop myofibrils. In Fig. 8, paired
phase-contrast and fluoresence micrographs show
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Fig. 7. Immunodiffusion reaction of scallop troponin I
antiserum with various preparations

Upper left: a, washed scallop myofibrils (9,g); b,
scallop troponin I (2,ug); c, crushed blank
SDS/polyacrylamide-gel slice; d, scallop troponin I
(2,ug in 1% SDS). Upper right: a, synthetic scallop
thin filaments (10,ug); b, synthetic scallop thin
filaments (30,ug); c, native scallop thin filaments
(17,ug); d, native scallop thin filaments (50,ug).
Lower middle: a, scallop troponin I (lug); b, 0.9%
NaCl; c, rabbit troponin I (2,ug); d, scallop troponin
I (2ug).

scallop myofibrils stained with antiserum against
either scallop troponin C or scallop troponin I and
counterstained with fluorescein-labelled goat anti-
(rabbit IgG). All myofibrils observed show fluores-
cent staining of the I-bands.

Quantification ofthin-filament components
To ascertain if the molar ratios of the scallop

thin-filament components are similar to the stoichio-
metry found in vertebrate muscle, determination of
the weight ratios of the components in the intact
scallop thin filament and their molecular weights is
needed. The molecular weights of scallop actin,
tropomyosin, troponin C and troponin I have been
defined previously (Lehman & Goldberg, 1978). In
the present study we have determined the weight
ratios of these proteins by using quantitative
polyacrylamide-gel densitometry, the stain intensity
ratios of the respective electrophoretic bands being
measured. Since each protein binds a different
amount of dye per unit weight, we have purified each
protein (Fig. 1) and determined dye-binding con-
stants for each (Table 3).

Actin, tropomyosin and troponin C bands can be
resolved densitometrically on SDS/polyacrylamide
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(a)

(b)

(c)

Fig. 8. Staining ofscallop myofibrils with antibodies to scallop troponin components
Upper micrograph of each pair, phase-contrast optics; lower micrograph, fluorescence optics. (a) Myofibrils stained
with troponin C antibodies and counterstained with fluorescein-labelled anti-IgG;(b) myofibrils stained with troponin
I) antibodies and counterstained with fluorescein-labelled anti-IgG; (c) controls in which antiserum adsorbed with
excess antigen before staining; pair on left, adsorption with troponin C; pair on right, adsorption with troponin I.
'I-bands' appear broader in fluorescence than in phase optics, since thin filaments in both I-bands and in lateral edges
of A-bands are stained.

Table 3. Stoichiometry ofscallop troponin C
Averages + S.D. of relative stain intensities of actin, tropomyosin and troponin C bands from six different
unwashed and washed myofibril preparations and five different native-thin-filament preparations. Dye-binding
constants, relative to tropomyosin, from two preparations of each protein are given, with individual values in
parentheses. From these values and the proteins' molecular weights, molar ratios have been calculated for each
of the different preparations.

Sample
Unwashed myofibrils
Washed myofibrils
Thin filaments J
Unwashed myofibrils
Washed myofibrils
Thin filaments )
Unwashed myofibrils
Washed myofibrils
Thin filaments

Relative-stain-
Protein intensity ratio

3.4 +0.12 )
Actin 3.2+0.14

l3.7+0.27 J

Tropomyosin 1.0
1.0 }1.0

0.14 + 0.012 1
Troponin C 0.15 + 0.015

0.18+0.035)

Dye-binding Molecular
constant weight

0.79
(0.79, 0.79)

1.0

0.57
(0.55, 0.59)

42000

70000

18000

gels of unwashed and washed scallop myofibrils and
on SDS/polyacrylamide gels of native thin fila-
ments. Relative stain intensities were therefore
determined for these proteins in each of the three
types of preparations (Table 3). On the basis of these
values, the molar ratio actin/tropomyosin/troponin
C was calculated to be 7: 1: 1.

In unwashed myofibrils we were unable to
measure scallop troponin I on SDS/polyacrylamide
gels, because of the closely migrating so-called
'soluble Ca2+-binding protein' identified by Lehman
& Szent-Gy6rgyi (1975). This protein is readily
removed by washing, and we were therefore able to
make a determination of troponin I content in the

1980

Molar ratio
{ 7.2
6.8
7.9
1.0
1.0
1.0
1.0
0.96
1.2
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washed myofibril preparation by using the
SDS/polyacrylamide-gel system. A value of
0.6 + 0.04 mol of troponin I/mol of tropomyosin was
calculated (four different myofibril preparations
analysed; the relative dye-binding constant of tro-
ponin 1/tropomyosin is 1.0). Determinations of
troponin I in native thin filaments gave inconsistent
values with considerable variation, ranging from
0.4-0.6 mol of troponin I/mol of tropomyosin.

Discussion

In a previous investigation (Goldberg & Lehman,
1978) we isolated proteins from the bay scallop that
bind to actin and confer Ca2+-dependency on
vertebrate actomyosin ATPase. The proteins, also
found on native thin filaments, consist of tropo-
myosin and three additional components (mol.wts.
180000, 23000, 55000), possibly troponin subunits.
The conclusion that the latter proteins may repre-
sent troponin subunits was supported by results on
the purified 23000-dalton component, which
behaves like vertebrate troponin I and inhibits
vertebrate actomyosin ATPase. The component also
interacts with vertebrate troponin C and troponin T,
and the hybrid complex confers a Ca2+-dependence
on actomyosin ATPase. We have continued this
work and, in the present study, have purified the
18000-dalton component, which appears to be
analogous to vertebrate troponin C. It is an acidic
protein that binds Ca2+ and relieves the inhibition of
actomyosin ATPase by troponin I.

Although scallop troponin C is an acidic protein,
it appears to be somewhat less acidic than the
troponin C in higher organisms. Since the molluscan
phylum developed earlier in evolution than the
vertebrate and arthropod phyla, the molluscan
troponin C may be more closely related to an
archetypal protein. Knowledge of the amino-acid
sequence of scallop troponin C would therefore be
of great interest in understanding the evolution of
the protein.
We have found that the apparently ubiquitous

protein calmodulin also exists in scallop muscle.
Calmodulin has been described in vertebrate smooth
and striated muscles (Head et al., 1977a; Dabrow-
ska et al., 1978; Yagi et al., 1978; Nairn & Perry,
1979) and has been implicated as an activator of
myosin light-chain kinases in these muscles (Dab-
rowska et al., 1978; Yagi et al., 1978; Nairn &
Perry, 1979). In the present study we have been
principally concerned with ensuring that scallop
calmodulin and scallop troponin C are distinct
proteins and have not attempted to evaluate the
functional role of calmodulin in scallop muscles.

Vertebrate troponin I and troponin C form a
stable complex in 6 M-urea and in the presence of
Ca2+, which dissociates in EGTA. Since this

property can be easily demonstrated by alkaline-gel
electrophoresis and is also manifested by crude
extracts containing troponin C and troponin I, it has
been used as an indicator for the presence of
vertebrate troponin-like proteins (Head & Perry,
1974). Similar experiments carried out on mollus-
can and other invertebrate muscles failed to detect
Ca2+-dependent complex-formation in 6 M-urea
(Head et al., 1977b). In molluscs, such complexes
are apparently not stable at this urea concentration;
however, in 1 M-urea, gel electrophoresis shows the
troponin C-like protein to be associated with other
thin-filament proteins in the presence of Ca2+ and
dissociated in EGTA. Hence, alkaline 1 M-urea/poly-
acrylamide-gel electrophoresis may be a simple
technique, useful for testing the presence of troponin
in invertebrates. Preliminary experiments on lobster
muscle show the same behaviour as observed in
scallop.

Quantitative SDS/polyacrylamide-gel electro-
phoresis has been used to determine the stoichio-
metry of troponin-like subunits in scallop pre-
parations, purified proteins being used as standards.
We find a molar ratio of 7:1: 1 for actin/tropo-
myosin/troponin C-like protein in preparations of
untreated myofibrils, washed myofibrils and isolated
native thin filaments. The consistency of this ratio in
the three types of preparation indicates that the
troponin C-like protein is not washed from the thin
filaments during preparation. It also suggests that
the procedure used for isolating thin filaments does
not enrich for a specific population containing
troponin. We believe that insufficient amounts of
calmodulin are present to affect significantly the
measurement of troponin C in the myofibril pre-
parations. In thin-filament preparations we did not
detect any calmodulin with the 6M-urea/polyacryl-
amide-gel-electrophoresis system, which separates
scallop troponin C from calmodulin.

If we assume the value for troponin C to be a
measure of the entire troponin-like complex, then the
data suggest a model very similar to that of
vertebrate striated muscle, where there is also one
tropomyosin and one troponin complex interacting
with seven actin monomers along the thin filament.
However, measurements of scallop troponin I
content are more difficult to interpret. The quantity
of troponin I-like protein could not be determined
with accuracy in untreated myofibrils because of
interfering proteins on SDS/polyacrylamide gels; in
washed myofibrils, the amount was consistently
found to be 0.6mol/mol of tropomyosin. The value
is lower than that found for scallop troponin C-like
protein and lower than that expected from the
vertebrate model. At present we have no satis-
factory explanation for the non-integral stoichio-
metry. It is possible that proteolysis or extraction
during washing may have decreased the amount of
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troponin I present. Such effects might also explain
the variability in results obtained by using thin-
filament preparations.

Localization studies using indirect immuno-
fluorescence staining with antibodies prepared
against scallop troponin I and troponin C show
staining of I-bands on all scallop myofibrils exa-
mined, indicating the presence of these proteins on
the thin filament in the intact myofibril.
We believe that the results of our investigations,

taken together, provide strong evidence for the
existence of a thin-filament-linked regulatory system
in the striated muscle of the bay scallop.
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