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Kinetics of Contractile Activation in Voltage Clamped Frog Skeletal
Muscle Fibers
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Department of Physiology, University Medical School Debrecen, Debrecen, Hungary H-4012

ABSTRACT Excitation-contraction coupling events leading to the onset of contraction were studied in single skeletal frog
muscle fibers. This entailed the simultaneous measurement of the changes in intracellular calcium concentration using
antipyrylazo Ill and fura-2, isometric force, and clamp voltage in a modified single vaseline gap chamber for the first time. The
calcium transients were incorporated into an analysis of calcium binding to regulatory sites of troponin C (TnC) that permitted
both a linear and a cooperative interaction. The analysis assumed that the onset of mechanical activation corresponds with
a particular TnC saturation with calcium setting constraints for the calcium binding parameters of the regulatory sites. Using
a simple model that successfully reproduced both the time course and the relative amplitudes of the measured isometric force
transients over a wide membrane potential range, koff of TnC was calculated to be 78 s- 1 for the cooperative model at 1 00C.
Together with the above constraints this gave a dissociation constant of 8.8 2.5 ,uM and a relative TnC saturation at the
threshold (Sth) that would cause just detectable movement of 0.17 ± 0.03 (n = 13; mean ± SE). The predictions were found
to be independent of the history of calcium binding to the regulatory sites. The observed delay between reaching Sth and the
onset of fiber movement (8.7 ± 1.0 ms; mean ± SE, n = 37; from seven fibers) was independent of the membrane potential
giving an upper estimate for the delay in myofilament activation. We thus emerge with quantitative values for the calcium
binding to the regulatory sites on TnC under maintained structural conditions close to those in vivo.

INTRODUCTION

Excitation-contraction coupling in skeletal muscle, initiated
by the application of a depolarizing step, can culminate in
the appearance of a just-detectable muscle contraction. The
required size of such depolarization depends on pulse du-
ration. Adrian et al. (1969) explained such a strength-dura-
tion relationship in terms of the buildup of a hypothetical
activator to a critical level for each such pulse. Horowicz
and Schneider (1981) subsequently associated threshold
contraction with a fixed transfer of intramembrane charge
independent of the size and duration of the clamp pulse, and
thus equated the proposed activator with the intramembrane
charge movement. Melzer et al. (1986b), on the other hand,
equated a critical amount of charge to the just-detectable
release of calcium from the sarcoplasmic reticulum (SR).
Intramembrane charge being the proposed activator was
questioned by Miledi and co-workers (1983) who suggested
the equality of the intracellular calcium concentration
([Ca]2+]) at the just-detectable contraction.

However, Kovalcs et al. (1987) demonstrated that the
calcium transients associated with the onset of just-detect-
able movement depended on the size and duration of the
depolarizing pulse. They proposed instead that different
points on the strength-duration curve for the contraction
threshold corresponded to equal occupancies of the regula-
tory sites of troponin C (TnC) by calcium.
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The present work goes on to analyze the experimental
strength-duration curve within the framework of a hypoth-
esis that the onset of contraction depends upon a critical
occupancy of the regulatory sites on TnC. The analysis
examined whether this hypothesis would lead to an inter-
nally consistent description of the calcium binding to TnC.
It also tested whether this simple assumption would allow
the determination of the parameters of calcium binding to
this regulatory protein. Although the presence of a threshold
saturation, as will be shown, did set constraints for these
parameters, their exact value could not be determined based
solely on this assumption. An independent estimation had,
therefore, to be introduced for one of the parameters by
measuring and then fitting the force transients using a
simple model of actomyosin interaction.
The analysis emerged with values for the calcium binding

properties, and with a fixed value of the threshold occu-
pancy of the regulatory sites on TnC in conditions close to
in vivo and maintained filament structure. These values
agree with earlier biochemical data and the independent
analysis of Kovacs et al. (1987). The measurements also
revealed an -9 ms difference between the calcium binding
to TnC and the actual shortening, giving an upper estimate
for the time necessary for the conformational changes and
interactions within the contractile filaments.

Preliminary accounts on parts of this work have previously
been published (Csernoch et al., 1994; Kovacs et al., 1995).

METHODS

Preparation and solutions
The frogs (Rana esculenta) were killed by rapid decapitation, followed by
pithing. The dissection of single skeletal muscle fibers from the semiten-
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dinosus muscles and the mounting of single fibers in a single vaseline-gap
voltage clamp were done as described earlier in detail (Kovacs et al., 1987).
Briefly, the mechanical separation of fibers was carried out in Ringer's
solution (in mM, 115 NaCl, 2.5 KCI, 1.8 CaCl2, and 1 Tris sodium
maleate) and the fiber was then transferred to the recording chamber. After
completing the vaseline isolation the fiber segment in the open-end pool
was permeabilized by applying a solution containing 0.01% saponin for
30 s. This solution was then exchanged to an internal solution containing,
in mM, 102.5 Cs-glutamate, 5.5 MgCl2, 5 Na2ATP, 6 glucose, 5 creatine
phosphate, 17.7 Tris maleate, 0.0082 CaCl2, and 0.1 EGTA. The solution
in the closed-end pool was exchanged to an external solution (in mM) 125
TEA-CH3SO3 (tetraethylammonium methanesulfonate), 5 Cs-HEPES, 2
CaCl2, and 10-7 g/l TTX. All solutions were pH = 7.00 + 0.05. The dyes
antipyrylazo III (APIH) and fura-2 were applied in the internal solution in
1 mM and 50 ,uM concentration, respectively. Fura-2 was purchased from
Molecular Probes, Inc. (Eugene, OR), and APIII from ICN Biochemicals,
Inc. (Cleveland, OH); all other reagents were of analytical grade.

Fibers were connected to the force transducer with metal clips attached
to the tendon. The sarcomere length was 2.0 - 2.4 ,um as measured by
ocular micrometer at 600x magnification. Although the contractions stud-
ied in this paper can be regarded as close to isometric, strong depolarization
did cause the fibers to shorten by stretching the tendon (fibers seemed to be
held fast at the cut end so contraction did not pull fiber portions out of the
vaseline seal). Optical detection of tendon displacement (see below) re-
vealed that these changes in fiber length were <5%. The measurements
were carried out at low (8-11°C) temperatures to reproduce the experi-
mental conditions in earlier studies (Adrian et al., 1969) and to enable the
characterization of rapid events.

Experimental set-up

Fibers were voltage clamped as described earlier (Kovacs et al., 1987) and
the holding potential was set to -100 mV in all cases. The optical set-up
was essentially the same as described in detail elsewhere (Klein et al.,
1988; Sarkozi et al., 1996). In brief, the experimental chamber was placed
on the optical bench of an upright microscope and transilluminated using
a tungsten halogen light source. The fiber was also epi-illuminated at 380
or 358 nm using a 75 W xenon arch lamp (Oriel 60000; Stratford, CT). The
transmitted light intensities were measured at 720 and 850 nm using
interference filters (Omega Opticals, U.S.A.) with 20 nm bandwidth while
the fluorescence of fura-2 was detected at 510 nm using an interference
filter (Omega Opticals, U.S.A.) with a bandwidth of 40 nm. Force devel-
opment was measured using an AE801 force transducer (SensoNor,
Horten, Norway) coated with silicon rubber to ensure electric isolation.

Data were acquired simultaneously on six channels (current, voltage,
light intensities at 510, 720, and 850 nm, and force) using an online-
connected computer. The analog to digital conversion was done on 12 bits
at every 250,us. Four consecutive points were averaged to yield the
corresponding data point for every ms.

Calculation of the APIII calcium transients and
the saturation of fura-2

Changes in intracellular free calcium concentration below the contraction
threshold were calculated from the APIII and intrinsic fiber absorbance
measured at 720 and 850 nm, respectively, as described earlier (Melzer et
al., 1986a) using the kinetic correction (Csernoch et al., 1991). For su-
prathreshold depolarizations (see Results) composite calcium transients,
calculated from APIII absorbance and fura-2 fluorescence, were used
(Sark6zi et al., 1996).

To calculate the relative saturation of fura-2 with calcium (Sf = [Ca-
fura-2]/[fura-2]T, where [Ca-fura-2] denotes the calcium bound to fura-2
while [fura-2]T the total fura-2 present) we followed the method described
by Klein et al. (1988) and Csernoch et al. (1993). The fluorescence
intensity was measured at 380 nm (F380) during the pulse while the
fluorescence intensity using 358 nm (F358) as the incident light was linearly

extrapolated from measurements done between pulses. The Sf was then
calculated from

Sf = (R-Rmin)/(Rmax -Rmin) (1)
where R denotes F380/F358, while Rmax and Rmin are the maximal and
minimal values of R. To determine the rate constants (ko,,nf and k.ff,f) of the
calcium fura-2 reaction the

dR/dt = k..,f [Ca2]i* (Rmax- Rmin) -koff,f (R - Rmin)
(2)

differential equation was fitted using the calcium transient measured with
APHI (Klein et al., 1988). This method gave a direct, and internally
consistent, calibration of the fura-2 signal inside the muscle fiber. Rear-
ranging Eq. 2 and solving for [Ca2+]i allowed us to calculate the calcium
concentration changes in contracting fibers using the parameters deter-
mined from subthreshold pulses.

It should be noted that both dyes have been reported to bind to
myoplasmic constituents (Baylor et al., 1986; Konishi et al., 1988). This
might change their calcium binding properties, rendering the magnitude of
the calculated [Ca2+]i inadequate. Although this influences the obtained
kon of TnC the other parameters are not affected (see Discussion).

Optical detection of fiber contraction
The contraction threshold was determined visually at 400X magnification
as described by Kovacs et al. (1987). The optical signal accompanying
fiber shortening was dissected from the absorbance change measured at
850 nm where APIII has no absorbance.

The displacement of the tendon was measured according to Kovacs et
al. (1987). In brief, a small alufoil was attached to the tendon and the slit
was positioned so that upon contraction the alufoil covers greater and
greater areas of the slit. The resulting decrease in light intensity was taken
as the representation of tendon displacement. The alufoil was long enough
to allow the placing of the slit far to the side of the fiber so fiber portions
never interfered with the measurements. Measuring the total light intensity
using slits of different length enabled us to convert the optical data into
actual displacement. It should be noted that the illumination of the slit was
found to be homogenous; therefore, the changes in light intensity were

linearly related to displacement (i.e., when AI/I was -0.01 the alufoil
moved by 1% of the length of the slit).

Statistical analysis and curve fitting
All averages are expressed as mean ± standard error of the mean (SE).
Statistical significance was calculated using Student's t-test. To assess the
[Ca2+]i dependence of peak force the Hill equation was used:

Fmax
F= n-Papao

(3)

where Fmax is the maximal force that the fiber can develop, pCa50 is the
negative logarithm of calcium concentration at which half maximal force is
measured, and n is the index of cooperativity. The voltage (Vr) dependence
of peak force (F) was fitted with the following equation:

F = 1+&FmaV
I + e-(V.-V')/N (4)

where Fmn, has the same meaning as above, V' is the voltage where half
maximal force is achieved, and k is the slope factor. Curves were fitted
using the least-squares algorithm of Nelder and Mead (Johnson and Faunt,
1992). Latencies were calculated by fitting straight lines to the data points
before the change in the trace and examining the variance of the deter-
mined slope as described earlier (Close, 1981).
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Theory
Calculation of thin filament activation

The calculation of the binding of calcium to different intra-
cellular binding sites followed the method of Csernoch et al.
(1993) assuming the main buffers to be parvalbumin and
troponin C. Both proteins were assumed to have two high-
affinity calcium-magnesium sites, with TnC also having
two low-affinity, calcium-specific sites, the binding to
which initiates contraction.
The calcium binding to the regulatory sites of TnC was

assumed to follow a simple four state scheme (S1) where
T(0, 0) and T(1, 1) denotes the sites when both are free or

occupied by calcium, while T(1, 0) and T(0, 1) stand for site
1 or site 2 alone having calcium bound, respectively. The
binding of the first calcium was assumed to increase the
affinity for the second by a factor of 10 (cooperative bind-
ing). For comparison calculations were done with the same

affinity for both sites (independent binding) as well. The
relative saturation (St = [Ca-Tn]/[Tn]T, where [Ca-Tn] de-
notes the concentration of calcium bound to both regulatory
sites and [Tn]T the concentration of these sites) was then
calculated by numerically integrating the differential equa-
tions resulting from SI.

T(0, 1)

T(0, 0) T(1, 1) (S1)

T(1, 0)

When calcium was bound to the regulatory sites on a TnC
molecule (calcium bound inhibited state) the adjacent tro-
pomyosin was assumed to change its conformation to en-

able the actin and myosin interaction (calcium bound dis-
inhibited state). These two states were assumed to be in
instantaneous equilibrium. In the model this was manifested
as an increase of the association rate of actin and myosin in
the actomyosin model used (see below). Since neighboring
tropomyosins were reported to interact (Wegner, 1979;
Geeves and Lehrer, 1994) the probability that the activation
of one will activate the next, even though its troponin C was

free of Ca2 , was also included.

To account for the activation by calcium the attachment
rate of myosin to actin (k+2) was increased 20X if the actin
filament moved from the "calcium bound inhibited" to the
"calcium bound disinhibited" state. To calculate the gener-
ated force first the differential equations resulting from S2

dXl/dt =-k+l X1 + k-I * X2 + k+-4 * X4, (5a)

dX2/dt=k+jXI -(k-l+k+2)-X2 +k2-X3,

dX3/dt = k+2-X2 - (k-2+ k+3) *X3 + k_3 * X4,

XI + X2 + X3 + X4 = 1,

(5b)

(5c)

(5d)

where Xi are the relative occupancies in S2, k+j and k-i are
the forward and backward rate constants, were solved. The
force at time t (F(t)) was assumed to be proportional to the
increase in attached states (AAS), that is,

F(t)= N'AAS, (6)

where N is the proportionality coefficient (depends on the
number of cross-bridges and on the force generated by a

single cross-bridge) and AAS = {X3(t) + X4(t)} -

{X3(t = 0) + X4(t = 0)}. To account for the increased
affinity of calcium binding to TnC with attached cross-

bridges (Guth and Potter, 1987) koff was also varied pro-
portionally with the attached states

koff(t) = koff(O)/{1 + [(M - 1) * AAS/AASmax]}, (7)

where k0ffO) is the rate at rest (t = 0), M is the relative
change in affinity, and AASm,, is the maximal change in

attached states.

Implementation of the model

A computer program written in PASCAL (Borland Pascal
7.0) implemented the model. This first analyzed the events
at the contraction threshold and set the constrains for the
binding properties of TnC, between kon and k0ff as well as

between Kd and the threshold saturation, Sh, (see Results).
Using a set of starting values (for calcium binding to TnC
and those in Table 1) the program then determined the

The actomyosin interaction

A simple four state model (Scheme 2) was used to fit the
measured force transients. Actomyosin was assumed to be
either in the detached (1 and 2) or attached (3 and 4) state.

k+3
X4 (AM) - X3 (AM-ADP)

k-3

k+4

(S2)

k_2 k+2

k-

XI (M-ATP) -k+ ' X2 (M-ADP- Pi)

TABLE 1 Parameters of the acto-myosin interaction used in
the model calculations

Description Value

Transition from XI to X2 (k+1) 130 s-' (1)
Transition from X2 to XI (k-,) 12 s-' (1)
Association constant of M to A 104 M- l (2)
Transition from X3 to X2 (k-2)
Transition from X3 to X4 (k+3) 8.3 s-' (3)
Transition from X4 to X3 (k3) *
Detachment rate of M from A (k+4) *

M, myosin; A, actin. Abbreviations used in the text are given in parenthe-
ses.
*Parameters varied in fits.
(1) Goldman, 1987; (2) Tregear and Marston, 1979; (3) Dantzig et al.,
1992.
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calcium binding to the regulatory sites on TnC. The calcu-
lation proceeded to determine the appearance of calcium
bound disinhibited states using the relative calcium occu-
pancy of TnC and Sth. This change induced the transition of
the actin-myosin system from detached to attached states.
At rest (before stimulation) 96% of actin and myosin were
in the detached form, calculated as the steady-state solution
with the parameters given in Table 1.
The calculated force transient (F(t)) was then compared

to the measured. Using the method of Nelder and Mead
(Johnson and Faunt, 1992) the parameters (k0ff, M, k-2, k-3,
and k+4) were adjusted to obtain a least-squares fit. The
fitting procedure usually included 3-5 calcium and force
transients and 200-300 points from each trace. It gave
chi-squared (x2) values in the range of 0.001-0.005 if x2
was normalized to the number of points and to the maximal
attained force.

A

A [Ca2+]J

C

Sf

RESULTS

i 2

B

PM

D
- 1.0

- 0

The Results are organized into three sections. The first
section examines the events at different points of the
strength-duration curve for just-detectable contraction. It
concludes showing that, although a clear relationship can be
established between the different parameters of calcium
binding to TnC, they cannot be determined without addi-
tional information. The second describes the simultaneous
measurement of events in excitation-contraction coupling,
changes in [Ca21]J and force, in a single vaseline gap
system under voltage clamp control. The third section
brings together the results from the previous two using a
simple model to fit the force transients on the basis of the
measured [Ca2+]i to emerge with values for the calcium
binding properties of TnC.

Analysis of threshold events

Calcium binding properties of troponin C

When a skeletal muscle fiber is depolarized the increase in
[Ca2+]i has to exceed certain levels before contraction will
occur. Depending on the length and amplitude of the depo-
larizing pulse this attained [Ca2+]i might vary. To account
for this observation we assumed, following the line of
reasoning by Kovacs et al. (1987), that the saturation of TnC
has reached a certain critical level (threshold saturation, Sfh)
before just-detectable contraction occurred. In the following
we first test whether this assumption would lead to a single
set of parameters describing the calcium binding to TnC.

In the experiment presented in Fig. 1, calcium transients
were recorded at two points of the strength-duration curve
for just-detectable contraction, namely at pulse durations of
10 and 100 ms, respectively. Fig. 1, A and B show the
corresponding APIII calcium transients while C and D
present the saturation of fura-2 calculated from the mea-
sured fluorescence. In accordance with the findings of Ko-
vacs et al. (1987), the shorter pulse brought about the

E F

St

- 0.2

-0

i/ f 10 ms

FIGURE 1 Changes in the intracellular free [Ca21] (A and B) and in the
relative saturation of fura-2 (C and D) and of troponin C (E and F) at two
different pulses of the strength-duration curve for just-detectable move-
ment. The pulses were a 10 ms depolarization to -28 mV and a 100 ms
depolarization to -43 mV for the left and right columns, respectively. The
change in membrane potential is shown as the lowermost traces. The rate
constants for the calcium binding to TnC were selected so that the maximal
saturation would reach 0.2. The values were ko,, = 0.84 X 107 M- I s'-l and
k0ff = 85.9 s-' for the binding of the first calcium in the cooperative
model, solid traces, and ko, = 1.18 x 107 M-' s-' and koff = 76.2 s-' for
the independent binding model, dotted traces. Fiber 75, [APIII] = 628 and
641 ,AM, [fura-2] = 21.5 and 22.1 AM for the left and right columns,
respectively; pl = 105 ,um, d = 104 ,um, sl = 2.0 ,um, T = 9.1°C.

greater increase in [Ca2+]i, 2.9 and 1.8 ,uM for the 10 and
100 ms pulse, respectively, in spite of the fact that they both
resulted in the same mechanical activation. In the 13 fibers
included in this study these values were 2.40 ± 0.24 and
1.53 ± 0.18 ,uM, respectively, the former being higher in
each and every experiment.
As an example, Fig. 1, E and F show that the rate con-

stants of calcium binding to TnC can be selected so that the
calcium bound to TnC will reach the same critical level (0.2
in this example) for both the 10 (Fig. 1 E) and 100 ms (Fig.
1 F) pulse. The attained maximum of saturation, 0.2, cor-
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Kinetics of Contractile Activation

responds to Sth since the increase in [Ca2+]i resulted in a
just-detectable movement. It is also demonstrated that this
selection can be made using either the cooperative (solid
traces) or the independent (dotted traces) binding model for
the calcium-TnC reaction. The rate constants used in the
calculations were kln = 1.18 x 107 and 0.84 X 107 M-1
s 1, whereas koff = 76.2 and 85.9 s-1 for the independent
and cooperative models, respectively. It should be noted
that this selection of the rate constants was unique for the
particular Sth. Suitable k00-koff pairs, however, as will be
shown in Fig. 2 A and B, were to be found not only for Sth =
0.2, but for any depicted saturation as well.
As shown in the figure (Fig. 1, E and F) the kinetics of

the calcium bound to TnC, especially the rising phases,
were almost completely independent of the model chosen.
The only difference seen was a shift in the declining phase
of the transients calculated with the cooperative model. It
has to be noted that this similarity in time courses of the
calculated calcium binding changed very little with chang-
ing the desired final saturation (data not shown). Neverthe-
less, increasing the maximal saturation did result in an
increase of the rate of rise during and in a slowing down of
the decay after the depolarizing pulse. As an indication of
the similar time courses during the rising phase, the time-
to-peak of calcium bound to TnC varied little with the
model used, being 58 and 28 ms with the cooperative, while
51 and 24 ms with the independent model for the 100 and 10
ms pulses, respectively. Furthermore, changing the maximal
saturation from 0.1 to 0.9, the time-to-peak shifted by only
2 ms, that is, from 58 to 56 ms for the 100 ms pulse and

90

50

10

50 100 0 30

kon [106 M 1s 1J k [106 M- s-11
10 C

tn 5_

O - I
0 5 10 15
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5_

0 6 12 18

KD [PM]

FIGURE 2 Determination of the parameters in the calcium troponin C
reaction. Panels A and C show the case of independent binding while B and
D present values obtained with the cooperative model. (A and B) Corre-
sponding values of k0n and koff rate constants that gave equal maximal
saturation (St = 0.1, 0.2, ..., 0.9) for the calcium transients in Fig. 1, A
and B. Points corresponding to St = 0.1 are marked with arrows. (C and D)
The reciprocal of the maximal saturation versus the dissociation constant

calculated from the corresponding points in A and B. The solid lines in C
and D show the least squares fit of Eqs. 9a and b to the data with
[Ca21]#(tm) = 1.48 and 1.24 ,uM and y intercepts of 0.97 and 0.91,
respectively. Same fiber as in Fig. 1.

from 28 to 27 ms for the 10 ms pulse in the cooperative
model. In all fibers studied the time-to-peak saturation of
TnC was similarly independent of the actual value of the
maximum (data not shown).

Carrying out the above analysis for Sth = 0.1, 0.2,.
0.9 we determined those k00-koff pairs that gave equal peak
saturation for the calcium transients in Fig. 1,A and B.
These values, koff versus kI., are plotted in Fig. 2, A and B
for the independent and cooperative models, respectively.
The graphs demonstrate that the selection of kIc0 and the
corresponding koff was not arbitrary for any given saturation
using either the independent (Fig. 2 A) or the cooperative
(Fig. 2 B) model. On the contrary, only one such pair was to
be found for each and every saturation.
To demonstrate the dependence of the rate constants on

the given saturation, let tm denote the time when TnC
reaches its maximal saturation (if the pulse caused just-
detectable contraction this saturation is Sth). For a single
independent binding site it then follows that at time ti,m
when d(St)/dt = 0,

kon - [Ca ]I(tm) . (1 - Sth) = koff* Sth, (8)

where [Ca2+]I(t,) denotes the calcium concentration mea-
sured at time t,. Solving Eq. 8 for I/Sth yields

l/Sth = 1 + KD/[Ca2+]i(tm) (9a)

where KD is the dissociation constant for TnC. Following
the same line of reasoning with the cooperative model
yields

= 1 +
KD KD + [Ca2]i(tm)

-= + [Ca 2+]i(tm) KD+ Af[ 2+]i(t)' (9b)

where Af is the factor by which the affinity of the second site
changes when the first binds calcium, and all other param-
eters are the same as before. Since tm was found to be
essentially independent of St (see above), Eqs. 9a and 9b
predict a simple relationship between the dissociation con-
stant and the reciprocal of the relative saturation at the
contraction threshold.

Fig. 2, C and D present l/Sth as a function of the calcu-
lated KD using the values from Fig. 2, A and B, respectively,
the solid lines are the least squares fits of Eqs. 9a and b to
the data points. In accordance with the equations, the y axis
intercept was close to unity in all cases studied, for both the
independent and the cooperative model, averaging 1.01 +
0.02 (n = 13).

Note that the relationships presented in Fig. 2 are not
enough to determine all parameters of calcium binding to
TnC. Nevertheless, they do set constraints and, furthermore,
if any one of kIn, k0ff, and Sth is determined independently
the other parameters can be calculated directly from these
relationships. To obtain this independent determination in
the following sections of Results we will introduce the
simultaneous measurement of [Ca2+]i and force and then fit
the measured force transient using a simple model.
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This fit enabled us to determine the dissociation rate of
calcium from TnC yielding an average k0ff of 78 s- 1 for the
cooperative, and 56 s- 1 for the independent models, respec-
tively (see Table 2 and related text). Using the cooperative
model and this fitted value for k0ff the corresponding kln
was 0.69 X 107 M-1 s for the fiber presented in Figs. 1
and 2. This resulted in a KD = 11.3 ,uM and a threshold
saturation of 0.19. On average for the 13 fibers studied
kon = 0.89 ± 0.25 X 107 M-1 s-', KD= 8.8 ± 2.5 ,uM and
the threshold saturation was 0.168 ± 0.031 with the coop-
erative model using koff obtained from the fitting of force
transients.

A B

[Ca2+]i 1 pjM

D E
S St0. 1 -

-N

-47.1 mV

_o7L1Oo
-36.9

J L1-80.

C

F

473 -57.2

_1

The threshold saturation of TnC is independent of changes
in the resting [Ca2+]J,
An increase in the resting calcium concentration would
result in a corresponding increase in the resting saturation of
the regulatory sites on TnC. If a threshold saturation does
exist, such an increased resting saturation should decrease
the amplitude of the calcium transients required to evoke a
just-detectable contraction. Fig. 3 demonstrates that this is
indeed what was observed. Resting [Ca2+]i was therefore
varied and the calcium transients corresponding to points on
the strength-duration curve were analyzed to provide an
independent test of the presence of a threshold saturation.
The fiber was held at a holding potential of -100 mV and

the analysis presented in connection with Figs. 1 and 2 was
carried out. The trace in Fig. 3 A shows the APIII calcium
transient corresponding to the 100 ms pulse of the strength-
duration curve while the trace in D demonstrates the calcu-
lated calcium binding to TnC. The rate constants used in the
calculation were k0. = 0.47 X 107 M-1 s-1 and k0ff = 78
s- 1. Two interventions were then used to change the resting
[Ca2+]i, namely, a subthreshold prepulse from the -100
mV holding potential to -57.2 mV (Fig. 3 C) that resulted
in a 327 nM increase in [Ca2+]i and the lowering of the
holding potential to -80 mV (Fig. 3 B), resulting in a 84
nM increase in the resting [Ca2+]i.
The upper row in Fig. 3 shows the APIII calcium tran-

sients for the 100 ms pulses of the strength-duration curve
corresponding to the above interventions. The figure dem-
onstrates that the higher the resting [Ca2+] and the conse-
quent increase in the saturation of TnC before the pulse

TABLE 2 Parameters of the acto-myosin interaction and
calcium binding to TnC determined from the fits of composite
calcium transients to the measured force

k0ff Mean+ k-2 k3 k+4
(s- l) SE (s- l) (s- 1) (s- 1)

77.9 14.8* 3.6 0.8* 19.1 ± 2.9 10.6 3.0 24.6 3.1
56.3 + 11.2* 5.6 ± 1.0* 18.4 ± 2.7 15.4 ± 3.3 21.7 ± 3.6

Calcium binding to the regulatory sites of TnC used the cooperative model
for the first, and independent binding for the second row. Values are
mean ± SE from six fibers.
*Significantly (p < 0.04) different for the two binding models of TnC.

FIGURE 3 The effect of resting [Ca21]i on the calcium transients mea-
sured at the contraction threshold (A, B, C) and on the calculated calcium
binding to TnC (D, E, F). In order to change the resting [Ca21] compared
to control (A and D) the fiber was either depolarized to -57.2 mV
(threshold of just-detectable calcium release) for 100 ms (C and F) or its
holding potential was decreased to -80 mV (B and E). The changes in
membrane potential are given below the records. The rate constants of the
calcium TnC reaction were then determined for the transient in A (koI =
0.47 X 107 M- s -1 and 78 s'-; for details see text) and used for all traces
in the figure. The resting [Ca21]i were 128, 212, and 455 nM, as deter-
mined from the fura-2 saturations before the pulse, for the traces in A, B
and C, respectively. Fiber 97, [APIII] = 410-667 AM, [fura-2] = 41.3-
42.6 ,uM, pl = 140 ,um, d = 78 ,um, sl = 2.0 ,um, T = 8.5-9.7°C.

were, the smaller the amplitude of the calcium transients
became. This decrease was likely due to the change in
resting [Ca2+]i rather than to changes in fiber status, since
the sequence of obtaining the records was A, C, and finally B.

Using the rate constants from A, the saturation of TnC
was calculated for the records with different resting [Ca2+]i.
Taking the resting occupancy into account the maximal
saturations reached for these pulses were almost identical,
being 0.209, 0.204, and 0.199 for D, E, and F, respectively,
showing that the selection of rate constants was close to
independent of the resting calcium. There was a small
decrease in maximal saturation with increasing resting
[Ca2+]i not only in this fiber but in all five fibers studied of
the order of 1.1 ± 0.3% for a 200 nM increase in resting
[Ca2+]1.

This observation shows that the calculated threshold sat-
uration of TnC was close to independent of the resting
saturation of TnC before the test pulse. It also establishes
the fact that the parameters of calcium binding to TnC do
not depend on previous history. It renders the possibility
that diffusional delays would explain the inequality of the
calcium transients corresponding to different points on the
strength-duration curve for just-detectable contraction
unlikely.

Simultaneous measurement of calcium
concentration and force

The following section introduces how force and [Ca2+]i can
be measured in a single vaseline gap system. It demonstrates
that the overall parameters, voltage- and [Ca2+]i-depen-

2004 Biophysical Journal



Kinetics of Contractile Activation

dence of force were not far from those in intact and skinned
fibers, rendering the measured force transients suitable for
the determination of the calcium binding properties of TnC.
It also shows that, close to the threshold, force and optical
signals have a similar time course.

Optically detected fiber displacement reflects the time
course of measured force

When absorbance measurements are carried out on contract-
ing fibers, a late component of light intensity change can be
detected which has been associated with fiber displacement
and termed movement artifact (e.g., Melzer et al., 1986a).
Although this movement artifact was present at all wave-
lengths, the correction of the 720 nm signal with the 850 nm
signal did not fully eliminate it. Fig. 4 A shows such a
calcium transient, calculated from the signals obtained at
720 and 850 nm, superimposed on the measured force. The
early increase in [Ca21]i that preceded the development of
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FIGURE 4 Comparison of the kinetics of the optical signals and the
force transient. (A) Superimposed records of a calcium transient, calculated
solely from the absorbance records, and changes in force (all force tran-
sients are dotted in the figure). Note that the early rise in [Ca21]J was
followed by a secondary broad peak, the kinetics of which resembled the
time course of the force transient. (B) Same as in A except the APIII
calcium transient from A was replaced by the composite record. The
horizontal tick marks the point from which [Ca21]i was calculated from the
fura-2 signal. (C) Superimposed traces of force and the displacement of the
tendon. Note that light intensity decrease is shown as upward deflection to
ease the comparison. (D) Light intensity changes measured at 850 nm on
the alufoil attached to the tendon (trace a) and on the fiber (trace b). The
signal from the fiber showed two components from which the second
started at the same time and had the same kinetics as the signal representing
the displacement of the tendon. Fiber 214, the depolarizing pulse was to 0
mV for 20 ms (A and C) and to -20 mV for 80 ms (B and D). APIII
concentration ([APIII]) = 387 for panel C and 432 ,uM for panel D; path
length (pl) = 85 ,um, horizontal diameter (d) = 80 ,um, sarcomere length
(sl) = 2.5 Am, temperature (T) = 10.7°C. Vertical calibration corresponds
to 1 or 2,uM, 6 ,uN, and - l0-3 (= 0.2 p.m) for [Ca21]i (A or B), force and
Al/I, respectively.

force can be regarded as good estimate of the actual time
course of calcium concentration change, whereas the broad
peak present after the pulse was most likely a movement
artifact. For pulses that caused slightly suprathreshold con-
tractions the time course of movement artifact and measured
force agreed remarkably well (Fig. 4 A).
To calculate the time course of [Ca2+]i devoid of move-

ment artifacts composite calcium transients were con-
structed following the method of Sarkozi et al. (1996). The
composite calcium transient (Fig. 4 B) contained the APIII
calcium signal at early times and the change in [Ca2+]i
calculated from the fura-2 fluorescence at later parts of the
record. The transition in Fig. 4 B is marked by a horizontal
line positioned on the composite calcium transient. It cor-
responded in time to the point where the APIII and fura-2
calcium transients started to deviate from each other, 9 ms
after the termination of the pulse for the record in Fig. 4 B.
As demonstrated in Fig. 4, and also in Figs. 5 and 8, such
composite calcium transients were readily calculated from
the absorbance and fluorescence records and provided a fair
estimate of [Ca21]i in contracting fibers. The resulting time
course of [Ca2+]j and its relative position to the force
transient resembled that measured on intact fibers with
action potential stimulation (e.g. Claflin et al., 1994).
The simultaneous detection of fiber absorbance and force

enabled us to correlate the components of light intensity
change and fiber contraction. Fig. 4 C demonstrates that the
displacement of the tendon, measured optically as the dis-
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FIGURE 5 Voltage dependence of [Ca2+]i and force increase. (A) Com-
posite calcium transients calculated from the absorbance and fluorescence
signals. (B) The relative saturation of fura-2, the horizontal ticks below
each trace represent 0% saturation. (C) Simultaneously measured force.
Note that there was a definite increase in [Ca2+]i at the smallest depolar-
ization without any sizable change in force. The time courses of membrane
potential change are given below the records, the actual values during the
test pulses are shown next to the traces in each row. Fiber 266, [APIII] =
780-828 ,uM, fura-2 concentration ([fura-2]) = 18.1-18.4 ,uM, pl = 105
,um, d = 78 ,um, sl = 2.2 ,um, T = 10.7°C. Vertical calibration corre-
sponds to 2 ,uM, 0.3 and 75 ,uN for [Ca2+]i,.Sf and force, respectively.
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placement of an alufoil attached to it, and the measured
force were almost identical in time course. This is expected
if the elasticity of the connection between the force trans-
ducer and the actually contracting element is linear. If the
same pulse was repeated with the slit of illumination posi-
tioned first on the alufoil (trace a in Fig. 4 B) and then on the
fiber (trace b) the components of fiber absorbance could be
clearly dissected. To exclude any interference from APIII,
absorbance changes were measured at 850 nm. The early
increase (downward deflection) in light intensity on trace b
reflects the intrinsic absorbance change of the fiber (see
Melzer et al., 1986a) and was always present even below the
contraction threshold if calcium was released from the SR.
Note that a longer pulse, at smaller depolarization, was used
in this case where the intrinsic absorbance change of the
fiber could be distinguished more readily. The intrinsic
signal was interrupted by a decrease in light intensity, the
time course of which followed closely the displacement of
the tendon. Note how well the latencies of trace a and of the
second component of trace b match. The calculated average
difference for the latencies was <1 Ims, the former being
longer, for the 13 fibers with appropriate pulses. This latter
component can, therefore, be taken as the optical represen-
tation of the time course of contraction in measurements
where the slit was positioned on the fiber.

Pulses presented in Fig. 4 were only slightly suprathresh-
old, maximal force being 30 ,zN (<5% of maximal force;
compare also to Figs. 5, 6, and 8), to demonstrate that
optical signals were very sensitive to movement. Although
the time course of the movement artifact cannot completely
replace the actual force transient, the latency of the optical
records is probably a better measure for the latency of
contraction for small force increases due to the smaller
noise on the optical signals.

Comparison of calcium and force transients

To compare [Ca2+]i and force over a wide voltage range
and, therefore, over a wide range of mechanical activation,
composite records of calcium transients were calculated
from the APIII absorbance and fura-2 fluorescence. Fig. 5
presents the composite calcium transients (Fig. 5 A), the
calculated saturation of fura-2 (Fig. 5 B), and the measured
force (Fig. 5 C). The depolarizations only went as far as
-15.9 mV (lasting 60 ms), this does not represent full
activation: larger contractions often damaged the vaseline
seal. The composite calcium transients as well as the satu-
ration of fura-2 in these contracting fibers showed all the
features presented previously on non-contracting (stretched)
fibers in a wide voltage range. During the course of all the
experiments, the resting [Ca2+]i remained almost constant,
as could be assessed from the similar fura-2 saturations
before each pulse.

With increasing depolarization, the maximal force not
only became greater but also its rate of rise increased, and
the latency of the transients decreased from 52 ms at -53.3
mV to 15 ms at -15.9 mV, in accordance with earlier

voltage clamp measurements (Gomolla et al., 1983). Fig. 6
shows the voltage dependence of the maximal force (Fig.
6 A) for another fiber where several long, 80 or 100 ms,
pulses were repeated to assess the voltage dependence more
reliably. Fitting Eq. 4 to the data points (presented as a solid
line in Fig. 6 A) revealed a steep voltage dependence: the
slope factor was found to be 5.4 mV with V' = -43.3 mV
and Fmna = 930 ,uN.
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FIGURE 6 Voltage and [Ca2]i dependence of the parameters of the
force transients. (A) Voltage dependence of peak force. Values taken from
measurements where the duration of the test pulse was 80 or 100 ms. The
solid line shows the least squares fit of Eq. 4 to the data points with Fm.
= 930 ,AN, V' = -43.3 mV, and k = 5.4 mV. (B) Calcium concentration
dependence of peak force. The graph shows data from pulses with shorter
durations (filled circles) as well. Least squares fit of Eq. 3 to the open
symbols is superimposed as a solid line. The parameters of the fit were

Fmax =933 ,uN, pCa50 = 5.34, n = 1.73. (C) Phase plots of four force
transients. Superimposed is the fit from part B. Note that the scale of the
abscissa is linear. Fiber 275, sl = 2.4 ,um, T = 10°C.
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To enable a comparison with skinned preparations Fig.
6 B presents the [Ca2+]i dependence of the peak force. Note,
however, that this comparison should be regarded as ap-
proximate since tetanic force could not be determined. Val-
ues from pulses of shorter duration, 20 to 60 ms, were also
included into this graph (filled symbols). Data points repre-
senting the long pulses (open symbols) were fitted with the
Hill equation, Eq. 3, resulting in Fmax of 933 ,uN, pCa5O of
5.3, and the index of cooperativity of 1.73. In six fibers
where sufficient numbers of long pulses were applied, Fmax
was 660 ± 94 ,uN (mean ± SE), pCa50 was 5.43 ± 0.09,
and the index of cooperativity was 1.79 ± 0.11. These
values represent a calcium dependence that was shifted to
higher [Ca2+]i and was less steep as compared to skinned
fibers (e.g., Stienen et al., 1995). The difference might arise
from the fact that the points, peak force versus peak [Ca2+]i,
do not represent a steady state.

This possibility was tested by plotting the force-[Ca2 ]J
relationship during four typical transients on the phase
plane. As shown previously for cardiac cells (Dobrunz et al.,
1995), the force versus [Ca2+]i relationship was indepen-
dent of the level of previous activation during relaxation. In
cardiac cells, the calcium dependence of tetanic force fol-
lowed the same curve as the relaxation process, while that of
peak twitch force was shifted to higher [Ca2+]j. To demon-
strate that this was the case for skeletal muscle fibers as
well, the calcium dependence of peak force from Fig. 6 B
was replotted in Fig. 6 C as a continuous curve. The position
of the calculated calcium dependence of peak force relative
to the phase plots in our measurements argues in favor of
the hypothesis that part of the lower cooperativity and the
higher pCa50 might arise from the non steady-state condi-
tions during an 80-100 ms pulse.

These data suggest that the parameters of contractile
activation in the single vaseline gap are not far from those
of intact and skinned fibers; therefore, the cut fiber prepa-
ration should provide a convenient system for studying the
kinetic relationship between [Ca2+]i and force.

Kinetic analysis of force transients

Having established the measurement of force the following
section aims at the determination of a depicted parameter,
k.ff, of calcium binding to TnC to complete the analysis of
the calcium binding of this regulatory protein. We first
demonstrate that, in line with expectations, there is a lag
between calcium binding and force production, presumably
due to the conformational changes taking place in the thin
and thick filaments. This is followed by the fitting of the
force transients with a simple model of actomyosin interac-
tion to give k0ff as one of the fitted parameters.

Comparison of calcium binding to TnC with optical signals
above the contraction threshold

The composite calcium transients were used to calculate the
calcium binding to TnC when the absorbance records were

obscured with movement artifacts. The rate constants for the
TnC reaction (kol = 0.67 X 107 M-ls-1 , koff = 78 s-1)
were determined from the 10 and 100 ms long pulses of the
strength duration curve as described previously. Fig. 7 A
presents an example where the saturation of TnC with
calcium was calculated at and above threshold. To minimize
the effect of the voltage-dependent nature of the intrinsic
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FIGURE 7 Comparison of the time courses of changes in the relative
saturation of TnC and the optical representation of fiber shortening. (A)
The saturation of TnC calculated from composite calcium transients (not
shown), using the cooperative model with kon = 0.67 X 107 M-1 s-' and
koff = 78 s-1, both at and above the threshold. Subtracting the trace at
threshold from that above (Difference) the resulting excess calcium bound
to TnC (AS,) should be directly responsible for the shortening (see text for
further details). The depolarization was to +22 mV for 10 ms and 15 ms
at and above the threshold, respectively. (B) Simultaneously recorded
changes in light intensity at 850 nm. The shortening of the fiber caused a
transient upward deflection superimposed on the monotonic decay (in-
creases in light intensity are shown as downward deflections) seen at
threshold. The record shown under Difference is thus the optical represen-
tation of the time course of fiber movement. (C) The latency, measured
from the start of the first depolarization, in A/I/850 plotted as a function of
the latency in AS,. The group of points with longer latencies (>100 ms)
were calculated from depolarizations with prepulses. Fiber 95 for A and B;
7 fibers for C. [APIII] = 395 and 400 ,uM, [fura-2] = 31.9 and 32 ,AM for
at and above threshold, respectively, pl = 105 ,um, d = 80 ,um, sl = 2.3
,um, T = 11.3C.
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fiber absorbance change, the suprathreshold pulse was
evoked by increasing the duration of the threshold pulse,
from 10 to 15 ms, while keeping its amplitude constant.
Since the calcium bound to TnC at the contraction threshold
represents the maximal saturation that will not result in fiber
shortening, the difference between the saturation above
threshold and at threshold (excess bound calcium; Fig. 7 A,
Difference) should be regarded as the representation of the
calcium that was directly involved in initiating the shortening.

Fig. 7 also presents the simultaneously recorded AM/I850
transients both at and above the threshold (Fig. 7 B). The
trace at the threshold showed a monotonic decline (increase
in light intensity), the intrinsic absorbance change of the
fiber (Melzer et al., 1986a). Above threshold the movement
artifact was superimposed on the monotonic decline of
intrinsic fiber absorbance resulting in biphasic transient.
The difference of the two records (above threshold-at
threshold; Fig. 7 B, Difference) is the optical representation
of the time course of fiber shortening. It should therefore
correlate with the calculated excess bound calcium.

It is expected from the voltage-dependent nature of cal-
cium mobilization from the SR that the latencies of both the
excess bound calcium and the optically detected movement
should show a clear voltage dependence. Furthermore, the
difference between the rise in [Ca2+]i and the onset of
excess bound calcium and/or the contraction should de-
crease with increasing depolarization due to the faster rate
of rise of the calcium transient. On the other hand, the time
required for the conformational changes of the contractile
proteins and cross-bridge cycling should be independent of
the membrane potential. These processes occur after the
calcium has bound to TnC and before the fiber actually
begins to shorten, thus the difference in the latencies of
Al/I850 and of the excess bound calcium should be indepen-
dent of membrane voltage and reflect the time necessary for
the activation of thin and thick filaments. It should be noted
that the compliant structures within muscle fiber influence
the observed delay in shortening; therefore, the value given
below is an overestimate of the actual time necessary for the
conformational changes to take place (see Discussion).

Fig. 7 C presents the latencies calculated from the absor-
bance records as the function of the latencies of the excess
bound calcium. In the measurements using prepulses, the
latencies were calculated from the beginning of the first
depolarization and not from the beginning of the test pulse.
A straight line was fitted through the points using the
least-squares method yielding a slope of 1.11 and a y-
intercept of 8.8 ms. This shows that the two sets of data
were closely correlated (the slope was almost unity) and
suggests that there was a measurable lag between the cal-
cium binding to TnC and the actual initiation of contraction.
Calculating the paired differences of the latencies gave
8.7 ± 0.9 ms (n = 37), a value significantly (p < 0.01)
greater than zero. In accordance with the above and taking
the compliant structures into account (see Discussion), this
lag represents an upper estimate of the time necessary for

the conformational change of the subunits of troponin, of
tropomyosin, and the actomyosin interaction.

Using an actomyosin model to reproduce the time course
of isometric force

To extend the analyses presented in the previous sections
the measured force was reconstructed on the basis of the
calcium transient. Using a least-squares algorithm to mini-
mize the difference between the calculated and measured
force transients, the parameters of the steps involved, cal-
cium binding to TnC and the actin-myosin interaction, were
also determined.

Fig. 8 demonstrates that the model was capable of pre-
dicting the generated force for different calcium concentra-
tions and different levels of mechanical activation by simul-
taneously fitting five composite calcium transients (Fig.
8 A). The depolarizations covered a wide voltage, from
-48.6 to -15.9 mV, and [Ca2+]i range, from 1.6 to 7.1
,uM. Fig. 8 B presents the measured and fitted force tran-
sients superimposed. The obtained value of koff was 70.7
s-' with a corresponding threshold saturation of 0.18. The
smallest depolarization was just above threshold, St(max) =
0.19, while the largest calcium transient brought TnC close
to full, St(max) = 0.73, saturation. The parameters obtained
from the fit were k-2= 30.4 s-1, k3 = 13.1 s-, k+4 =
18.1 s- 1, andM = 3.17. The calculated transients described
the latencies and the rising phases of almost all transients
remarkably well. The falling phases were, however, less
accurately predicted as expected from the work of Stein et
al. (1988).

Table 2 summarizes the results from the fits carried out
on six fibers. The fits were done as described in connection
with Fig. 8 allowing the five parameters (see above) to be
fitted. To test if the independent model for the calcium
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FIGURE 8 Reconstruction of force in a wide voltage range. (A) Com-
posite calcium transients evoked by 20-ms-long depolarizing pulses with
various amplitudes. The actual time course of membrane potential change
is given together with its value during the test depolarization as the
lowermost trace in each column. (B) The calculated force, dotted traces,
superimposed on the measured transients. The least squares fit included all
records shown. The parameters of the model that gave the best fit were

k0ff = 91.4s-5, k-2 = 1.78 s-', kg = 56.8 s-', k+4= 3.53 s-', M = 4.4.
Fiber 274, [APIII] = 401-506 ,uM, [fura-2] = 20.8-22.7 ,uM, pl = 90 ,um,
d = 120 ,um, sl = 2.3 ,um, T = I1.5°C.
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binding to TnC was capable of describing the measured
force transients the fits were repeated assuming no interac-
tion between the calcium-specific sites on troponin C. The
second row in Table 2 presents the averaged results from
these fits. There was no significant change in any of the
fitted parameters for the actomyosin interaction; however,
both k0ff and M changed significantly (p < 0.04). This
decrease was expected, since by losing cooperativity, the
model can only compensate for the decrease in calcium
binding if the affinity of the sites is increased.
Due to the compliant connections and the relatively low

time resolution, these measurements cannot distinguish be-
tween different models of the actomyosin interaction. Fur-
thermore, the calculated parameters of the actin and myosin
interaction are less meaningful in this oversimplified model.
However, the calculated value of k0ff could be used to
determine the other parameters of calcium binding to TnC
as it was done in the first section of Results. It should be
noted that k0ff was found rather independent of the actomy-
osin model used (data not shown, see Discussion) indicating
that its value depended more on the measured kinetics of the
force transients than on the model chosen.

DISCUSSION

This paper reports calcium and force transients over a wide
membrane potential range in voltage clamped amphibian
skeletal muscle fibers in a vaseline gap measured simulta-
neously for the first time. The early events in excitation-
contraction coupling were studied and the strength-duration
curve analyzed in terms of a hypothesis that a just-detect-
able contraction corresponds to a constant critical calcium
saturation of TnC. We emerged with a quantitative descrip-
tion of the events beginning with an increase in [Ca2+]i and
ending with the generation of force. Our analysis success-
fully reproduced the time course of force transients and
gave estimates for the in vivo calcium binding properties of
TnC that agreed with earlier biochemical measurements.
The experiments also indicated a voltage-independent delay
of 9 ms as an upper limit for the conformational changes in
the contractile filaments.

Calcium transients at the contraction threshold

Voltage clamped skeletal muscle fibers need a critical de-
polarization from the holding potential that depends on the
selected pulse duration to produce a just-detectable contrac-
tion. This strength-duration relationship was explained in
terms of the buildup of a hypothetical activator to a critical
level (Adrian et al., 1969). Different groups equated this
activator with different physical events in excitation-con-
traction coupling. Horowicz and Schneider (1981) proposed
fixed transfer of intramembrane charge, while Miledi et al.
(1983) suggested that a critical level of [Ca2+]2 would
correspond to all points on the strength-duration curve. In
contrast, when drugs that alter SR calcium release, as caf-

feine or perchlorate, were used the charge movement and
the calcium transient measured at small depolarizations
(100 ms pulse duration) of the strength-duration curve were
considerably altered, whereas those at large depolarizations
and short pulse durations were hardly changed (Csernoch et
al., 1987; Gonzailez and Rios, 1993). Furthermore, calcium
transients were different if measured at different points of
the strength-duration curve for just-detectable contraction.
The maximal [Ca2+]i increase was smaller for a 100 ms
than for a 10 ms long pulse (Kovacs et al., 1987 and Fig. 1
in this paper). These observations led us to propose that the
rate constants of the calcium binding to TnC are such that
the calcium saturation of TnC would be the same in spite of
the different calcium transients.
An alternative possibility explaining the difference in the

acquired size of the calcium transients corresponding to
different points of the strength-duration curve might arise
from diffusional delays. In this framework shorter pulses
would need to induce larger calcium transients in order to
achieve equal critical [Ca2+], at the same calcium-specific
sites on TnC. However, the application of a previous anal-
ysis of calcium diffusion along the sarcomere (Pizarro et al.,
1991) makes such a possibility unlikely unless the TnC
binding sites reside in their own, partially isolated, diffu-
sional compartment. We included experiments that make
calcium fluxes through such a compartment unlikely. Thus
Fig. 3 shows that the predicted values of critical TnC
calcium binding were not influenced by conditioning volt-
age steps that induced a presaturation of the calcium binding
sites.

The rate constants of the
calcium-troponin C reaction

To determine the calcium binding properties of TnC we
assumed, as suggested by Kovacs et al. (1987), that its
relative saturation reaches a critical level when just-detect-
able contraction is attained. As demonstrated in Fig. 2 this
resulted in two functions relating the three independent
parameters, k.., koff, and Sth, of calcium binding to TnC. To
calculate the actual values of these binding constants one of
the above three parameters had to be determined indepen-
dently. This was done by including k0ff as one of the fitted
parameters in the analysis of force transients (Table 2).
From the two rate constants the off-rate was selected

since its values in the literature seem to be less variable (see,
e.g., Robertson et al., 1981 for list), even including cardiac
isoforms, than values for ko, The value, 78 s-1, obtained
for koff from fits to the force transients (Table 2) is in close
agreement with those published in the literature (Robertson
et al., 1981; Johnson et al., 1981; Rosenfeld et al., 1985). It
should be noted that even the value obtained with the
independent binding model, 56 s-1 (Table 2), is within the
limits published earlier.

According to Eq. 8 kon always appears as a multiplicand
of the measured [Ca2+]j. Any uncertainty in the detection of
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[Ca2+]i would cause inverse changes in the calculated as-
sociation rate. That is, if the measured calcium concentra-
tion is underestimated, due to possible binding of the dyes
to intracellular constituents (Baylor et al., 1986 and Konishi
et al., 1988 for APIII and fura-2, respectively), the calcu-
lated association rate and, consequently, the association
constant would be overestimated. On the other hand, any
uncertainties in [Ca2+]i are compensated for with changes
in kon. This also establishes the fact that the obtained values
of koff and Sth are independent of the scaling of [Ca2+]i.
The question, however, is whether the selection of the

actomyosin model influenced the calculated value of k0ff. In
our earlier calculations (e.g., Kovacs et al., 1995) a more
elaborate model of Dantzig et al. (1992) was used that
included, among others, the binding of substrates and a
distortion-dependent transition. In this paper we adopted a
much simpler model. Nevertheless, the obtained koff was
essentially independent of the model used, 78 s-1 in these
calculations and 85 s-1 in Kovacs et al. (1995) using the
above mentioned model, showing that it most likely repre-
sents the true value of koff.

Validity of the models used to calculate the
calcium activation of the thin filament

To calculate the calcium binding to TnC a cooperative
binding reaction scheme was used (S1) since several papers
have been published on thin filament cooperativity (e.g.,
Rosenfeld et al., 1985) even showing that binding of cal-
cium to one of the calcium specific sites can not trigger
contraction alone (Sheng et al., 1990). Stein et al. (1988)
even argued that cooperative interaction gave better fits to
the force transient in frogs than did the non-cooperative.
Nevertheless, as shown in Fig. 1, the independent binding
model gave a similar time course if the threshold saturation
of TnC was assumed to be the same.

Earlier reports on calcium regulation of skeletal muscle
activation (Hill, 1983) assumed a change in the affinity of
TnC for calcium upon the association of actin with myosin.
This was incorporated into the model by changing k0ff
proportionally with the association of actin to myosin. Al-
though the obtained change in affinity 3.6 and 5.6 (param-
eter M in Table 2) was smaller than that used by Hill (1983)
it was significantly greater than 1, suggesting that such
change is present under in vivo conditions.

Neighboring tropomyosin molecules were also assumed
to interact and this interaction was proposed to account for,
or part of, the cooperativity seen with myosin subfrag-
ment-1 and regulated actin (Wegner, 1979; Hill, 1983).
Following the line of reasoning given by Hill (1983) the
interaction of neighboring tropomyosins would result in a
higher interaction free energy (a greater negative value) if
the two molecules were in the same state. Assuming only
two states, one that allows and one that blocks the actomy-
osin interaction, the ratio of the molecules in the two states

calculations e-2 was used throughout (using an integer as

the power greatly reduced the calculation time).

The time required for the activation of the
contractile filaments

The present theory of the regulation of skeletal muscle
contraction, the inhibition of actomyosin interaction via
troponin and tropomyosin, predicts that after the binding of
calcium to the regulatory domain of troponin (subunit C),
several conformational changes must take place before ac-

tual shortening can begin.
Diffraction studies have revealed that certain reflections

that are associated with the thin filaments occur in fibers
stretched beyond filament overlap (Kress et al., 1986) dem-
onstrating that structural changes take place within the thin
filaments without any interaction between actin and myosin.
In the report of Kress et al. (1986), where the time resolu-
tion is the best, the difference between the change in dif-
fraction and the onset of contraction is -5 ms (value read
from Fig. 3 of that paper) which is in good agreement with
our estimation of 9 ms. The reason for the slightly higher
value obtained in this study might reflect that our value
includes the conformational change of TnC as well, while
those from diffraction studies probably report the time after
the movement of tropomyosin.

Compliant structures and connections might interfere
with the estimation of delays in force development and rise.
As an example, the compliant nature of the thin filament
might account for some, or much, of the delays observed in
x-ray diffraction (Huxley et al., 1994). A series of experi-
ments were, therefore, preformed to estimate the compli-
ance of our system (we are not aware of any previous
estimates of the compliance of the single vaseline gap

system). Under essentially the same conditions the tendon
had a compliance of 1.5 X 10-2 m/N, the fiber and the
tendon together 3.4 X 10-2 m/N, and the full system 6.1 X
10-2 m/N. As expected, these values are higher than the
corresponding data published for skinned fibers attached to
steel hooks (e.g., Higuchi et al., 1995). To minimize the
error resulting from the compliance of the connection we

used the optical signal on the fiber as an indicator of
movement. Although its time course was too complex to
simply equate with that of force the onset was reliably
detected. This method, although eliminating problems aris-
ing from compliant connections, could not reduce any delay
originating from the compliant filaments rendering the ob-
tained value, 8.7 ms, an upper estimate for the time of the
interactions in the contractile filaments.

It should be noted, however, that although the latency of
contraction was always longer than the latency of reaching
threshold saturation of TnC, the obtained differences varied
between 2 and 15 ms (see Fig. 7 C). This renders the
calculated average value of the difference less meaningful,
despite the small (1 ms) standard error of the mean. The

calculates to -0.18. This corresponds to e-1 7, during the
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scatter was, at least in part, due to the imperfect estimation
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of the threshold saturation, e.g., if the threshold saturation
was underestimated in a given fiber the difference in laten-
cies was overestimated.
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