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We investigated the distribution of troponin C-I and troponin I along tropomyosin-actin
filaments by immunoelectron microscopy and found that anti-troponin I antibody form-
ed transverse striations at 38 nm intervals along the bundle of filaments of both tropo-
nin C-I4ropomyosin-actin and troponin I-tropomyosin-actin. Since the length of 38 nm
corresponds to the repeating period of filamentous tropomyosin along actin double
strands, the present study indicates that troponin I is located at a specific region of each
tropomyosin, suggesting that a specific interaction between troponin I and tropomyosin
is involved in determining the periodic distribution of troponin I along tropomyosin-

actin filaments.
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Troponin is a Ca?*~receptive protein necessary for the Ca?
regulation of the physiological contraction-relaxation cycle
in vertebrate striated muscle, distributed along the thin fil-
ament at regular intervals of 38 nm (1, 2). In the thin fila-
ment, two head-to-tail filaments of fibrous tropomyosin
molecules of about 40 nm in length wind along the grooves
of actin double strands almost in register. Troponin binds to
a specific region of each tropomyosin and hence forms the
38-nm periodicity.

This protein consists of three components: a Ca?*-binding
component (troponin C), an inhibitory component (troponin
I) and a tropomyosin-binding component (troponin T) (3).
All three components of troponin are required for the Ca?*
regulation of contraction. The essential processes of Ca?
regulation are the inhibition of the contractile interaction
between myosin and actin-tropomyosin by the inhibitory
action of troponin I and the reversal of this inhibition by
troponin I through the binding of Ca? to troponin C.

To explore the detailed mechanisms of the inhibitory ac-
tivity of troponin I, we examined the binding location of
troponin I along the tropomyosin-actin filament. An immu-
noelectron microscopic study showed that troponin I or
troponin I combined with troponin C was distributed along
the tropomyosin-actin filament with a 38 nm periodicity.
This indicates that troponin I exerts its inhibitory activity
through binding axially to a site at a specific region of each
tropomyosin along the tropomyosin-actin filament.

EXPERIMENTAL PROCEDURES

Preparation of Proteins—Troponin and its three subunits
were prepared from chicken breast muscle as described
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previously (4, 5). Tropomyosin was prepared from rabbit
skeletal muscle (6) and porcine aorta and chicken gizzard
(7). Actin was prepared from the acetone powder made
from minced rabbit skeletal muscle after the extraction of
native tropomyosin (6), and it was then purified by the pro-
cedure of Spudich and Watt (8).

Preparation of Anti-Troponin I Antibody—Rabbits were
immunized with troponin I prepared from chicken breast
muscle, and the gamma globulin fraction was separated
from the anti-serum as described previously (9, 10).

Preparation of Troponin C-I-Tropomyosin-Actin Fila-
ments—A reaction mixture (8 ml) composed of 60 mM KCl,
20 mM MOPS (pH 7.0), 2.0 mM MgCl,, 1.0 mM EGTA, 0.1
pg/ml pepstatin A, 15 mM 2-mercaptoethanol, 0.25 mg of
F-actin, 0.06 mg of tropomyosin, and 0.12 mg of troponin
C-1 was incubated for 30 min, then centrifuged at 100,000
Xg for 120 min at 25°C. The resulting pellet (troponin C-I-
tropomyosin-actin filament) was suspended in a small
amount of salt solution with the same composition as the
reaction mixture.

Preparation of Troponin I-Tropomyosin-Actin Fila-
ments—A reaction mixture (8 ml) composed of 30 mM KCl,
5 mM CDTA, 20 mM Tris, 0.1 pg/ml pepstatin A, 15 mM 2-
mercaptoethanol, 1.0 mg of F-actin, 0.25 mg of tropomyo-
sin, and 0.5 mg of troponin C-I (pH 7.2) was incubated for
30 min, then centrifuged at 100,000 Xg for 120 min at
25°C. The resulting sediment (troponin I-tropomyosin-
actin) was suspended in a small amount of a solution con-
taining 50 mM KCl and 1 mM NaHCO,.

SDS-Gel Electrophoresis—Sodium dodecyl sulfate (SDS)
gel electrophoresis was carried out according to the proce-
dure of Laemmli at an acrylamide concentration of 12%
1n.

Anti-troponin I Staining—Anti-troponin I staining was
carried out on the preparations of troponin I-C-tropomyo-
sin-actin and troponin I-tropomyosin-actin as described
previously (9, 10). The suspension of troponin I-C-tropomy-
osin-actin or troponin I-tropomyosin-actin was mixed with
anti-troponin I gamma globulin solution. This suspension
was then repeatedly sucked into.and pulled out of a Pas-
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teur pipette, then observed under an electron microscope.
Electron Microscopy—Specimens were stained negatively

with 1% uranyl acetate and observed in a JEOL 100CX-II

electron microscope with an accelerating voltage of 80 kV.

RESULTS

Binding of Troponin CI to the Tropomyosin-Actin Fila-
ment—Troponin I is a basic peptide that precipitates in
physiological conditions of low ionic strength (5). This insol-
ubility of troponin I has made it rather difficult to examine
its binding to other muscle structural proteins (3, 5, 12). To
overcome this problem, we solubilized troponin I at low
ionic strength by combining it with troponin C.

The binding of troponin C-I complex to tropomyosin-actin
filaments was first examined by a cosedimentation assay.
Figure 1 shows the SDS-gel electrophoretic pattern of pel-
lets obtained after centrifugation of the mixture of troponin
C-I and actin in the presence and absence of tropomyosin
and of EGTA. In the absence of EGTA, no significant bind-
ing of troponin C-I to either actin or tropomyosin-actin was
observed (Fig. 1, b and d). When the free Ca* concentration
was decreased in the presence of 1 mM EGTA, however, a
definite amount of troponin C-I bound to tropomyosin-
actin, while troponin C-I bound only slightly to actin in the
absence of tropomyosin (Fig. 1, a and ¢), indicating that the
composite filament of troponin C-I-tropomyosin-actin was
formed only in the presence of EGTA (in the absence of
€a*") (13, 14).

Figure 2 shows electron micrographs of the filament bun-
dles of troponin C-I-tropomyosin-actin after treatment with
anti—troponin I antibody. The anti-troponin I antibody
formed transverse striations at regular intervals of approx-
imately 38 nm along the bundle of troponin C-I-tropomyo-
sin-actin filaments (Fig. 2b), whereas it did not stain the
bundle of tropomyosin-actin filaments prepared from the
mixture of troponin C-I-tropomyosin-actin in the absence of
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EGTA (Fig. 2a).

Binding of Troponin I to the Tropomyosin-Actin Fila-
ment—Troponin I is known to form a stable complex with
troponin C (I3, 14). The interaction between troponin C
and troponin I has been shown to be weakened by remov-
ing both Ca** and Mg?* from troponin C with strong diva-
lent cation chelators such as EDTA or CDTA (15, 16).
Under the present experimental conditions (5 mM CDTA
in the presence of 30 mM KCI at pH 7.2), troponin I formed
a complex with troponin C and hence did not significantly
precipitate with actin after centrifugation (Fig. 3b). The
affinity of troponin C-I complex to actin increased after
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Fig. 1. Binding of troponin C-I to actin and tropomyosin-ac-
tin. (A) Actin in the absence of Ca?* (1 mM EGTA). (B) Actin in the
presence of Ca?* (without EGTA). (C) Tropomyosin-actin in the ab-
sence of Ca?*. (D) Tropomyosin-actin in the presence of Ca*. The
compositions of the main constituents in the reaction mixture are il-
lustrated in the lower portion of the figure. All other details are de-
scribed under “EXPERIMENTAL PROCEDURES.” Abbreviations:
A, actin; TM, tropomyosin; TN-I, troponin I; TN-C, troponin C.
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Fig. 2. Anti-troponin I staining on troponin C.I-tropomyosin- absence of Ca?. The position of regular striations formed by anti-
actin filament bundles. (A) Tropomyosin-actin filaments prepared troponin I is indicated by dots (-). Magnification, x65,000. Scale bars
from the mixture of troponin C-I-tropomyosin-actin in the presence of indicate 0.1 pm.

Ca**. (B) Troponin C-I-tropomyosin-actin filaments prepared in the
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Fig. 3. Troponin I binding to actin and tropomyosin-actin. The
compositions of the main constituents in the reaction mixture are il-
lustrated in the lower portion of the figure. Other experimental de-
tails are described under “EXPERIMENTAL PROCEDURES.”
Abbreviations: A, actin; TM, tropomyosin; TN-I, troponin I; TN-C,
troponin C.
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addition of tropomyosin (Figs. 2¢ and 3d). However, tropo-
nin C was dissociated frem troponin I when troponin C-I
complex bound to tropomyosin-actin, because troponin I
interacted with troponin C very weakly in the presence of
CDTA (Fig. 3d). The composite filament of troponin I-tro-
pomyosin-actin thus formed was precipitated by centrifuga-
tion.

We next examined by electron microscopy the localiza-
tion of troponin I along the troponin I-tropomyosin-actin fil-
ament prepared as described above. After staining with
anti-troponin I antibody, transverse striations at regular
intervals of about 38 nm were formed along the filament
bundles (Figs. 4 and 5). Regions thickened by the antibody
were distributed along each filament at intervals of about
38 nm (Fig. 5; indicated by arrowheads). Periodic striations
were also observed by anti-troponin I staining when tro-
pomyosin from porcine aorta or chicken gizzard was used
instead of rabbit skeletal muscle tropomyosin (data not
shown). No regular striations were formed by the antibody
to troponin I along the bundle of filaments prepared from a

Fig. 4. Anti-troponin I staining on
the bundles of troponin I-tropomyo-
sin-actin filaments. Periodic trans-
verse striations of the antibody with re-
gular intervals of about 38 nm are ob-
served along the bundles of troponin I-
tropomyosin-actin filaments. Magnifica-
tion, x63,000. Scale bar indicates 0.1
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Fig. 5. Anti-troponin I staining on troponin I-tropomyosin-ac-
tin filaments. The position of regular striations formed by anti-
troponin I is indicated by dots (-). The position of periodic thickening
along single filaments by the antibody is indicated by arrowheads
Magnification, x89,500. Scale bar indicates 0.1 pm.
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mixture of troponin C-I and actin (data not shown).

DISCUSSION

The inhibitory activity of troponin I on actomyosin-tro-
pomyosin is considered to represent the suppression of con-
tractile interaction of myosin-actin by troponin-tropomy-
osin in the absence of Ca?*. In the absence of tropomyosin,
the inhibitory action of troponin I on actomyosin is known
to be very weak, but most ATPase activity as well as super-
precipitation of actomyosin is inhibited by troponin I in the
presence of tropomyosin (3, 12-14). It has been shown that
the binding of troponin I to actin filaments is enhanced by
tropomyosin (13, 17) (Fig. 3). The present study demon-
strated that the anti-troponin I antibody formed transverse
striations with 38 nm periodicity along the bundle of recon-
stituted tropomyosin-actin filaments, indicating that tropo-
nin I is distributed at regular intervals of 38 nm along each
filament (Figs. 4 and 5). Since the length of 38 nm corre-
sponds to the repeating period of coiled-coil tropomyosin
molecules running along the grooves of actin double
strands (3), the result of the present study indicates that
troponin I is located at a specific region of each tropomyosin
along the tropomyosin-actin filament. The formation of
transverse narrow antibody striations would reflect a struc-
ture in which two molecules of troponin I, and hence tro-
pomyosin, in each 38 nm period along actin double strands
are aligned almost in register. Two tropomyosin molecules
in each period by themselves would bind cooperatively to
the grooves of actin double strands.

Biochemical investigations have shown that troponin I
binds to actin (13, 17). The interaction of troponin I with
tropomyosin has been also indicated under different experi-
mental conditions (18-20). This study presented structural
evidence suggesting the interaction between troponin I and
a specific region of tropomyosin in troponin I (troponin C-I)-
tropomyosin-actin filaments. Zhou et al. demonstrated,
using pyrene-labeled tropomyosin, that troponin I and tro-
ponin C-I interacted stoichiometrically with the region near
Cys190 of tropomyosin with the troponin I (troponin C-I)-
tropomyosin-actin complex (21). These findings strongly

Fig. 6. Schematic illustration of the periodic
distribution of troponin I along the tropomyo-
sin-actin filament. (A) Distribution of troponin I
along the tropomyosin-actin filament. (B) Distribu-
tion of troponin C-I along the tropomyosin-actin fil-

ament in the absence of Ca*. (C) Distribution of
troponin C-I along the tropomyosin-actin filament

B) TN+ C-TN«I-TM- Actin
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in the presence of Ca?. For the sake of simplicity,
only one of two strands of actin and tropomyosin is
illustrated. Troponin I forms a complex with the
specific actin molecule(s) (shaded in the figure) and/
or the specific localized region of tropomyosin, thus
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pomyosin-actin filament with 38-nm intervals (A).
A single molecule of actin in each period is assumed
to bind to troponin I in the figure for simplicity,
though we cannot exclude the possibility that tropo-
nin I binds to two or more actin molecules along ei-
ther a single actin strand or two strands. Troponin
C-I complex binds to tropomyosin-actin in the ab-
i gence of Ca* (B), but troponin C-1 is dissociated
from tropomyosin-actin in the presence of Ca®, due

to the enhanced affinity of troponin I to troponin C

Traposyos In (C)
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suggest that troponin I forms a complex with both actin
and tropomyosin at a specific region of tropomyosin.

Although the inhibition of actomyosin-tropomyosin by
troponin I is neutralized by troponin C regardless of Ca?-
concentration (74), the binary complex of troponin C-tropo-
nin I has been shown to bind to tropomyosin-actin in the
absence of Ca?* but not in the presence of Ca% (13) (Fig. 1).
In the present study, troponin C-I complex was also shown
to be distributed at regular 38 nm intervals along the tro-
pomyosin-actin filament in the absence of Ca? (Fig. 2b).
The broad anti-troponin I striations occupied nearly a half
of the period length, wider than the antibody striations
along the troponin I-tropomyosin-actin filament (Fig. 2b).
This might be related to the difference in the axial size
between a sole troponin I molecule and troponin I combined
with troponin C.

A previous immunoelectron microscopic study demon-
strated that troponin C-I'T complex was distributed along
the reconstituted troponin C-I-T-tropomyosin-actin fila-
ments with 38 nm periodicity (9). Troponin C-I-T is consid-
ered to be distributed along the tropomyosin-actin filament
through the binding of troponin T to tropomyosin. In the
present study, however, troponin I alone or combined with
troponin C, even in the absence of troponin T, was demon-
strated to show a specific structural relation to tropomyosin
along the axial length of the tropomyosin-actin filament. In
the native thin filament, troponin I is located in a region
about two-thirds of the molecular length of tropomyosin
away from the amino-terminal end (3). The fluorescence-
label study also showed that both troponin I and troponin
C-I interacted with tropomyosin-actin in a region located
near Cys 190 of tropomyosin with 284 residues, i.e., about
two thirds of the length away from the N-terminus (20),
suggesting that the axial relation of troponin I to tropomyo-
sin along the reconstituted troponin I-tropomyosin-actin fil-
ament i3 essentially the same as that along the native thin
filament. The molecular arrangement of troponin I, tropo-
myosin and actin discussed above is schematically illus-
trated in Fig. 6.

REFERENCES

1. Ebashi, S., Endo, M., and Ohtsuki, I. (1969) Control of muscle
contraction. @. Rev. Biophys. 2, 351-384

2. Ebashi S. (1974) Regulatory mechanism of muscle contraction
with special reference to the Ca-troponin-tropomyosin system.
Essays Biochem. 10, 1-36

3. Ohtsuki, 1., Maruyama, K., and Ebashi, S. (1986) Regulatory
and cytoskeletal proteins of vertebrate skeletal musde. Aduv.

Vol. 131, No. 5, 2002

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

743

Protein Chem. 38, 1-67

. Ebashi, S., Wakabayashi, T, and-Ebashi, F. (1971)-Troponin

and its components. J. Biochem. 69, 441-445

. Ebashi, S. (1974) Interactions of troponin subunits underlying

regulation of muscle contraction by calcium ion in Lipmann
Symposium: Energy, Regulation and Biosynthesis in Molecular
Biology (Richter, D., ed.) pp. 165-178, Walter du Gruyter, Berlin

. Ebashi, S., Kodama, A., and Ebashi, F. (1968) Troponin-I. Prep-

aration and physiological function. J Biochem. 64, 465477

. Ebashi, S. and Koga, R. (1988) Desensitization of smooth mus-

cle natural actomyosin. Proc. Jpn. Acad. 64B, 98-101

. Spudich, J.A. and Watt, S. (1971) The regulation of rabbit skele-

tal muscle contraction. 1. Biochemical studies of the interaction
of the tropomyosin-troponin complex with actin and the pro-
teolytic fragments of myosin. J. Biol. Chem. 246, 4866-4871

. Ohtsuki, I. (1974) Localization of troponin in thin filament and

tropomyosin paracrystal. J. Biochem. 75, 753-765

Ohtsuki, I. (1975) Distribution of troponin components in the
thin filament studied by immunoelectron microscopy. J. Bio-
chem. 77, 633-639

Laemmli, UK. (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T,. Nature 227, 680—
685

Perry, S.V. (1999) Troponin I; Inhibitors or facilitators. Mol.Cell.
Biochem. 190, 9-32

Potter, J.D. and Gergely, J. (1974) Troponin, tropomyosin, and
actin interactions in the Ca® regulation of muscle contraction.
Brochemistry 17, 2697-2703

Syska, H., Wilkinson, J.M., Grand, R.J., and Perry, S.V. (1976)
Biochem. J. 153, 375-387

Zot, H.G. and Potter, J.D. (1982) A structural role for the Ca*-
Mg? sites on troponin C 1n the regulation of musde contrac-
tion. J. Biol. Chem. 257, 7678-7683

Morimoto, S. and Ohtsuki, I. (1987) Ca?*- and Sr**-sensitivity of
the ATPase activity of rabbit skeletal myofibrils: effect of com-
plete substitution of troponin C with cardiac troponin C, calm-
odulin, and parvalbumins. J. Biochem. 101, 291-301

Hitchcock, S.E. (1975) Regulation of muscle contraction: Bind-
ing of troponin and its components to actin and tropomyosin.
Eur. J. Biochem. 52, 255-263

Katayama, E. (1980) Interactions among thin filament proteins
in Muscle Contraction: Its Regulatory Mechanisms (S. Ebashi ez
al., eds.) pp. 251-258, Japan Sci. Soc. Press, Tokyo/Springer-
Verlag, Berlin and New York

Ebashi, S., Ohnishi, S., Maruyama, K., and Fuyjii, T. (1974)
Molecular mechanism of regulation of muscle contraction by
Ca-troponin system in Proc. FEBS Meet. 9th, pp. 71-83
Pearlstone, J.R. and Smillie, L.S. (1983) Effects of troponin I
plus C on the binding of troponin T and its fragments to a-tro-
pomyosin. J. Biol. Chem. 258, 2534-2542

Zhou, X., Morris, E.P, and Lehrer, S.S. (2000) Binding of tropo-
nin [ and the troponin I-troponin C complex to actin-tropomyo-
sin. Dissociation by myosin subfragment 1. Biochemistry 39,
1128-1132

2T0Z ‘62 Joquieldss uo AlsloAlun pezy dlwes| ke /Biosjeulnolpioxorql//:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

