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I. Preparation and Physiological Function*
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I. A method for isolation of troponin from native tropomyosin was
described.

2. Troponin in combination with tropomyosin restored the whole
activity of native tropomyosin in sensitizing the interaction of myosin
and actin to Ca ion.

3. Troponin was found to bind nearly 4moles of Ca per 10°g, of
which most were exchangeable. The result of the experiment to deter-
mine the binding constant of these Ca binding sites was explained by
assuming that half of the binding sites possessed a binding constant of
1.3%x10°M! and the remaining half 5x104M~1,

4. The amount of exchangeable Ca in the contractile system was
mainly accounted for by the Ca-binding capacity of troponin, which
was not influenced by other contractile proteins or ATP.

5. Qardiac troponin showed a much higher affinity for Sr ion than
skeletal troponin. The ratio of the former affinity to the latter was in
good agreement with the ratio of the sensitivity to Sr ion of a recon-
stituted contractile system containing cardiac troponin to that containing
skeletal troponin. Based on these findings and the results described
above, it was concluded that the sensitivity of .a contractile system to
Ca ion is solely dependent upon the affinity for Ca ion of the troponin
molecule present.

6. The mechanism of troponin regulation of the interaction of
actin and myosin was discussed.

Native tropomyosin, which sensitizes the
interaction of myosin and actin to Ca ion
(1, 2), has been shown to consist of two
separate proteins (3, ), one tropomyosin of

* This work was supported in part by the rescarch
grants of the U.S. Public Health Service, AM-04810,
Muscular Dystrophy Association of America, Inc., and
of Pharmacological Research Foundation, Tokyo.

The following abbreviations were used ;
GEDTA : Glycoletherdiaminetetraacetic acid
(EGTA),
PCMB: p-Chloromercuribenzoate,
NEM: N-Ethylmaleimide.

the Bailey type (5) and the other a new
structural protein, named troponin. The latter
protein alone cannot sensitize the interaction
but requires the collaboration of tropomyosin.
Further evidence had indicated that troponin
is the Ca-receptive protein of the contractile
system (6, 7), ie., the contraction-triggering
role of Ca ion is effected via troponin.

The purpose of this article is to describe
procedures for the preparation of troponin
and to make clear some of its properties with
special reference to its physiological function.
Preliminary accounts of this report have been
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presented previously (6, 7).

METHODS

Preparation of Troponin—Any preparations of native
tropomyosin may be used as the starting material for
the preparation of troponin. To obtain a preparation
of excellent quality in high yield, however, it is prefer-
able to start from a fresh preparation at high concen-
trations, ziz., 20—30mg/ml.

Most preparations used in the present experiments
were made as follows: The early part of the method
for preparing native tropomyosin —up to the point
of ammonium sulfate fractionation— was essentially
the same as that described in the previous paper on
‘¢ preparation of active component without acetone
treatment”’ (2). To the supernatant of the fraction,
containing 1.6 M ammonium sulfate, was further added
ammonium sulfate up to 2.6M (approximately 12g
ammonium sulfate per 100ml of the supernatant). The
resulting precipitate was collected by centrifuga-
tion and suspended in a minimum volume of water.
The suspension was then dialyzed first against 0.3 mm
NaHCO; for several hours and then against 0.4 u LiCl
overnight. The dialyzed solution, whose protein con-
centration should be more than 20 mg/ml, was brought
to pH4.5 with 1~ HC! at 0°~—4°C and centrifuged.
The resulting precipitate was thoroughly suspended in
0.6u LiCl to half of the original solution volume and
centrifuged. Both supernatants were combined and
their pH was adjusted back to 7.0. To the solution
was added solid ammonium sulfate to a final concen-
tration of 3.0M and the precipitate formed was centri-
fuged. The resulting sediment was dissolved in a small
volume of water and dialyzed against 10 mm LiCl con-
taining 0.3 mu NaHCO,. After about 10hr’ dialysis,
the solution was centrifuged to remove some flocculated
material and the clear supernatant, usually containing
20—50 mg protein/ml, was used as the crude troponin
preparation.

At this stage the troponin preparations were oc-
casionally already fairly homogeneous according to ex-
amination by discelectrophoresis and did not require
further purification. However, the usual preparations
were more or less contaminated by tropomyosin. The
latter protein could be removed by repeating the iso-
electric precipitation, i.e., after adding LiCl up to
0.4 to the crude troponin solution, the pH was ad-
justed to 4.5 and the resulting precipitate, a complex
of tropomyosin and somewhat denatured troponin, was
climinated by centrifugation. Alternatively the follow-
ing procedures could even more effectively remove
tropomyosin from the solution: Urea was added to
the crude troponin solution up to 2M and the pH was
adjusted to 5.85, the resulting sediment being removed

by centrifugation. The supernatant, usually practically
free of tropomyosin, was neutralized and then dialyzed
against 10mu LiCl (or NaCl) containing 0.3 mm
NaHCO;,. .

In the carly stage of the studies on troponin, | M
KCl was used in place of 0.4m LiCl (3). Generally
speaking, the KCl preparations resulted in a much less
yield, sometimes less than half, but showed the same
physiological activity as that of LiCl preparations. The
use of 0.6 4 NaCl gave an intermediate yield. Troponin
could be maintained in the frozen state without ap-
preciable loss of activity.

Gel filtration technique was also useful for the
purification of troponin. One of the examples will be
described in a later paper (8).

Cardiac troponin was prepared from native tropo-
myosin of bovine heart essentially in the same manner
as was the case with skeletal troponin.

Preparation of Tropomyosin—Tropomyosin was pre-
pared from the residue of acetone powder from which
Straub-type actin had been extracted at 0°C, or from
the residue of native tropomyosin from which troponin
had been separated. Further procedures of tropo-
myosin preparation essentially followed the original
method of BaiLey (5), except that the acid precipi-
tation at pH4.5 was always performed in 1 KCI
solution.

One of the crucial points of the method for the
preparation of a pure sample was the concentration
of ammonium sulfate. The crude tropomyosin prepa-
ration dialyzed against water was adjusted to about
5mg/ml. To 100ml of this solution was added 32g
ammonium sulfate plus 25mg Na,CO, and the result-
ing precipitate was removed by centrifugation. To
the supernatant was added 2g of ammonium sulfate
and left for 15min. After centrifugation, further 2g
of ammonium sulfate was added to the resulting super-
natant, and the solution was left for 1 hr. The result-
ing precipitate was collected by centrifugation at
11,000 g for 20min and 1 ml of water was added to
5g of precipitate with thorough mixing. The result-
ing suspension was centrifuged at 11,000X ¢ for 30 min
and the supernatant was dialyzed against water. If
necessary, the above procedures were repeated.

Preparation of Myosin and Myosin B—They were pre-
pared by the procedures described in the previous
paper (2).

Preparation of Actin—The water-extract of acetone
powder of exhaustively washed muscle residue was
subjected twice to MomMAERTS’ purification procedure
(9) with a slight modification and the resulting actin
preparations were used.

Preparation of Native Tropomyosin-fres Myosin B—
Perry & al. (10) have developed an excellent method
for eliminating native tropomyosin from myosin B.
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The original method was followed with a slight modi-
fication: Myosin B was repeatedly washed using a
large volume of cold 2mm NaHCO,. Usually five
washes were sufficient to eliminate most of native
tropomyosin (see Fig. 6).

Determination of Ca-Binding—Unless otherwise stated,
all the experiments to be described below were per-
formed in solutions containing 0.05—0.1 m KCl, 4mu
MgCl; and 0.02m Tris-maleate buffer (pH6.8). In
the case of those proteins which could be centrifuged
down, ¢.g., F-actin and myosin in low ionic strength
media, the protein solution with 0.05 muM GEDTA and
a specified concentration of Ca ion containing Ca*®
was centrifuged down* and the radioactivities of both
the sediment and supernatant were determined. From
these data the free Ca ion concentration in the super-
natant and the amount of Ca bound to the sediment
were calculated under the assumption that the binding
constant of GEDTA at pH6.8 in the Tris-maleate
buffer would be 5x10°u~! (11), and that the amount
of contaminating Ca ions derived from the ingredients
except for that from the protein would be 5mpgmoles
per ml. The reciprocal value of the concentration of
Ca ion which gave the half of the maximum Ca binding
capacity was considered as the binding constant of the
protein.

In the case of troponin, tropomyosin and their
complex, which could not be centrifuged down, the
chelating resin method (72) was used. Chelex-100
(200—400 mesh) was washed first with 1 mM GEDTA
to remove Ca ion and then with water to remove
GEDTA. Then the resin was thoroughly equilibrated
with the above experimental medium and was dried
on a filter paper for several days. A specified amount
of the resin thus treated, usually 10 mg, was suspended
in 1ml of the protein solution, and the suspension was
mixed for one minute. Then the resin was centrifuged
down under low gravity and the upper part of the
supernatant was taken for the determination of radio-
activity. A part of protein was found to combine with
the resin, so that the concentration of the protein in
the supernatant was again determined.**

Essentially the same procedures were applied to
the determination of Sr bound to troponin using Sr%,
except that 0.05mmM GEDTA was always added to the

* Using a small tube of a high performance index,
F-actin could be centrifuged down at 100,000X ¢ for
2hr. In the case of myosin in a low ionic strength,
¢.g., 0.1, one hour at 100,000Xg was enough even in
the presence of ATP.

** In the case of troponin and tropomyosin, a minor
part, less than 20%, was bound to the resin, but a
large part of F-actin was shown to co-precipitate with
the resin.

reaction mixture to climinate contaminating Ca ion
from the resin. The binding constant of GEDTA for
Srion was considered to be 1/800 of that for Ca ion.

As it is expected from a simple calculation,*** the
ratio of the amount of Ca in the solution to that bound
to the resin is fairly constant within a certain range
of Ca concentration, if there is no Ca-binding sub-
stance in the supernatant. Therefore, if we know the
total amount of Ca, we can easily calculate the free
Ca ion concentration in the solution. In the presence
of some Ca-binding substance, the radioactivity in the
supernatant increases, whearas the ratio of the radio-
activity due to free Ca ion in the supernatant to that
bound to the resin should remain constant. Then the
amount of radioactivity bound to the protein and,
therefore, the amount of Ca bound to the protein
could be estimated. If we know the maximum binding
capacity of the protein for Ca ion, the binding constant
of the protein for this ion can also be calculated assuming
that each binding site has the same binding constant.
For this method it is important to know the amount
of contamination by Ca of the whole system including
the ingredients of the solution and the chelex resin.
This was estimated from experiments using appropriate

**x It isassumed that the resin suspension may be-
have as a solution of a water-soluble chelating agent.
Then we have

[Ca X]=Kca [Ca]' XV

Mg X]=Kug [Mg]’ [X}
where Kca and Kyg are the apparent binding con-
stants for Ca and Mg respectively; [Cal and [Mg]’
are the total concentrations of respective substances
unbound to the resin in the absence of complex-
forming materials in the solution except for the chelating
resin, and [X]' is the concentration of resin free of
these divalent cations. [Ca] and [Mg]' are practically
cqual to [Ca**] and [Mg**], so that

[Ca**] _ [Kug] [Mg**]
[Ca X] [Kca] (Mg X]

Since Kug is about 1x10°u~! and the resin is
equilibrated with 4x10-3u Mg, [Mg X] is several
times higher than [X])'. The total Ca concentration
is less than 3x107%xm, so that [X]' is several times
higher than [Ca X]. Therefore,

Mg X] _ Mg X] L Mg X]
(Xlot  [Mg X1+[XI'+[Ca X] = [Mg X]+[XT
= M = constant

1+Kug [Mg**]

Thus the ratio, [Ca**]/Ca X], should be practically
constant so far as the concentration of total Ca ion
is lower than a certain level.

17
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amounts of GEDTA and was shown to be 6 to 10
mpmoles per 10mg resin.

Determination of total Ca bound to proteins was
made by the colorimetric method of Yanagisawa follow-
ing the procedures described in the previous paper
(13). To determine the non-exchangeable fraction
bound to protein, the protein solution was passed
through a chelex-100 column and the Ca remaining
in the efAuent was determined. In the case of troponin,
a considerable part of the exchangeable Ca remained
in the effluent after passage through the chelating resin
column, due to the strong affinity of the protein for
Ca ion unless the resin had been carefully washed with
GEDTA beforehand. To avoid erroneous conclusions,
therefore, troponin was first equilibrated with Ca* and
then passed through the column. The determination
of bond Ca was considered reasonable if the remaining
fraction of radioactivity was less than 10% of the total.

- Determination of Sulfhydryl Content of Protein—Meas-
urements were made according to the method of Boyer
(14).

For Other Methods and Materials—All other proce-
dures and materials employed were those described in
the previous paper (2).

RESULTS

Reconstitution of “ Native Tropomyosin® from
Troponin and Tropomyosin—Troponin prepared
by the procedures described in the “ METHODS »
section was usually found to be homogeneous
according to electrophoretic and ultracentri-
fugal* examinations. Its amino acid com-
position was different from any of those of
the known structural proteins of muscle (Table
I). The difference in amino acid composition
between native tropomyosin and the Bailey-
type tropomyosin, particularly in their proline
content, can be explained by the presence of
troponin in native tropomyosin. In view of
these data, the ratio of troponin to tropo-

* It was found that the physicochemical proper-
ties of troponin including its sedimentation diagram
were greatly influenced by the concentration of free
Ca ion in the medium (T. Wakabayashi, personal com-
munication). This may explain considerable differences
among the values of sedimentation coefficients of tro-
ponin 3o far reported (s, w of troponin at 4—5mg/
ml is usually 3.5—3.6, but quite different values such
as 4.0 or 6.7 (15) bave been rcported). In view of
this, studies on the physico-chemical properties of tro-
ponin are being re-investigated under precise control
of Ca ion concentration; the results obtained will be
reported later.

TasLe 1
Amino acid composition of tropormin in comparison
with those of tropomyosin and
native tropomyosin.

Trgponie | myn | mpo: | SEX(EEC)
(b) myosin
Asp 83 89 83 85
Thr 22 26 20 2
Ser 31 40 34 37
Glu 159 212 197 192
Pro 26 2 1 1
Gly 43 11 23 23
Ala 74 108 92 95
Val 87 27 31 32
Met 27 16 23 20
Tleu 33 29 36 31
Leu 65 95 82 84
Tyr 12 15 15 14
Phe 23 4 12 1
Lys 100 118 106 108
His 17 5 10 10
Arg 66 41 50 50

myosin in native tropomyosin by weight ap-
pears to be around 0.6.**

It has previously been shown (¢f. (7) and
(15)) that troponin with tropomyosin can
exert a Ca-sensitizing action on native tropo-
myosin-free actomyosin preparations as illust-
rated in Fig. 1. This has been confirmed by
several workers (16—18). More quantitative
data are presented in Fig. 2. The sensitizing
activity of the complex of troponin with tro-
pomyosin was not less than 90 percent of
that of native tropomyosin. Thus, combina-
tion of troponin with tropomyosin restores
the original activity of native tropomyosin
almost completely.

** We initially reported this ratio to be around
0.33 (2) and later to be 0.5 (15). Thus the ratio
appeared to have increased with the progress of our
study, probably reflecting an improvement of extrac-
tion technique. It now seems to have reached a plateau
value, viz., 0.6—0.65. In any case, the amino acid
composition of native tropomyosin could be expressed
by the lincar combination of those of troponin and
tropomyosin.
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Fio. 1. Effects of troponin, tropomyosin, and
their complex on the superprecipitation of native
tropomyosin-free myosin B.

Reaction mixtures contained in final concen-
trations: 0.0lu KCl, 4mmu MgCly, 0.02x Tris-
maleate buffer (pH6.8), 0.5mu ATP, 0.7 mg/ml
native tropomyosin-free myosin B, either 0.01 mu
CaCl; or 0.1 mu GEDTA, and specified concen-
trations of troponin in ug/ml (designated as TN
in this figure), tropomyosin (designated as TM in
this figure) or their mixture. Temperature, 18°C.
—QO— GEDTA; estimated free Ca ion concen-

tration, 1 X107 u.
—@— CaCl;; estimated free Ca ion concentra-
tion, 1.3X10°%um.

Concerning x and y see the legends for Figs.
2 and 3.

The data showing the effect of varying
the amounts and ratios of the complex of
troponin and tropomyosin on native tropo-
myosin-free myosin B and synthetic actomyosin
are demonstrated in Figs. 3 and 4, respective-
ly. While the sensitivity of native tropomyosin-
free myosin B to Ca ions was completely re-
stored to its original level by adding appro-
priate amounts of the troponin-tropomyosin
complex, synthetic actomyosin was much less
sensitized even by addition of much greater
amounts of the complex. A similar observa-
tion was previously made in the case of native
tropomyosin applied to synthetic actomyosin
and trypsin [EC 3.4.4.4]-treated myosin B
(¢f. Figs. 5 and 1l in reference (2)). The
reason for incomplete restoration of the
sensitivity of synthetic actomyosin is not yet
clear.

The sensitizing effect of troponin in the
presence of tropomyosin on native tropo-

201

Ca-SENSITIVITY

1 A 1 1

5 10 20
CONCENTRATION OF PROTEIN { ug/ml)

Fia. 2. Comparison of Ca-sensitizing activity
of native tropomyosin and of a complex of tro-
ponin-tropomyosin.

The scnsitivity to Ca ion was determined by
the method illustrated in Fig. 1. The ordinate
indicates the ratio between the times required for
the increase in the turbidity of the reaction mix-
ture to reach the half maximum values after ad-
dition of ATP in the presence of low (1X1077n)
and high concentrations (1.3X107*m) of Ca ion,
viz., the ratio of ““y'’ to ‘“x” shown in Fig. 1.
The abscissa indicates the concentration of native
tropomyosin or of the troponin-tropomyosin com-
plex added to actomyosin.

—Q— Native tropomyosin.
— @ — Troponin-tropomyosin complex.

The ratio of troponin to tropomyosin in this
complex was 2 to 3. Other experimental condi-
tions were essentially the same as those described
for Fig. 1 except that 0.65mg/ml native tropo-
myosin-free myosin B was used and the reactions
were performed at 20°C.

myosin-free myosin B increased fairly linearly
with the increase in tropomyosin concentra-
tion up to 60 to 70 per cent of the concentra-
tion of troponin and then tended to reach a
plateau (Fig. 3). Thus the ratio of troponin
to tropomyosin which gave the maximum
effect was around 1.5.

It was rather difficult to estimate this
ratio in the case of synthetic actomyosin
(Fig. 4), since relatively greater experimental
errors were involved in this experiment, but
as a whole the ratio seemed to be not less
than unity. Thus the ratio of troponin to
tropomyosin which appeared to be the most
favorable for the sensitization of the actomyosin
system seems to be higher than the ratio’ of

19
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Fic. 3. Effect of varying concentrations of
troponin and tropomyosin on Ca-sensitivity of
native tropomyosin-frec myosin B.

Numerals given to the right of the curves
indicate the corresponding concentrations of tro-
ponin. Experimental conditions were essentially
the same as those described for Fig. 1. As for
other details, sce the legend for Fig. 2.

10

Ca-SENSITIVITY

TROPOMYOSIN (ug/ml)

Fic. 4. Effect of varying concentrations of
troponin and tropomyosin on the Ca-sensitivity of
synthetic actomyosin.

Experimental conditions were essentially the
same as those in Fig. 3 except that synthetic acto-
myosin, 0.7 mg/ml (myosin :actin, 3:1), was used
in place of native tropomyosin-free myosin B.

about 0.6 obtained with native tropomyosin.
Whether or not this discrepancy implies some
physiological significance has not yet been
clarified.

The maximum sensitization of 0.7 mg/ml
of native tropomyosin-free myosin B was
obtained at 15 ug/ml of tropomyosin (Fig. 3)
and that of 0.6 mg/ml of synthetic actomyosin
at 40 zg/ml (Fig. 4). Since the ratio of tropo-
myosin to actomyosin in myofibrils is estimat-
ed to be around 0.05, the above values are
not far from those expected from physiolo-
gical considerations.

Troponin as the Primary Protein in Sensitizing
Actomyosin to Ca ion—1It is now clear that the
elementary process of physiological contraction
is under the control of Ca ion and dependent
on the interaction of at least four kinds of
protein, i.e., actin, myosin, tropomyosin and
troponin. The next step of our investigation
was to identify the particular protein among
the four functioning as the receptor of con-
traction-triggering action of Ca ion. As will
be described in the next section, troponin has
been shown to possess a unique Ca-binding
capacity. However, this fact alone cannot be -
taken as definitive evidence for the Ca-receptive
role of troponin. Since contraction is based
on the dynamic interaction of the above pro-
teins in the presence of ATP, conclusive evi-
dence should be derived from investigations
dealing with the interaction itself. This was
achieved by an experiment which was in-
tended to clarify the mechanisms of pharma-
cological actions of alkaline-earth metal ions
on cardiac and smooth muscles (6).

It is well known that Sr ion can replace
Ca ion in most of the biological functions of
the latter. This is also true for the regulatory
effect of Ca ion on contractile systems., It
was found, however, that the sensitivity of
cardiac myosin B to Sr ion was quantitatively
several-fold greater than that of skeletal mus-
cle (Table II). This finding provided a key
avenue of approach to the elucidation of the
problem as to which protein was primarily
responsible as the Ca-receptor.

Tabel III gives a detailed description of
the previous preliminary report (6). It is
clear that the response of reconstituted sys-
tems to Sr ion can be divided into two dis-
tinct groups, cardiac and skeletal types with
no intermediate type being demonstrated. The
type of response of the reconstituted system
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is decided only by the source of troponin, i.c.,
if troponin is derived from cardiac muscle,
the sensitivity of the reconstituted system is

TaBLE II
Sensitivities of myosin B preparations from skeletal
and cardiac muscle to Sr and Ba ion in
comparison with those to Ca ion.

The figures in the columns represent the re-
ciprocal ratios of that concentration of specified
ions to 1.8 X 10~%x which induces the same degree
of superprecipitation as that induced by 1.8 X 10%u
free Ca ion. The concentration of free Ca ion
was determined by using GEDTA-Ca buffer con-
sisting of 0.05mu GEDTA and 0.024mx Ca ion
(including estimated amount of contaminating Ca).
As for other details see the legend for Fig. 1.

always high to Sr ion irrespective of the
source of other three kinds of protein. This
strongly indicates that the regulatory action
of Ca ion on actin-myosin interaction is
mediated only through troponin molecules
and that the other three protein components
have no direct interaction with Ca ion.

Ca Ion Bound to Troponin—Troponin has
been shown to bind Ca ion fairly strongly
(6,7, 18, 19). The results presented in the
previous section have strongly suggested that
this Ca-binding property of troponin may
have a cardinal importance in the physiolo-
gical function of this protein.

As shown in Table IV, troponin con-
tained about 4 moles of Ga per 100,000g
protein, of which most were exchangeable.

Ca** Srt+ Bat+ The binding constant of the bound Ca was

reported to be about 6x10°M~! (6). How-

2:11‘:&1 (i) 1/34 <:/ ggo ever, more careful analysis has revealed that

i () /5 / the binding of Ca to troponin cannot be ac-
TasLe III

Comparison of relative sensitivities to Sr and Ca ion of contractile systems reconstituted
Srom protein components of skeletal and cardiac muscle.

Myosin B
Sensitivity to Type of response
Native tropomyosin-free myosin B Native tropomyosin Sr*+® relative (skeletal type or
to that to Cat** cardiac type)
Myosin Actin Tropomyosin Troponin
S 1/20 (S)
C 1/3 (C)
C S 1/20 S
C C 1/4 C
S S 1/28 S
S (o] 1/3 Cc
C S S 1/19 S
S S (] 1/4 c
S S S S 1/24 S
S S S C 1/4 (o]
S S C S 1/24 S
S S Cc C 1/4 Cc

1) The concentration of Ca ion which induced the same degree of superprecipitation as that induced
by 9.4X10"*u free Sr ion (if sensitive to Sr ion) or 4.6X10~*M frec Sr ion (if insensitive to Sr ion) was
determined and the ratio of this Ca jon concentration to the corresponding Sr ion concentration was con-
sidered as the scnsitivity to Sr ion. Actually, the concentration of Ca ion ranged from 2.1 to 2.7X107%u.

All experiments were carried out in 0.lmm GEDTA.

legend for Fig. 1.
" C : cardiac, S : skeletal.

Temperature, 21—24°C. As for other details sec the

21
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TasLE IV
Amount of Ca bound to troponin and native tropomyosin.

Figures in parentheses indicate the number of
experiments performed. The amount of non-ex-
changeable Ca was corrected taking the remain-
ing radioactivity of Ca*® into account (sec ‘ME-
THODS ’’). The smallest value for non-exchangeable
Ca without correction was 0.18 mole per 100,000 g.
+x indicates standard error. Note: The amount
of total Ca of troponin determined in earlier ex-
periments (1965—1966) was 5.10+0.32 moles per
100,000g (8 detcrminations) and was  definitely
higher than the value below. The reason for
this discrepancy is not clear, but it is certain that
the preparations used in recent experiments such
as presented in this Table show much higher ac-
tivities than the old ones.

Troponin Native
tropomyosin
(moles/100,000 g)
3.78+0.38 -1.72+£0.09
Total (4) (4)
Non-exchangeable 0.1 1(:50 05 0. lz%g’ 04
Exchangeable 3.67+0.39 1.55:+0.10

counted for by assuming a single binding
constant for all binding sites. The solid line
shown in Fig. 5 represents the values calcu-
lated on the assumption that the binding
constant of ‘half of the sites were 1.3x10®M~?
and that of the remaining half 5x10*M~1*
Since the line seems to fit fairly well with
the experimental results, the assumption of
heterogeneous Ca-binding sites in one molecule
may not be untenable.

Table V shows the affinity of various
protein components in the contractile system
for Ca ion. Although both myosin and actin
contain tightly bound, non-exchangeable Ca,
their binding capacity of exchangeable Ca is
rather low (20). Thus, among the various
structural proteins, troponin appears to be the
only protein having a strong capacity for ex:
changeable Ca. This result is in good agree-
ment with that of Fucus-and Brices (18a).

" * This is, of course, not the only possibility for
explaining the results presented in Fig. 5. Various
kinds of other combinations could also be postulated.

70

Ca BOUND (in‘relative value) %6

30

1 ]

5
pCa '

Fio. 5. Ca-binding of troponin at different
pCa.

The ordinate indicates the amount of Ca bound
to troponin in relative value assuming 4 moles of
Ca-binding sites per 100,000g protein. The pCa
plots on the abscissa shows the free Ca ion con-
centration in the medium, in which the Ca-binding
of troponin was determined. Solid line was drawn
by calculation assuming a binding constant, 1.3
10°x~1, for a half of the binding sites and another
one, 0.5X10°u~}, for the remaining half. Dashed
line was obtained by assuming a single binding
constant, 2.5X10°u~1, for all binding sites.

TaABLE V

The amount of exchangeable Ca ion bound
to structural proteins of muscle.

Concentration of Ca ions | 2x10-*u | 3x10-*w
equilibrated with proteins (#moles/g)
Myosin B 1.03 0.86
Synthetic actomyosin 0.20 0.09
F-actin 0.15 —_—
Myosin 0.19 0.06
Tropomyosin —_ 0.04
a-Actinin (6S component) —_— 0.01
Troponin —_— 17.8"

1) Derived from the data in Fig. 5.

Treatment of myosin B or myofibrils with
a weak alkaline solution can eliminate the
troponin-tropomyosin complex (10). Con-
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Fic. 6. Effect of repeated washing of myosin
B with a weak alkaline solution on Ca-sensitivity
and Ca-binding.

Myosin B suspended in a small volume of low
ionic strength solution (4=0.02) was mixed well
with 2 mu NaHCOQO,; to make a final suspension of
about 0.7mg/ml. After 15min, the solution was
centrifuged down at 12,000X g for 20 min. A small
part of the resulting precipitate was suspended in
a small volume of 0.02u KCI and was tested for
Ca-sensitivity and Ca-binding. The amount of
protein in the supernatant was determined to
estimate the loss of protein due to the washing.
The results obtained with the once washed prepa-
ration are designated as ‘““ I’ in this figure. The
remaining larger part of the sedimented material
was suspended in 2mu NaHCO; and was treated
further in the same way as described above. Thus,
the washing was repcated five times. Each time,
a small part of the myosin B preparation was
removed to determine its Ca-sensitivity and Ca-
binding. The supernatant was also tested for loss
of protein. ’

‘—QO— Ca.sensitivity plotted on logarithmic scale;
determined by the method illustrated in
Fig. 1 (scc also the legend for Fig. 2).

—@® — Exchangeable Ca bound to myosin B;
determined by the centrifugation method.

—X— The amount of protein lost due to the
washing calculated from the protein content
in the supernatants.

currently with the removal of this complex,
the Ca-binding capacity shows a decrease ac-
companied by a parallel decrease in sensitivity
of the system to Ca ion (Fig. 6). Mild trypsin-
treatment preferentially removes troponin from
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Fic. 7. Effect of trypsin treatment on the
Ca-sensitivity and Ca-binding capacity of myosin B.
Myosin B suspended in 0.1 M KCl containing
1mym NaHCQOj; was treated with trypsin at various
concentrations noted on the abscissa. The reaction
was stopped by addition of twice the weight of
trypsin inhibitor.
—(O—,—@— See the legend for Fig. 7.
—X— The amount of protein lost due to trypsin
treatment.

myosin B with a simultaneous lowering of its
Ca-binding capacity as well as Ca-sensitivity
(Fig. 7). Thus, removal of troponin from the
contractile system is always accompanied by
a disappearance of exchangeable Ca-binding
capacity.

It was also found* that the Ca-binding
capacity of (i) troponin, (ii) the troponin-
tropomyosin complex and (iii) the troponin-
tropomyosin-F-actin complex was not modi-
fied by the presence of (i) tropomyosin, (ii) F-
actin and (iii) myosin, respectively. These
ficts indicate that none of the other con-
tractile proteins, although they have some
direct or indirect interaction with troponin,
can exert an influence on the Ca-binding
pfoperty of troponin.

Fig. 8 illustrates the mode of Ca-binding
of myosin B at a low Ca ion concentration,
The apparent binding constant, 1.5 108 M1
estimated from this curve, is in good agree-
ment with the binding constant of troponin

* Different from the case of (i) or (iii), where
either the chelating resin method or the centrifugation
method was exclusively used, the comparison of the
values derived from both methods must be made in
(ii). Hence, in the case of (ii), the above conclusion
should perhaps be accepted with some reservation.

23
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Fio. 8. Ca-binding of myosin B at varying
concentrations of Ca ion.

Experiments were carried out at 0-4°C. Free
Ca jon concentration was determined by the use
of GEDTA-Ca buffer consisting of 0.05 mu GEDTA
and appropriate concentrations of Ca ion includ-
ing Ca**. The dashed line was obtained by calcu-
lation assuming the binding constant of 1.5X10°
M1, It should be mentioned that the deviation
of the experimental curve for myosin B from the
calculated curve was significant, indicating hetero-
geneity among the Ca-binding sites in agreecment
with the results presented in Fig. 5.

mentioned before.

All the findings presented above indicate
strongly that the binding capacity of ex-
changeable Ca in the contractile system is
exclusively due to troponin. As emphasized
in the previous section, however, the effect
of Ca ion is related to the dynamic phase
of the interaction of structural proteins. There-
fore, it seemed necessary to investigate wheth-
er the Ca-binding capacity of troponin alone
or as part of the whole contractile system
would be modified in the presence of ATP.
All the experiments along this line* showed
that the Ca-binding capacity was not modified
by the presence of ATP. These results toge-
ther with those shown in Table III have

* The effect of ATP on the Ca-binding capacity
of i) troponin, ii) troponin-tropomyosin complex, iii)
troponin-tropomyosin-F-actin complex, iv) troponin-
tropomyosin-F-actin-myosin complex and v) myosin B
were examined. In the case of iv) and v), the com-
parison was made under three different conditions:
without ATP, in the clearing statc and in the super-
precipitated state.

TasBLE VI

Comparative affinities of skeletal and cardiac
troponin for Sr and Ca ion.

Binding constants
()
Ca*+ Set+
Skeletal 9.3 10° it
Cardiac 3.4x10° LT

1) Figures in parentheses are the ratios of
the binding constant of each troponin for Sr ion
to that for Ca ion. The binding constants were
calculated under the assumption that the sites for
Ca ion or Sr ion of skeletal and cardiac troponins
were 2moles and 1 mole per 100,000 g respectively,
since the results presented in Fig. 5 indicated that
only half of 4moles of Ca per 100,000g of skeletal
troponin showed a higher binding constant, around
10°M~}, and the amount of chemically determined
Ca bound to cardiac troponin was half of that
bound to skeletal troponin.

completely excluded the possility that the Ca-
binding property of troponin might be trans-
ferred to other protein(s) or that one of
the contractile proteins might acquire the
ability to bind Ca ion at a crucial stage of
interaction.

Affinities of Skeletal and Cardiac Troponins
for Sr Ion—All the results presented in the
previous sections support the conclusion that
the physiological function of troponin is
based solely on its remarkable Ca binding
characteristics. From this it would be ex-
pected that the differences in sensitivity to Sr
ion between cardiac and skeletal myosin B
reflect differences in affinity between cardiac
and skeletal troponins for Sr ion.

In Table VI, the binding constants of
skeletal and cardiac troponins for Sr ion are
compared with those for Ca ion. The ratio
of the affinity of cardiac troponin for Sr ion
to that for Ga ion was found to be about
1/3, whereas the corresponding ratio in the
case of skeletal troponin was 1/27. Thus the
ratio of the affinity for Sr ion of skeletal
troponin to that of cardiac troponin is about
1/9 of that of the corresponding affinity ratio
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for Caion. These ratios, viz., 1/3,1/27 and 1/9
based on the property of the single protein,
troponin, were in excellent agreement with
those given in Table II, viz.,, 1/5, 1/34 and
1/7 and in Table III, viz,, 1/4, 1/22 and 1/6,
which had been derived from the experiments
involving the complicated interaction of the
various contractile proteins. This finding has
substantiated further the idea that the affinity
of troponin for Ca ion is underlying basis of
the mechanism of the contraction-triggering
action of Ca ion.

It should be pointed out that the binding
constant of cardiac troponin for Ca ion is
considerably lower than that of skeletal tro-
ponin. This is in consistence with the ob-
servation made in a preliminary experiment
that the cardiac contractile system has lower
sensitivity to Ca ion.

Effects of Sulfhydryl-Blocking Agents on Phys-
tological Function of Troponin—Troponin has been
shown to contain about 5 moles of sulfhydryl
groups per 100,000 g, 1.8—2.5 moles of which
do not react with NEM. This is in good
agreement with the results of STAPRANs ¢t al.
(21), who have shown that 1.3 moles per
100,000 g of “relaxing protein”, viz, native
tropomyosin, are not blocked by NEM. Since
metal binding by myosin and actin is greatly
affected by sulfhydryl-blocking agents, it was
of interest to investigate their effects on the
functions of troponin.

It was unexpectedly found that NEM did
not exert an influence either on the Ca-bind-
ing capacity or the Ca-sensitizing action of
troponin. This is in accord with the result
of StaPrANs et al. (21) showing little effect
of NEM on the Ca-sensitizing action of native
tropomyosin. PCMB also did not show any

* Sulfhydryl agents, particularly PCMB, modify
the interaction of actin and myosin in such a way
that the response corresponding to the relaxation is
inhibited (22, 23). This should be kept in mind when
the sensitivity of actomyosin systems to Ca ion is ex-
amined in the presence of PCMB ; otherwise, one could
mistakenly conclude that PCMB abolishes the Ca-
sensitizing activity of troponin. The inhibitory effect
of PCMB shown in Fig. 9 might be explained in this
manner.

100

Ca-SENSITIVITY (%)
8
T

1
1 2

PCMB/SH OF TROPONIN

Fic. 9. Effect of PCMB on Ca-sensitizing
action of troponin.

Ordinate: the relative value of Ca-sensitivity
on logarithmic scale (see the legends for Figs. 1
and 2). Abscissa: molar ratio of PCMB to sulf-
hydryl groups of troponin, the number of which
was assumed to be 5moles per 100,000¢. Tropo-
nin incubated with specified amounts of PCMB
was added to the suspension of the actomyosin
system just prior to the addition of ATP. Final
concentrations: native tropomyosin-free myosin B,
0.65 mg/ml; tropomyosin 0.03]1 mg/ml; troponin
0.031mg/ml. For other details see the legend for °
Figs. 1 and 2.

effect on the Ca-binding activity, but did
exert a slight but significant effect on the
Ca-sensitizing action* (Fig. 9). Sulfhydryl-
protecting agents such as dithiothreitol did
not show any effect on these activities.

Generally speaking, sulfhydryl groups
seem to have no substantial role in the func-
tion of troponin. At least, it is reasonably
certain that these groups are not involved
in the Ca-binding activity. However, we
must consider the fact that about two moles
of sulfhydryl groups remain unaffected by
NEM with the possibility that PCMB once
attached to these sulfhydryl groups would
migrate to other protein(s), possibly to myosin,
during experimental examination of the Ca-
sensitivity. Therefore, before excluding the
involvement of sulfhydryl group in the func-
tion of troponin, it is essential that experi-
ments be carried out with a sulfhydryl-block-
ing agent which can bind to all sulfhydryl
groups with covalent linkage,

25
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DISCUSSION

The results presented in this article fur-
ther support the postulation that troponin is
the Ca-receptive protein of the contractile
system, i.., the contraction-triggering action
of Ca ion becomes effective only when it
binds to troponin (6, 7). No other protein
seems to show any particular Ca-binding ac-
tivity during the entire course of interaction
of myosin, actin and ATP. In other words,
the affinity of the contractile system for Ca
ion is always and almost exclusively due to
the Ca-binding. capacity of troponin.

The question which naturally arises next
is how Ca ion exerts its influence on the in-
teraction of myosin and actin through tro-
ponin. In dealing with 'this question, it seems
pertinent to summarize our previous findings
concerning troponin:

. 1) Troponin has a strong affinity for tro-
pomyosin and promotes aggregation of the
latter (3).

. 2) Troponin exerts a pronounced effect
on the physico-chemical properties of F-actin
in the presence of tropomyosin (24). Some
differences in electron microscopic profile be-
tween F-actin preparations with and without
the troponin-tropomyosin complex have also
been noticed (¢f. (7).

3) Troponin can be easily removed from
myosin B as well as from myofibrils by mild
trypsin-treatment (2, 4). Tropomyosin, which
in solution is as sensitive to trypsin as tro-
ponin, is more resistant to trypsin when it is
associated with F-actin (4).

4) Troponin can bind to trypsin-treated
thin filaments when tropomyosin is left unaf-
fected. Further digestion, which eventually
removes tropomyosin from the thin filaments,
abolishes the binding of troponin to the thin
filament. This binding is restored when the
digested myofibrils are pretreated with tropo-

myosin (25)*.

5) Troponin is distributed along the entire
thin filament of myofibrils at approximately
400 A .periodicity (26) (tropomyosin also ex-
ists along the entire thin filament, but no
peridicity has so far been demonstrated).

6) The weight ratio of troponin to tropo-

jmyosin in native tropomyosin, which may

reflect the situation in vivo, is about 0.6. The
content of tropomyosin in muscle is estimated
to be 56 mg/ml and that of troponin about
3mg/ml. If troponin has a molecular weight
of 50,000 as it has been suggested by a prelimi-
nary experiment**, it is very plausible to as-
sume that two troponin molecules and two
tropomyosin molecules exist per pitch of 400 A.

7) Troponin does not bind to myosic

(25, 28).

In view of these findings, it may be con-
cluded that the association of troponin with
the thin filament is made through its binding
to tropomyosin which in turn can directly
bind to F-actin, and that 400 A periodicity
due to the presence of troponin is based upon
the periodic distribution of tropomyosin at the

same interval. Thus it appears that troponin

can modify the structure of actin not direct-
ly, but ohly indirectly through mediation of
tropomyosin. On the basis of these facts and
considerations, one might propose the follow-
ing two possible explanations:

a) The influence of a conformational
change of troponin due to Ca jon is mediat-
ed through tropomyosin to F-actin, inducing
a change in the structure of F-actin. As a
result, the interaction of actin and myosin is
modified. In this mechanism each actin mol-
ecule has the same importance, whether it is
located near the troponin molecule or not.

b) Troponin, although not directly bound
to actin molecule, is located near the site of
interaction of actin with myosin head so
that a change in structure of troponin due

* DraBikowsk! and NoNoMmura (27) have made the interesting observation that troponin and F-actin
at fairly high concentrations and equivalent ratio give risc to an aggregate precipitable in 0.1 m KCl. This
fact, however, may not be considered as evidence for direct binding of troponin and F-actin in wviso, since
troponin cannot bind to the thin filament once tropomyosin has been removed (25). It should also be noticed
that F-actin can make such aggregates with various kinds of non-muscle proteins (H.Asai, personal communica-

tion).

** Determined by the light scattering method (T. Wakabayashi, personal communication).
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to Ca ion can modify the interaction. In
this case we must assume that the actin mol-
ecules near the troponin molecule would be
in a special position. The interaction of the
other actin molecules with myosin should be
inhibited more or less by a mechanism not
necessarily under the influence of Ca ion.
Tropomyosin may play an important role in
the latter mechanism.

The mechanism described under (b) seems
—because of the rather arbitrary nature of
the assumptions made in it—to be less plau-
sible than that under (a). However, it is
tempting to assume that the 400 A periodici-
ty has a particular significance in the physi-
ological process of muscle contraction. For
the present, we cannot decide between the
two alternatives,

It should be emphasized here that, which-
ever explanation we may choose, the es-
sential nature of Ca ion as the trigger of
contraction should be considered as a releasing
factor of an existing repression, i.., in the
absence of Ca ion troponin exerts a depress-
ing action on the interaction of actin and
myosin and this inhibition is abolished by
the action of Ca ion on troponin. This kind
of explanation might appear to be strange in
view of the dramatic activating effect of Ca
ion on the contractile system. However, if
we inquire into mechanisms of various phys-
iological phenomena, it is rather common to
find that the activation of a biological sys-
tem is induced through the release of a pre-
existing inhibition. For example, activation
of the excitation process of the surface mem-
brane could be interpreted in this way.
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Maruyama, Biological Institute in Komaba Campus,
and all the colleagues in our laboratory for their
advice and discussions. Our thanks arc also due to
Prof. K.K. Tsuboi, Stanford University, for his assis-
tance in preparing this manuscript.
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