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SUMMARY

A double isotope technique and EGTA buffers were used to measure the
binding of Ca®* to rabbit psoas muscle fibers extracted with detergent and glycerol.
These experiments were designed to test the effect of rigor complex formation, deter-
mined by the degree of filament overlap, on the properties of the Ca?*-binding sites in
the intact filament lattice. In the presence of 5 mM MgCl, (no ATP), reduction of
filament overlap was associated with a reduced binding of Ca™ over the entire range
of free Ca?* concentrations (5 - 10732 - 10~ ° M). With maximum filament overlap
(sarcomere length 2.1-2.2 um) the maximum bound Ca** was equivalent to 4 mol
Ca?*/mol troponin and there was significant positive interaction between binding
sites, as shown by Scatchard and Hill plots. With no filament overlap (sarcomere
length 3.8-4.4 ym) the maximum bound Ca?* was equivalent to 3 umol Ca?*/mol
troponin and graphical analysis indicated a single class of non-interacting sites. The
data provide evidence that when cross-bridge attachments between actin and myosin
filaments are formed not only does an additional Ca2* binding site appear, but
cooperative properties are imposed upon the binding sites.

INTRODUCTION

Force development in striated muscle is activated by the binding of Ca2?* to
troponin [1, 2], a protein localized on the actin filament in close association with
tropomyosin [3]. Purified troponin has been found to bind up to 4 mol Ca®*/mol
troponin [4] and it has been suggested that all four binding sites must be occupied for
contraction to occur [5]. Bremel and Weber [6] first showed that when troponin was
incorporated into a reconstituted contractile system the binding of Ca?* was enhanced
when myosin cross-bridges formed attachments to the actin (rigor complexes). This
finding raises the possibility that the Ca?* receptor sites in more highly organized
contractile systems have properties which may be quite different from those of the
purified troponin and which might have considerable physiological importance in the
intracellular regulation of force development [7, 8].



315

Recent work in this laboratory has focused on the behavior of Ca?*-binding
sites located in what is presumably an intact myofilament lattice, namely the glycerin-
ated rabbit psoas fiber. Fuchs and Bayuk [9] presented evidence for positive coopera-
tivity in the binding of Ca®* to glycerinated fibers in rigor at rest length. More recently
it has been found that the total number of Ca2*-binding sites in the glycerinated fiber
is a function of the number of cross-bridge attachments between the myosin and actin
filaments [10]. Fibers in rigor with maximum filament overlap bound a maximal
amount of Ca?* equivalent to 4 mol Ca2*/mol troponin. If the filaments were de-
tached, either by pre-stretch of the fibers to a length at which filament overlap was
eliminated, or by immersion in MgATP, the number of Ca?*-binding sites was
reduced by an amount equivalent to 1 mol Ca®*/mol troponin.

With regard to cooperativity it is noteworthy that, in contrast to the results of
Fuchs and Bayuk [9], no evidence for positive interaction between binding sites was
found by Potter and Gergely [4] in their careful study of Ca®*-binding to purified
troponin, If, as suggested above, the properties of troponin are modified by incorpora-
tion into more organized systems, then the results which have been cited are not
necessarily contradictory. In this report evidence is presented that cross-bridge
atiachments, determined by the amount of filament overlap, influence not only the
total number of binding sites, but also the degree of cooperativity between sites.

METHODS AND MATERIALS

Rabbits were killed by intravenous injection of sodium pentobarbital. Thin
strips of psoas muscle were tied to sticks either at rest length or after stretch or
shortening. The glycerol extraction procedure was essentially that of Taylor [11], with
minor modifications. The bundles were first extracted for at least 6 h at 0 °C with a
solution containing 80 mM KCI, 20 mM imidazole (pH 7.0), 2.5 mM dithiothreitol,
5mM ethylene glycol(f-aminoethylether)-N,N'-tetraacetic acid (EGTA), and 17,
Triton X-100. The bundles were then extracted for 24 h at 0 °C with a solution con-
taining 80 mM KCI, 20 mM imidazole (pH 7.0), 2.5 mM dithiothreitol, and 50 %
glycerol. After ‘the second excretion, the bundles were split into thinner strands,
transferred to fresh glycerol solution (same composition) and stored at —20 °C.
Fiber bundles were extracted for at least 5 days before being used for binding mea-
surements.

Several individual fibers were separated at random from each of the bundles
for measurement of sarcomere length. This measurement was made with a phase
contrast microscope equipped with an ocular micrometer. Between 8 and 12 measure-
ments were made for each bundle, each measurement being an average value calculated
from the length of a row of 10 sarcomeres.

Binding measurements were made with thin bundles, 2.0-2.5 cm in length,
containing no more than 5-6 fibers. These were separated under a dissecting micro-
scope and transferred to beakers containing 2 ml of buffer solution of the following
composition: 100 mM KCl, 20 mM imidazole (pH 7.0), 5 mM MgCl,, 5 mM[ SH}-
glucose, 0.1 mM *3CaCl,, and varying concentrations of EGTA to adjust the free
Ca?* concentration. The latter was calculated according to Ogawa et al. [12] on the
basis of an apparent CAEGTA binding constant (at pH 7.0) of 10%-14 [13]. The total
Ca?* concentration included contaminant Ca®*, as determined by atomic absorption
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spectroscopy.

The fiber bundle was incubated in the buffered Ca?* solution for 20 min at
room temperature. An aliquot of the buffer solution was removed and analyzed for
both “°Ca and *H with a Beckman LS-100 liquid scintillation counter [9]. At the end
of the incubation period, the fiber bundle was transferred to 0.5 mi of fresh buffer
containing excess non-radioactive carrier (10 mM glucose, 5 mM CaCl,) to elute
45Ca and *H. Following isotope extraction, the fiber bundle was analyzed for protein
as described by Fuchs and Bayuk [9] and the eluate was analyzed for #*Ca and *H.
The [*H]glucose served as a marker for the solvent space. Bound Ca** was calculated
from the #>Ca/>H ratio of the fibers relative to that of the buffer solution.

RESULTS

Binding measurements were made with three groups of fibers having sarcomere
length ranges of 2.1-2.2 ym (short), 2.8-2.9 um (rest length) and 3.8-4.4 um (stretch-
ed). The data are listed in Table I and the relation between bound Ca?* and free Ca?*
is plotted in Fig. 1. At the lowest Ca2* concentrations, the three curves overlap but as
the concentration of Ca2* rises above 11077 M the curve for the stretched fibers
clearly diverges from those of the short and rest length fibers. The differences between
the short and rest length fibers reach the level of statistical significance only as the free
Ca’* concentration approaches saturation.

According to the measurements of Page and Huxley [14] the myosin filament
of rabbit psoas is 1.6 um in length and the total actin filament length is 2.24 ym. Thus,
the fibers in the short group would have maximum filament overlap (and maximum
rigor complex formation) whereas most of the fibers in the stretched group would
have no filament overlap. As shown previously [10], fiber bundles extracted sequen-
tially with Triton X-100 and glycerol contain, on the average, 87 % myofibrillar

TABLE 1

BOUND Ca?* AS A FUNCTION OF FREE Ca?’* CONCENTRATION AND SARCOMERE
LENGTH RANGE

Values are given as mean-£S.E.M. in umol/g. Number of measurements is indicated in parentheses.
See text for experimental conditions.

[Ca2+](M) Sarcomere length range (um)
2.1-2.2 2.8-2.9 3.8-44

5-10-8 0.074+0.01 (10) 0.07+£0.02 (11) 0.084-0.02 (10)
1-1077 0.184-0.04 (10) 0.19+0.04 (11) 0.1740.04 (10)
1.5-10"7 0.284+0.04 (10) 0.284-0.03 (11) 0.204-0.04 (10}
20-1077 0.404-0.02 (10) 0.36+0.03 (11) 0.261-0.03 (9)
251077 0.484-0.04 (10) 0.46-1+0.03 (11) 0.33+0.05 (9)
3.-1077 0.574+0.04 (10) 0.561-0.03 (11) 0.454-0.06 (10)
5-10°7 0.86+0.03 (10) 0.754:0.07 (11) 0.574:0.07 (10)
1-10°¢ 1.134-0.02 (10) 0.984-0.08 (11) 0.85+0.09 (10)
2-10-6 1.3540.08 (10)  1.2440.07 (11)  1.01-0.11 (10)
5-10-° 1.64+0.05 (10) 1.46+0.09 (11) 1.224+0.09 (10)
1-10-5 1.7040.05 (10) 1.494-0.06 (11) 1.314+0.09 (9)
2-10-% 1.88-£0.06 (10) 1.68+0.07 (11) 1.364:0.10 (10)
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Fig. 1 The binding of CaZ* to glycerinated rabbit psoas fibers of different sarcomere lengths, as
indicated. Data are listed in Table L. Vertical bars indicate standard errors.

protein. Assuming a troponin content of 0.6 umol/g myofibril protein, the amount of
Ca?* bound by the short fibers at the highest free Ca?* concentration, 1.88 ymol
Ca?*/g protein (S.E.4-0.06, n = 10), is equivalent to 3.6 mol Ca?*/mol troponin.
The maximum Ca?* bound by the stretched fibers, 1.36 umol Ca** /g protein (S.E. 4
0.10, n = 10) is equivalant to 2.6 mol Ca**/mol troponin. This result is in agreement
with the earlier conclusion from this laboratory [10] that troponin, in the intact
filament lattice, has four Ca®*-binding sites per molecule when the cross-bridges are
attached to actin and three Ca®*-binding sites when the filaments are completely
detached from each other. It is of interest to compare the binding curves in Fig. 1 to
those of glycerinated insect flight muscle published by Marston and Tregear [15].
These workers showed that reduction in rigor complex formation by the addition of
MgATP reduced the amount of bound Ca?* at all levels of free Ca%*. Maximal Ca2*-
binding in the presence of MgATP was about 30 9} less than in the rigor state.

In interpreting these data, the possibility must be considered that the differences
in maximum Ca?* binding as a function of sarcomere length could arise from a loss of
troponin during glycerol extraction, this loss being greater in stretched fibers. This is a
somewhat unlikely explanation in view of the recent results from this laboratory [10]
showing that detachment of the filaments either by stretch or by immersion of
shortened fibers in MgATP produces the same reduction in the number of Ca2*-
binding sites. However, for a more direct test of this possibility, an additional set of
experiments was carried out. Stretched fiber bundles (mean sarcomere length 3.5-3.7
um) were teased into thin bundles, as described. Calcium-binding measurements were
made on one group of bundles by the usual procedure. The other group was allowed to
shorten in buffer containing 5 mM MgATP and 2 - 10~> M Ca?*. The MgATP was
washed out and the fibers were then analyzed with respect to sarcomere length and
maximum Ca?* binding. If the reported variation in maximal Ca2* binding with
sarcomere length was simply due to differential loss of troponin, then active shortening
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TABLE I

THE EFFECT OF ATP-INDUCED SHORTENING ON THE NUMBER OF CALCIUM
BINDING SITES OF GLYCERINATED MUSCLE FIBERS

Values are given as mean+S.E.M. Number of measurements is indicated in parentheses. p value
based on Student ¢ test for difference between two means.

Sarcomere length (um) Bound Ca** (umol/g)
Before shortening 3.68 1.414-0.06 (5)
After shortening 2.05 1.8840.12 (5)
p < 0.01

should have no effect on the number of Ca2*-binding sites. The results in Table II
show a significant enhancement in bound Ca®* with ATP-induced shortening. The
measured value at sarcomere length 2.05 um corresponds to that seen with fiber pre-
shortened in the living state. Hence, the variation in number of Ca2*-binding sites is
considered to be a consequence of differences in the number of cross-bridge attach-
ments rather than differences in the content of Ca®*-binding protein.

Scatchard plots of the data are shown in Fig. 2. The data points for the stretch-
ed fibers are best fitted by a straight line, thus indicating a single class of non-inter-
active sites. The intercept on the abcissa is 1.4 umol Ca?*/g and the apparent affinity
constantis 1.2 - 106 M ™1, The plots for the two groups of fibers with filament overlap
have a more complex shape. At lower degiees of saturation there is a convexity with
respect to the abcissa which is characteristic of a binding system with positive coopera-
tivity.

Hill plots of the same data are shown in Fig. 3 and the estimated Hill coefficients
are listed in Table III. The plot of the data for the stretched fibers is a straight line with
a slope of 1.0. The other two Hill plots have a bend at approximately half-saturation, in
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Fig. 2 Scatchard plots of the data in Figure 1. Symbol: r, bound Ca®*.
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Fig. 3 Hill plots of the data in Figure 1. Symbols: r, bound Ca?*; N, bound Ca2* at saturation, as
determined from Scatchard plot intercepts in Fig. 2.

agreement with earlier results of Fuchs and Bayuk [9]. At greater than half saturation,
the slopes of the plot for the short and rest length fibers are 0.9 and 1.0, respectively.
At less than half-saturation the slopes are 1.6 and 1.4, respectively. These results
suggest that when the cross-bridges are attached to actin half of the binding sites
interact positively.

TABLE III

ESTIMATED HILL COEFFICIENTS AS A FUNCTION OF SARCOMERE LENGTH AND
DEGREE OF SATURATION

Sarcomere length (#m) < 50 % saturation > 50 9 saturation
2.1-2.2 1.6 0.9

2.8-2.9 1.4 1.0

3.8-4.4 1.0 1.0
DISCUSSION

The ability of rigor complex formation to enhance the binding of Ca?* to
troponin was first described by Bremel and Weber [6] and has since been confirmed in
several different systems [15-17]. In an extension of this work to the glycerinated
rabbit psoas fiber, it has been found that the number of Ca?*-binding sites is reduced
by 25 9, when the cross-bridges are disconnected either by elimination of filament
overlap or treatment with MgATP under relaxing conditions [10]. The data in this
report suggest that cross-bridge attachments also influence the degree of cooperativity
between binding sites.

The role of cooperative interactions in the control of muscle contraction has
been the subject of much recent discussion [7, 18]. The most compelling evidence for
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cooperativity is the steepness of the curve relating free Ca?* concentration to force
development in various ‘“‘skinned” muscle fiber preparations [19-22]. The ATPase
activity vs. [Ca?*] curve also has a steeper slope than would be expected for a simple
non-cooperative system [4, 7], although it is of interest that in those instances [23-25]
in which force, ATPase activity and free Ca?* were correlated in the same prepara-
tion, the force vs. [Ca®*] slope was greater than the ATPase activity vs. [Ca?*]
slope. The force vs. [Ca®*] relationship is markedly affected by, among other things,
the MgATP [13] and free Mg®* [26] concentrations and since the true intracellular
concentrations of these species are still uncertain the force vs. [Ca2*] relationship
under physiological conditions cannot be rigorously specified. In the case of glycerin-
ated psoas fibers, the force vs. [Ca* ] data [27, 28] are much less extensive and they
show more variation. The slopes of the Ca**-binding curves obtained in this labora-
tory also show considerable variability from one series of measurements to the next.
Whether this variability is due to biological variation or inadequacy of Ca2* buffering
is not known.

On the other hand, certain findings have been quite consistent. For fibers
lacking appreciable filament overlap, the Scatchard plot is linear throughout and the
Hill coefficient is unity (see also ref. 10). Thus in the absence of cross-bridge attach-
ments, binding appears to be non-cooperative, with just a single class of sites present.
Potter and Gergely [4] showed that purified troponin, in the presence of 2 mM
MgCl,, also has a single class of non-interactive sites. Their estimated binding con-
stant, 5.4-10°M~1, compares favorably with the value of 1-10°-2-10°M™!,
obtained for stretched glycerinated psoas fibers. The main discrepancy between the
two sets of data is with respect to the number of binding sites. Purified troponin binds
4 mol Ca?*/mol troponin while the calculated bound Ca?* of the stretched fibers is
equivalent to 3 mol Ca®*/mol troponin. This calculation rests on the assumption
that under the stated experimental conditions there is no significant binding to
proteins other than troponin. If this assumption should prove to be incorrect, the
discrepancy becomes even greater.

For fibers with a high degree of filament overlap (sarcomere length < 3 um)
the Scatchard plot is convex with respect to the abcissa at less than half-saturation and
the Hill coefficient is 1.5-2.0 (see also ref. 9). With increasing saturation, the Hill
coefficient becomes unity (see Table I) and the maximum bound Ca®* is equivalent to
4 mol Ca?*/mol troponin [10]. Thus in the intact filament lattice with cross-bridges
attached the binding sites display a degree of cooperativity which is not evident with
either purified troponin or troponin bound to actin filaments free of rigor complexes.
If it is assumed that the force-generating complexes formed in the presence of ATP
have the same effect on Ca?*-binding, an assumption supported by recent experi-
ments of Solaro et al. [16], then it is possible to postulate the existence of a positive
feedback system in which Ca**-binding promotes cross-bridge attachment which, in
turn, favors the binding of additional Ca®* [7,8]. Several lines of evidence point to the
existence of a mechanism whereby force feeds back positively on the molecular control
system. To cite one example, it is well known that in both skeletal [29] and cardiac
[30] muscle, the magnitude of the force developed determines the time course of
mechanical activity. Since the number of cross-bridge attachments is a function of the
force developed [31] the data reported here might provide a mechanistic basis for
coupling between force and the amount of Ca?* bound to the filaments. Such a
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coupling was postulated by Kaufmann et al. [30] to account for the shortening de-
activation of cardiac muscle.

In this context, it is of interest to re-examine Endo’s [32] data showing that
the force vs. [Ca®*] slope of skinned frog fibers is much steeper at sarcomere length
2.0-2.3 um than at sarcomere length 3.0~3.3 um. These results would also suggest that
the number of cross-bridge attachments plays some role in determining the degree of
cooperativity of the Ca?* response.

These considerations naturally lead to the possibility that the Ca?*-binding
curve of a system actively developing force is quantitatively different in shape from
that of extracted systems (myofibrils, actomyosin) which do not generate force. If so,
the differences alluded to above between the binding curves and the force vs. [Ca®*]
curves may be more apparent than real. There is a clear need for carefully executed
experiments relating free Ca?* to bound Ca2* and force development in the same
muscle fiber.
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