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Force Generation and Phosphate Release Steps in Skinned Rabbit Soleus
Slow-Twitch Muscle Fibers

Gang Wang and Masataka Kawai
Department of Anatomy and Cell Biology, College of Medicine, The University of Iowa, Iowa City, Iowa 52242 USA

ABSTRACT The force-generation and phosphate-release steps of the cross-bridge cycle in rabbit soleus slow-twitch
muscle fibers (STF) were investigated using sinusoidal analysis, and the results were compared with those of rabbit psoas

fast-twitch fibers (FTF). Single fiber preparations were activated at pCa 4.40 and ionic strength 180 mM at 200C. The effects
of inorganic phosphate (Pi) concentrations on three exponential processes, B, C, and D, were studied. Results are consistent
with the following cross-bridge scheme:

Step 4 Step 5

k4
AMDP AM*DP . . AM*D + P

k-4 Ks

where A is actin, M is myosin, D is MgADP, and P is inorganic phosphate. The values determined are k4 = 5.7 ± 0.5 s-1 (rate
constant of isomerization step, N = 9, mean ± SE), k- 4= 4.5 ± 0.5 s-1 (rate constant of reverse isomerization), K4 = 1.37 ±
0.13 (equilibrium constant of the isomerization), and K5 = 0.18 ± 0.01 mM -1 (Pi association constant). The isomerization step
(k4) in soleus STF is 20 times slower, and its reversal (k-4) is 20 times slower than psoas fibers. Consequently, the equilibrium
constant of the isomerization step (K4) is the same in these two types of fibers. The Pi association constant (K5) is slightly
higher in STF than in FTF, indicating that Pi binds to cross-bridges slightly more tightly in STF than FTF. By correlating the
cross-bridge distribution with isometric tension, it was confirmed that force is generated during the isomerization (step 4) of
the AMDP state and before Pi release in soleus STF.

INTRODUCTION

Muscle utilizes the chemical energy of ATP hydrolysis to
generate force. The study of the isolated actomyosin system
has shown that about half of the free energy change of
hydrolysis accompanies the inorganic phosphate (Pi) release
step (White and Taylor, 1976). This observation led to the
hypothesis that the Pi-release step corresponds to the force-
generation step. More recent studies on rabbit psoas fibers
demonstrated that the Pi release takes place in two steps,
first the isomerization of the weakly attached state to the
strongly attached state, and this is followed by the actual Pi
release (Kawai and Halvorson, 1991; Fortune et al., 1991;
Dantzig et al., 1992; see also Walker et al., 1992). These
reports also demonstrated that force generation occurs with
isomerization, and the same force is maintained with the Pi
release. In contrast, very little is known about slow-twitch
skeletal muscle fibers (STF). Millar and Homsher (1992)
studied rabbit soleus fibers using caged Pi. However, their
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finding that force is generated before Pi release was incon-
clusive, because the concentration of Pi liberated by pho-
tolysis of caged Pi was limited to 2 mM, hence their results
can be interpreted either in the one-step mechanism or in the
two-step mechanism.
As in fast-twitch fibers (FTF), Pi depresses the isometric

tension in STF (Altringham and Johnston, 1985; Nosek et
al., 1987, 1990; Millar and Homsher, 1992; Stienen et al.,
1992; Fryer et al., 1995; Potma et al., 1995). The extent of
this inhibition appears to vary among different fiber types
and among different studies. These variations led to specu-
lation that the affinity of Pi to cross-bridges may be differ-
ent among different fiber types.
The steps involved in force generation can be investi-

gated by studying the effect of Pi on the apparent rate
constants by using sinusoidal analysis. With this method,
the Pi concentration can be tested in the range 0 mM and 30
mM (or higher), and the rate constant ranging from 0.5 to
2000 s- ' can be probed. In this report, we provide evidence
that in soleus STF, Pi is released by the two-step mechanism
similar to psoas FTF. We demonstrate that force is gener-
ated with the isomerization of the actin-myosin-ADP-Pi
state, and the same force is maintained after the Pi release.
The isomerization step is -20X slower than that of FTF.
We also demonstrate that Pi binds to cross-bridges with
slightly higher affinity in rabbit soleus STF than rabbit
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psoas (FTF). Preliminary accounts of the present results
were presented in Biophysical Society meetings (Wang et
al., 1994; Wang and Kawai, 1995).

METHODS

Muscle preparations and experimental solutions
Single fibers were prepared from rabbit soleus muscles as described in
Wang and Kawai (1996). The fibers were classified as FTF and STF based
on the frequency profile of the results of sinusoidal analysis in the control-
activating solution, and only those exhibiting an STF response were used
for the present report. This selection procedure was described earlier
(Wang and Kawai, 1996).

The relaxing solution (R) contained (in mM): 5.03 EGTA, 0.97 CaE-
GTA (pCa 7.0), 2 MgATP, 5 ATP, 55 KProp, 61 NaProp, 10 MOPS, 10
NaN3, and 80 units/ml CK. The control-activating solution (A) contained:
6 CaEGTA, 0.174 CaProp2, 5.76 MgATP, 1.36 ATP, 15 CP, 8 K1 5Pi, 53
KProp, 1 NaProp, 10 MOPS, 10 NaN3, and 80 units/ml CK. A new rigor
solution denoted as Rg3 contained: 1 MgProp2, 8 K, 5Pi, 100 KProp, 76
NaProp, 10 MOPS, and 17.6 units/ml apyrase (Grade VII, Sigma Chemical
Co.). WP solution contained (in mM): 5.82 MgATP, 1.17 free ATP, 15 CP,
90 KProp, 1 NaProp, 10 MOPS, and 80 units/ml creatine kinase (CK). The
WP solution was used to remove EGTA and Pi before Ca2+ activation. The
OP solution contained 6 CaEGTA, 0.176 CaProp2, 5.80 MgATP, 1.36 ATP,
15 CP, 71.6 KProp, 1 NaProp, 10 MOPS, 10 NaN3, and 80 units/ml CK.
The 30P solution contained 6 CaEGTA, 0.168 CaProp2, 5.67 MgATP, 1.36
ATP, 30 K1 5Pi, 15 CP, 1.9 KProp, 1 NaProp, 10 MOPS, 10 NaN3, and 80
units/ml CK. The solutions with intermediate Pi concentration (2P, 4P, 8P,
16P) were made as appropriate mixtures of OP and 30P solutions. The 8P
solution is the same as the control activating solution (A). In all solutions
used for experiments, the ionic strength was adjusted to 180 mM with Na/K
propionate (close to that in living muscle cells: Godt and Maughan, 1988),
except for the relaxing and rigor solutions that had ionic strength of 200
mM. In all solutions, pH was adjusted to 7.00 ± 0.01. EGTA, CaEGTA,
and Pi were added as neutral K salts; MgATP, CP, and free ATP were
added as Na2MgATP, Na2CP, and Na2K, 7ATP, respectively (all are neu-
tral salts). Individual concentrations of multivalent ionic species were
calculated using our computer program, ME, which assumed multiple
equilibria with the following apparent association constants (log values at
pH 7.00): CaEGTA 6.28, MgEGTA 1.61, CaATP 3.70, MgATP 4.00,
CaCP 1.15, and MgCP 1.30. The calculated pCa of all activating solutions
was 4.40, and [Mg2+] was 0.5 mM. The temperature was controlled to
20.0 ± 0.2°C in all experiments in this report, and the solution in which the
muscle fiber was bathed was continuously stirred to minimize possible
local heterogeneities in concentration and temperature.

Experimental procedure
Our earlier work includes a detailed description of the methods used for
obtaining complex modulus data and extracting the apparent rate constants
of exponential processes (Kawai and Brandt, 1980). In brief, a single
skinned muscle fiber was bathed in the relaxing solution and its length Lo
was adjusted so that the sarcomere length of 2.5 ,um was achieved by
He-Ne laser diffraction. In the relaxing solution a baseline record of the
complex modulus was first collected. The preparation was rinsed twice
with the WP solution, which contained the same ingredients as the acti-
vating solution, except for Ca2+, EGTA, or Pi. The solution was then
replaced twice with an activating solution (solution A, OP, 2P, 4P, 8P, 16P,
or 30P) that contained Ca21 (pCa 4.40). When isometric tension fully
developed, the length of the fiber was changed in sine waves with 19
different frequencies (0.07-100 Hz corresponding to 1.5-2300 ms in time
domain), and the concomitant tension time courses were collected. There-
after, the preparation was relaxed with two full-volume changes of relaxing
solution. The amplitude of the length change was 0.125%±+ 0.002% Lo in
all frequencies. This amplitude corresponded to 1.6 nm per half sarcomere.

The complex modulus Y(f) is defined as the ratio of the stress change to the
strain change in the frequency (f) domain and represented by a vector in the
Nyquist plot. The dynamic modulus is defined as the length of the Y(f)
vector, and the phase shift is defined as the angle from the abscissa of the
Y(f) vector. The real part of the complex modulus is called the elastic
modulus and the imaginary part the viscous modulus. In the beginning and
at the end of experiments, the preparation was activated with the control-
activating solution, and only those preparations with >80% tension repro-
ducibility were further analyzed. For fibers that developed >80% control
tension after several activations, the sarcomere length remained at 2.5 ,um
when detected by laser diffraction. All the modulus data were corrected
against those from rigor by the method as developed in Appendix 1 of
Kawai and Brandt (1980), except for those shown in Fig. 7, which were
corrected against fixed fibers with 2% glutaraldehyde.

RESULTS

Effect of Pi on the complex modulus Y(f) and the
apparent rate constants

Rabbit soleus STF (single fibers) were activated with a
series of Pi solutions and the complex modulus data Y(f)
were collected at 19 discrete frequencies (f). Fig. 1 shows
the result plotted in the dynamic modulus versus frequency
(A), in the phase shift versus frequency (B), and in the
Nyquist plot (C) at four different Pi concentrations. As seen
in Fig. 1 A, an increase in the Pi concentration shifts the
dynamic modulus versus frequency plot to the right. In Fig.
1 B, it is seen that an increase in the Pi concentration
similarly shifts the phase versus frequency plot to the right.
These results imply that cross-bridge kinetics became faster
at higher Pi concentrations. Fig. 1 C shows the Nyquist plot
of the same data, i.e., the plot of the viscous modulus versus
elastic modulus. The viscous modulus is the 900 out-of-
phase (quadrature) component of Y(f), and the elastic mod-
ulus is the in-phase component of Y(f). The Nyquist plots
reveal three hemicircles. Because one hemicircle represents
one exponential process (Kawai and Brandt, 1980), we infer
that Y(f) can be resolved into three exponential processes:
A, B, and C, defined in the order of increasing speed. Since
there is a mismatch between the data and the equation at the
high-frequency end, an extra exponential process, D, is
added:

Process A Process B
Y(f) = H + A/(1 + a/fi) - B/(1 + b/fi)

Process C Process D
+ C/(1 + c/fi) + D/(1 + d/fi)

(1)

where i = -1. Of these, three exponential processes are
indicated in Fig. 1 C by B, C, and D. Process A is not well
defined in STF. Lowercase letters (a < b < c < d) represent
characteristic frequencies of exponential processes, and up-
percase letters (A, B, C, D) represent their respective mag-
nitudes; 2'n times the characteristic frequencies are the
apparent (measured) rate constants. H is the elastic modulus
extrapolated to zero (0) frequency. The elastic modulus
extrapolated to the infinite (oo) frequency is defined as:

Y. = H + A-B + C + D (2)
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FIGURE 1 The effect of Pi (0 mM, 4 mM, 8mM, and 30 mM) on the
complex modulus Y(f) of rabbit soleus STF is plotted in dynamic modulus
[= IY(f)|] versus frequency (A), in phase shift [= Arg Y(f)] versus

frequency (B), and in viscous modulus [= Imag Y(f)] versus elastic
modulus [= Real Y(f)] (C) (Nyquist plot). The MgATP2- concentration
was fixed to 5 mM. Average of nine experiments. The frequencies used are

0.07, 0.13, 0.25, 0.35, 0.5, 0.7, 1.0, 1.4,2.0,3.2,5.0,7.5, 11, 17, 25, 35, 50,
70, and 100 Hz. In the Nyquist plot (C), the low frequency end is near the
origin, and the high frequency end is to the right of the plot. Exponential
processes B, C, and D are indicated in C. The data were corrected against
rigor. Unit of phase shift is degree, and that of modulus is 106N/m2.

where YOO corresponds to phase 1 of step analysis (Huxley
and Simmons, 1971; Heinl et al., 1974; Kawai and Brandt,
1980), and is also referred to as "stiffness" in this report.
Process D corresponds to the fast component of phase 2,
process C to the slow component of phase 2 (Ford et al.,
1977), and process B to phase 3 of step analysis. Process B

is also known as the "oscillatory work" component (Machin
and Pringle, 1960; Ruegg et al., 1971; Kawai and Brandt,
1980) in sinusoidal analysis, or "delayed tension" (Machin
and Pringle, 1960; Mannherz, 1970; Herzig et al., 1982) in
step analysis. Process A corresponds to phase 4 of step
analysis.

Fig. 1 A illustrates that the dynamic modulus assumes
minimal value at -0.5-1.4 Hz, and this frequency approx-
imates characteristic frequency b. Fig. 1 B demonstrates that
the phase shift assumes maximal value at 1-3 Hz, and this
frequency approximates characteristic frequency c. The fi-
ber generates oscillatory work at the characteristic fre-
quency b and absorbs work at the characteristic frequency c.
As seen in Fig. 1, both minimal and maximal frequencies
increased with an increase in the Pi concentration. Although
the presence of process B is evident in the Nyquist plot (Fig.
1 C) as represented by the negatively projecting hemicircle,
much of the oscillatory work generated is absorbed by
neighboring processes A and C, hence the net result is
mostly positive viscous modulus (positive phase shift), as
represented in Fig. 1, B and C.
The complex modulus data were fitted to Eq. 1, and the

apparent rate constants (21ia, 2rb, 2irc, 2Trd) were ex-
tracted. The apparent rate constants (27rb, 2-nc, 2'n-d) were
averaged for nine experiments and plotted in a logarithmic
scale against the Pi concentration in Fig. 2 A. This figure
demonstrates that the apparent rate constants increase with
an increase in the Pi concentration; the effect of Pi is the
largest on 2Thb, and the smallest on 2-nrd. (The ratio of values
at 30 mM Pi to those at no added Pi are 2.50 ± 0.03, 1.74 ±
0.14, and 1.38 ± 0.11, for 2-7rb, 2,uc, and 2-n-d, respectively;
N = 9.) The significance of the effect of Pi on 2irb is similar
to that observed on rabbit psoas fibers (Kawai, 1986; Kawai
and Halvorson, 1991; Kawai and Zhao, 1993), except that
the rate constants are generally an order of magnitude
smaller in rabbit soleus STF than in psoas STF. The Pi
effect on 2-nb is generally consistent with its effect on the
optimal frequency of oscillatory work in insect muscles
(White and Thorson, 1972; Marcussen and Kawai, 1990),
and with its effect on the time constant of the delayed rise
in tension (phase 3) in cardiac muscles (Herzig and Ruegg,
1977). The Pi effect on 2-nrb is also consistent with that in
ferret myocardium (Kawai et al., 1993). The rate constant
2-nrb is the same as the reciprocal of the time constant of
phase 3, and characteristic frequency b is similar to the
optimal frequency of oscillatory work (Machin and Pringle,
1960). In Fig. 2 B, the apparent rate constant 2-nb is plotted
in a linear scale against the Pi concentration. As seen in this
figure, 2-7rb increased when the Pi concentration was raised,
and this effect reached saturation when the Pi concentration
was raised further.

Confidence limit of fitted parameters

Because there are nine fitting parameters involved in Eq. 1,
and the complex modulus data were collected only at 19
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A Rate Consts, s1 B 2rTb, s-1

FIGURE 2 (A) The apparent rate con-
stants 2irb, 2=rc, and 2iifd are plotted in a
logarithmic scale against the Pi concentra-
tion (N = 9, 5 mM MgATP2 -) for the same
experiments shown in Fig. 1. Data points are
connected by straight lines. (B) The appar-
ent rate constant 27nb is plotted in linear
scale against the Pi concentration (N = 9,
5mM MgATP2-) for the same data. The
curved line is the theoretical projection
based on Eq. 4. The data are plotted with
mean ± SE error bars. Those smaller than
the symbol size cannot be seen.

Phosphate, mM

frequencies, one may consider that the confidence range of
each fitted parameter might be large. This is a misconcep-
tion. Because two quantities (elastic and viscous moduli) are

measured at each frequency, the degree of freedom (Ndf) for
a single measurement is 29 (19 X 2 - 9), which is signif-
icantly large. Furthermore, because the same experiments
were repeated for nine preparations and averaged, Ndf in-
creases to 333 (19 X 2 X 9 - 9) when all the data were

simultaneously fitted to Eq. 1. This fact results in a narrow

range of confidence limit. The 95% confidence limit for the
standard condition ([Pi] = 8 mM) was calculated by the
method described in Appendix 2 of Kawai and Brandt
(1980) for single and multiple measurements, and listed in
Table 1. As this table illustrates, taking multiple measure-

ments makes the confidence limit narrower. In addition, a

relatively large magnitude of the exponential process results
in a narrow confidence limit in the rate constant. It is seen

from Table 1 that the rate constant 2'nb can be calculated to
be as accurate as -6% to +22%. The confidence limit of

Phosphate, mM

2ii-c (-9% to +8%) is smallest because the magnitude C is
largest. The confidence limit of 2wd (-23% to +30%) is
larger than that of 2-nb or 2=c. This is because the magni-
tude D is significantly smaller than magnitude B or C, and
process D is recognized only as a shoulder in the Nyquist
plot (Fig. 1 C). Similarly, the confidence limit of 2-ra
(-26% to +11%) is larger than that of 2-b, because
magnitude A is smaller than magnitude B. In addition,
because the lowest frequency of observation is 0.07 Hz, the
characterization of process A is truncated at this frequency;
therefore, 2-na has a larger negative confidence limit
(-26%) than the positive confidence limit (+11%). The
confidence limits for other Pi conditions are similar.

Cross-bridge models

There are two ways to explain the Pi effect. These are

depicted in Schemes 4 and 5.

TABLE 1 95% Confidence limits of parameters of exponential processes

95% confidence limits

Parameters Best fit Single measurement (N = 1) Multiple measurements (N = 9) Units

27fa 1.90 1.20-2.43 (63-128%) 1.41-2.10 (74-111%) s-'
2'nlb 4.11 3.49-5.53 (85-135%) 3.86-5.01 (94-122%) s-'
2irc 26.1 22.1-30.5 (84-117%) 23.9-28.2 (91-108%) s-'
2,rd 202 121-338 (60-167%) 156-262 (77-130%) s-
H 0.75 0.53-1.22 (71-163%) 0.67-1.08 (89-144%) MN/M2
A 3.90 3.67-4.43 (94-114%) 3.82-4.28 (98-109%) MN/M2
B 5.55 5.01-5.81 (90-105%) 5.17-5.64 (93-102%) MN/m2
C 7.94 7.60-8.57 (96-108%) 7.81-8.36 (98-105%) MN/M2
D 2.34 1.90-3.52 (81-150%) 2.19-3.23 (94-138%) MN/M2
Ndf 29 333

The 95% confidence limits were calculated based on the method described in Appendix 2 of Kawai and Brandt (1980) for the data shown in Fig. 1 (8 mM
Pi condition). The confidence limits are also expressed by the fraction of the best-fit values in parentheses. Ndf = degree of freedom.
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SCHEME 4

Step 4

k4
AMDP _ AM*D + P

k4

where A is actin, M is myosin, D is MgADP, and P is
phosphate. In Scheme 4 the equation that relates the rate
constants of elementary steps to the apparent rate constant
2irb is given in Eq. 3:

2irb = 0*4 + Pk_4 (3)

SCHEME 5
Step 4 Step 5

AMDP AM*DP 4 AM*D + P
k-4 K5

In Scheme 5 the equation that relates the rate and associa-
tion constants of elementary steps to the apparent rate
constant 2iib is given in Eq. 4 (Kawai and Halvorson, 1991;
Zhao and Kawai, 1993).

K5P
41 KsP4 (4)

where

K2KibKlaS

cr 1+ (1+ K lb+ KbK2)KlaS

In these equations, S and P indicate respective ligand con-

centrations in algebraic expressions: S = [MgATP2- I and
P = [Pi]total. In both schemes, we assume that step 4 is
monitored by process B. u, is multiplied to k4 in Eqs. 3 and
4, because there are fast equilibria to the left of Schemes 4
and 5 (not shown here, but shown in Scheme 6 below). or =
1 if there is no equilibrium to the left of Schemes 4 and 5.
Scheme 4 is a one-step Pi release and force generation

mechanism, in which AMDP represents a weakly attached
state (or detached state), and AM*D represents a strongly
attached, force-generating state. Scheme 5 is a two-step

mechanism, in which an additional AM*DP state is intro-
duced. In this scheme, the AMDP state isomerizes to form
the AM*DP state in step 4, and this is followed by the actual
release of Pi (step 5). As shown below, the AM*DP state
sustains full tension, hence step 4 is the force-generation step.

In the case of Scheme 4, 2-nb is a linear function of P (Eq.
3), whereas in the case of Scheme 5, 2-rb is a hyperbolic
function of P (Eq. 4). Thus, the discrimination of these
schemes depends on the outcome of the experiments. The
results shown in Fig. 2 B demonstrate that 2-nb is not a

linear function of the Pi concentration, but is a hyperbolic
function of the Pi concentration. From this result, we con-

clude that Scheme 5 explains our results better than Scheme 4.
The data were fitted to Eq. 4, and the kinetic constants

were obtained. In Fig. 2 B, the curved line is the theoretical
projection based on Eq. 4 and best-fit parameters. From this
fitting, the following kinetic constants were deduced: k4 =
5.7 0.5 s-',k4 = 4.5 + 0.5 s-1, and K5 = 0.18 + 0.01
mM' (N = 9, mean ± SE); 0f = 0.34 was calculated based
on Eq. 5 and the equilibrium constants obtained from the
MgATP study (Wang and Kawai, 1996).

TABLE 2 The kinetic constants of elementary steps

Kinetic Rabbit Soleus STF Rabbit Psoas* Ferret
Constants Units [Avg ± SE (n)] [Avg ± SE (n)] myocardium# Psoas/Soleus Myocardium/Soleus

Ko mM- 18 4 (7) 2.27 ± 0.05 (7) ND 0.13
KIa mM- 1.2 ± 0.3 (8) 0.52 ± 0.04 (7) 0.99 0.44 0.8
klb s- 90 ± 20 (8) 2600 ± 400 (7) 270 29 3.0
k-lb s- 100±9(8) 1500± 100(7) 280 15 2.8
K,b none 1.0 ± 0.2 (8) 1.74 ± 0.20 (7) 0.95 1.7 1.0
k2 s- 21 3 (8) 440 ± 30(7) 48 21 2.3
k-2 s- 14.1 1.0(8) 147 ± 6(7) 14 10 1.0
K2 none 1.6 + 0.3 (8) 3.1 ± 0.3 (7) 3.5 2 2.2
or none 0.34 0.63 0.61 1.9 1.8
k4 s-s 5.7 ± 0.5(9) 121 ± 4(8) 11 21 1.9
ok4 s- 1.92 ± 0.16 (9) 76 ± 3 (8) 6.7 40 3.5
k_4 s- 4.5 ± 0.5 (9) 89 ± 7 (8) 107 20 24
K4 none 1.37 ± 0.13 (9) 1.40 ± 0.09 (8) 0.11 1.0 0.08
K5 mM- 0.18 ± 0.01 (9) 0.13 ± 0.02 (8) 0.060 0.72 0.3
k_4K5 mM-'s-' 0.81 ± 0.10 (9) 10.8 ± 1.1 (8) 0.64 13 0.8
k6 s- ' 1.5-3 9-16§ ND 6

*Results on rabbit psoas were based on the data that used the same experimental solutions as in soleus slow-twitch fibers (STF), except that ionic strength
was adjusted to 200 mM, pCa was 4.66, and 160 u/ml CK was used. The kinetic constants of steps 0-2 are from Wang and Kawai (1996).
#Results on ferret myocardium are from Kawai et al. (1993). The data from individual experiments were fitted to respective equations first, and then
averaging was performed on the fitted parameters. The fractions are the result of the division of the averaged rabbit psoas value by the averaged rabbit soleus
STF, or the division of the averaged ferret myocardium value by the averaged rabbit soleus STF value.
§From Kawai and Halvorson (1991) and Zhao and Kawai (1993). ND, not determined.
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For comparative purposes, the Pi study was carried out
under similar experimental conditions on rabbit psoas fi-
bers, and the kinetic constants were likewise deduced.
These results are summarized in Table 2 together with those
from soleus STF.

Combined cross-bridge model

For the purpose of calculating the probability of each cross-
bridge state and predicting isometric tension, all the cross-
bridge states have to be considered. We have previously
developed a cross-bridge scheme surrounding nucleotide
binding and cross-bridge detachment steps in soleus STF
(Scheme 3 of Wang and Kawai, 1996). In this report we
characterized steps surrounding force generation and Pi
release (Scheme 5 above). These two schemes can be com-
bined to create the following cross-bridge scheme 6. This
scheme has 7 states and is characterized by 7 rate constants
and 3 association constants (called "kinetic" constants) that
govern transitions between the states.

SCHEME 6
Step 0 Step la Step lb Step 2

D
AMD

Ko

Xo Xia Xlb X2

rate constant 2iirb remains the same as Eq. 4, except that o-
takes the value between 0 and 1 (Eq. 5).

Probability of cross-bridge states

To predict isometric tension and stiffness as a function of P,
S, and D, the probability of each cross-bridge state must be
determined. In the following analysis, Xi represents the
steady-state probability of cross-bridges in the ith state as
shown in Scheme 6. The probability is defined as the
fractional concentration of the particular cross-bridge state.
The steady-state probability is formulated by assuming the
mass action law as an approximation for steps 0-5 (Kawai
and Halvorson, 1991; Kawai and Zhao, 1993). Probability is
approximately the function of equilibrium constants, and is
calculated with Eqs. 6-14 (Zhao and Kawai, 1993).

Xo = K0DK5P/M (AMD) (6)

XIa = K5PIM (AM)

Step 3 Step 4

(7)

Step 5 Step 6

Det X5 X6
lJ L I 1 I

2nd 2nc 2nb

An asterisk (*) or a dagger (+) identifies the second (and the
-third) conformational state(s). In step la, MgATP binds to
the rigor-like AM state to form the collision complex
AM+S, which in turn isomerizes in step lb to form the
AM*S state. Cross-bridges then detach in step 2 to form the
Det state. The Det state includes all detached states (MS,
MDP) and "weakly attached" states (AMS, AMDP)
(Schoenberg, 1988; Brenner et al., 1991). ATP cleavage
takes place in step 3 while cross-bridges are detached from
actin (MS -> MDP) (Bagshaw and Trentham, 1974), or
while cross-bridges are weakly attached to actin (AMS ->

AMDP) (Stein et al., 1979). All detached states (MS, MDP)
and weakly attached states (AMS, AMDP) are combined
and recognized as the lump-sum detached state (Det) and
shown in [ ] in Scheme 6. In step 4, the weakly attached
cross-bridges isomerize to form the AM*DP state, which is
followed by the release of Pi in step 5 to form the AM*D
state. In step 6, AM*D isomerizes to form AMD, which in
turn releases MgADP in step 0 to form the AM state. The
equation that relates the kinetic constants to the apparent

Xlb = KlaSK5P/M (AM+S) (8)

X2= KIaSKibK5P/M (AM*S) (9)

X34 = KlaSKibK2K5P/M (Det)
(10)

X-= KlaSKlbK2K4K5P/M (AM*D)

X6= KlaSKlbK2K4M (AM*D)

Xatt = XO + Xla + Xlb + X2 + X5 + X6 = 1 -X34

= 1 - KlaSKIbK2K5P/M

where

M- KlaSKIbK2K4 + K5P[l + KoD

+ KiaS(I + Klb + KlbK2 + KlbK2K4)]

(11)

(12)

(13)

(14)

Equations 6-13 are plotted in Fig. 3 by using the equilib-
rium constants of soleus STF listed in Table 2. As seen in
Fig. 3, probability changes hyperbolically with ligand con-

Kia klb k2 AMS -*' AMDP k4 P k6
AM AM+S--AM*S -- t I AM*DP * M*D-

S klb k-2 [- MS Zk MDP k_4 K5
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FIGURE 3 Steady-state probabilities of seven cross-bridge states are calculated from Eqs. 6-12 and the averaged equilibrium constants listed in Table
2 for rabbit soleus STF. The probabilities are plotted in percent as functions of total Pi (A), MgATP2- (B), and MgADP- (C) concentrations. For
nomenclatures of the cross-bridge states, see Scheme 6. Also included are the summations of the probabilities of (strongly) attached states labeled Att (Eq.
13). The probability of the AMD state is not included in A and B, because it is small. The parameters of the control conditions (S = 5 mM, D = 0.01 mM,
P = 8 mM) are used.

centrations P (phosphate), S (MgATP), and D (MgADP). In
Fig. 3, A and B, the probability of AMD (XO) is not shown,
because it is close to zero (Eq. 6, Ko = 18 mM and
D'-0.01 mM in the presence of CP/CK). Because Klb = 1.0
(Table 2), the probability of AM+S and AM*S is the same

(Eqs. 8 and 9). Under the control-activating condition (pCa
4.4, P = 8 mM, S = 5 mM, D 0.01 in the presence of

CP/CK) in rabbit soleus STF, the following probabilities are

obtained: AMD (0.3%), AM (2.2%), AM+S (13%), AM*S
(13%), Det (22%), AM*DP (29%), and AM*D (20%). This
can be compared with the probabilities in psoas fibers as

0.2%, 1.6%, 4.2%, 7.4%, 23%, 32%, and 32%, respectively.
Therefore, in soleus STF more cross-bridges are populated
in the MgATP bound states than in psoas, mainly due to a

higher affinity of MgATP to the cross-bridges. Conse-
quently, in soleus STF, fewer cross-bridges are populated in
the AM*DP and AM*D states than in psoas. The probability
for cross-bridges in the AMD state is small because the
estimated MgADP concentration is in the order of 0.01 mM
(Meyer et al., 1985) in the presence of CP/CK. The proba-
bility of total attached states is 77-78% and does not differ
in these two fiber types.

Isometric tension

Isometric tension and stiffness were measured in the same

activation as the rate and equilibrium constants. Fig. 4
compares the effect of Pi on isometric tension in soleus STF
and with psoas fibers normalized to the tension at OP (no
added Pi). As seen in this figure, Pi depressed tension more
in STF than FTF in the low mM range, whereas the degree
of suppression did not differ when Pi reached high concen-

tration. The data points in Fig. 5 A represent isometric
tension plotted against the Pi concentration for the same

experiments shown in Fig. 2. As seen in Figs. 4 and 5 A, the
tension decreased gradually with an increase in the Pi con-

centration, and the plot was concave upward. The tension
versus Pi plot is reminiscent of the probability of all at-
tached cross-bridges (labeled as Att in Fig. 3 A). The effect
of Pi on isometric tension in STF is similar to earlier reports
on skeletal (Kawai, 1986; Godt and Nosek, 1989; Stienen et
al., 1992; Fryer et al., 1995), insect (Ruegg et al., 1971), and
cardiac (Herzig and Riiegg, 1977; Kentish, 1986) muscles.

Although a cross-bridge model can be constructed based
on apparent rate constants, actual tension measurement can

be used to examine the model's predictability. Assuming
that cross-bridges in different states are arranged in parallel
in the same half-sarcomere so that their force is additive,
isometric tension is modeled as a linear combination (sum)
of the probabilities of cross-bridge states (Kawai and Hal-
vorson, 1991; Kawai and Zhao, 1993):

Tension = ToXo + TiaXta + TlbXlb + T2X2 + T5X5 + T6X6
(15)

where X1 (i = 0, 1a, ..., 6) represents the steady-state
probability of the cross-bridges in state i and as defined in
Eqs. 6-12, and T1 is its linear coefficient. Ti indicates the
value of tension if 100% of the cross-bridges are in state Xi,
hence T1 is called the "tension per cross-bridge state." T34 is
assumed to be 0, because this is the tension from detached
or weakly attached cross-bridges.

Eq. 15 is rewritten into Eq. 16, based on the mass action
law for step lb, step 2, and step 4.

100

50

0
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FIGURE 4 Effect of Pi on isometric tension of rabbit soleus STFs and
psoas fibers. Isometric tension values at various Pi concentration were
normalized to that of OP solution, averaged, and plotted as a function of the
Pi concentration with mean ± SE error bars. (-U-) soleus STF; (.0 )
psoas fibers.

Tension = TOXO + TlaXia + TXXlb + T6X6 (16)

where

decreases, whereas AM+S (Xlb) and AM*D (X6) increase
proportionately (Fig. 3 B and Eqs. 7, 8, and 12). Therefore,
if linear fitting is performed on the results of isometric
tension as a function of the MgATP2- concentration, the
coefficient Tia and a linear combination of T. and T6 (Tx +
T6KlbK2K4/K5P) can be obtained (Eq. 16). Data points in
Fig. 5 B represent the average isometric tension plotted
against the MgATP2- concentration, and the curved line
represents the best fit result based on Eq. 16. From this we
obtained TIa = 1.12 Tc.
When the MgADP- concentration (D) is increased,

AMD (XO) increases, whereas AM (XI,), AM+S (Xlb), and
X6 (AM*D) decrease proportionally (Fig. 3 C and Eqs. 6-8,
12). Therefore, if linear fitting is performed on the results of
isometric tension as the function of the MgADP- concen-
tration, the coefficient To and a linear combination of Tla,
Tx, and T6 (Tla + TxKlaS + T6KlaSKlbK2K4/KsP) can be
determined (Eq. 16). Data points in Fig. 5 C represent the
average isometric tension plotted against the MgADP- con-
centration, and the curved line represents the best fit result
based on Eq. 16. From this we obtained To = 1.31 Tc.

Because Xlb (AM+S), X2 (AM*S), and X5 (AM*DP)
have the same P, S, and D dependence (Eqs. 8-11; Fig. 3),
their coefficients Tlb, T2, and T5 cannot be determined
independently by studies that change Pi, MgATP2-, and
MgADP- concentrations (Kawai and Zhao, 1993). How-
ever, the Pi and MgATP studies determined Tx that is
defined by Eq. 17. Furthermore, since AM+S is a collision
complex, the force in this cross-bridge (Tlb) may not be
different from the force in the cross-bridge (Tla) before the
collision, AM. This is also the case in step 5 (Pi release).
Taken together, if we assume Tlb = Tla and T5 = T6, then
T2 = 0.81 Tc will result. A similar analysis was carried out
on the data from rabbit psoas and all Ti values are entered in
Table 3 for comparison.

TX Tlb + KlbT2 + KlbK2K4T5 (17)

Xi in Eq. 16 was substituted with analytical forms (Eqs.
6-12), and linear regressions were performed to obtain the
coefficients Ti.
When the Pi concentration (P) is increased, AM (Xla) and

AM+S (Xlb) increase proportionately, whereas AM*D (X6)
decreases (Fig. 3 A and Eqs. 7, 8, and 12). Therefore, if
linear fitting is performed on the results of isometric tension
as a function of the Pi concentration, the coefficient T6 and
a linear combination of Tla and Tx (Tla + TxKlaS) can be
obtained (Eq. 16). In Fig. 5 A the curved line represents the
best-fit result based on Eq. 16. From this fitting we obtained
T6 = 1.29 Tc. Ti is expressed relative to Tc, that is, the
tension in the control activating solution.

Isometric tension as a function of [MgATP2] and
[MgADP-] is plotted in Fig. 5 B and C, respectively. These
plots are reminiscent of the probability of all attached cross-
bridges shown in Fig. 3 B and C. These data were taken
from our previous report (Wang and Kawai, 1996). When
the MgATP2- concentration (S) is increased, AM (Xla)

Stiffness (YJ)
The stiffness (defined in Eq. 2) for the first approximation
is proportional to the probability of strongly attached cross-
bridges (Xatt).

Yao = YaXatt = Ya(l - KlaSKlbK2KSP/M) (18)

where Ya is the stiffness of the fiber when all cross-bridges
are attached. Xatt is given in Eq. 13, andM is defined in Eq.
14. The probability of attached cross-bridges is calculated
and entered in Fig. 3 (labeled Att). Measured YO,O is plotted
in Fig. 6 as a function of Pi, MgATP2- and MgADP-
concentrations. All stiffness data were normalized to Yc,
which is the stiffness at the control activation. Fig. 6 A
represents stiffness (Y,K,) plotted against Pi concentration.
YOO decreased gradually as the Pi concentration was in-
creased, indicating that fewer cross-bridges were attached at
the higher Pi concentration. The stiffness data plotted in Fig.
6 are similar to the probability of attached cross-bridges
shown in Fig. 3. The stiffness data from three sets of studies

1 .0

0.5

0.0
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FIGURE 5 (A) Isometric tension plotted as a function of the total Pi concentration (N = 9); (B) MgATP concentration (N = 8); and (C) the MgADP
concentration (N = 7). The data were first normalized to the value of initial control tension (Ta, Table 3), then averaged. Theoretical projections (continuous
lines) are based on Eq. 16 and the equilibrium constants (Table 2), and the tension/cross-bridge state (Table 3). The averaged values are shown with mean ±

SE error bars. The units of all ordinates are Tc.

were fitted to Eq. 18, with theoretical projections based on

Eq. 18 denoted by continuous lines. As shown in Fig. 6,
fitting was satisfactory in the Pi and ADP studies, and
acceptable for the ATP study. From these fittings, Ya =

98 + 5 T_ (N = 24) was obtained.

Comparison with the rigor state

To measure the stiffness and tension of the fibers directly
when all cross-bridges are attached, the preparation was

activated with the control-activating solution, followed by
induction of the rigor state by one full volume change with
the Rg3 solution that contained 17.6 units/ml apyrase (Fig.
7 A). During the control activation Tc was measured, and the
complex modulus data Y(f) were collected (Record #10,
Fig. 7 A). Y(f) was fitted to Eq. 1 to obtain the magnitude
A, B, C, D, and H, and Y,, (=Yc) was calculated from Eq.
2. Rigor tension developed in -0.5 min, and then slowly
declined, as seen in Fig. 7 A. The rigor tension and the
complex modulus Y(f) reached a steady state in 1 min, and

they did not change after a further wash with the Rg3
solution. The complex modulus data collected after rigor
induction (record #12 in Fig. 7 A) were almost independent
of frequency (shown in Fig. 7, B-D), and similar to those
published earlier on rabbit psoas (Kawai and Brandt, 1980).
We do not identify any exponential process in the rigor
record in the frequency range we studied (Fig. 7 B). Thus,
we used the modulus at 100 Hz for stiffness of the rigor
state (Yrig) that was collected at -1 min after the rigor
induction. Tension and stiffness values were expressed in
terms of T, and averaged. The averaged rigor tension was

Trig = 1.08 ± 0.04 Tc (N = 8), which is close to TIa (1.12
0.06 Tc, Table 3) of the AM state. The averaged rigor
stiffness was Yrig = 118 + 7 Tc (N = 8), and it turned out
to be not very different from Ya (=98 + 5 Tc), the estimated
stiffness from active fibers when all cross-bridges are at-
tached. Finally, Y00 during control activation was divided by
Yng and averaged. The result was: YJY5ig = 63 + 3% (N =
8). This value represents the fraction of attached cross-

bridges during the control activation. This fraction turned

TABLE 3 Tension per cross-bridge state

Coefficient State Source Soleus STF [Avg ± SE (n)] Psoas [Avg ± SE (n)] Units

TO AMD ADP study 1.31 ± 0.11 (7) 1.34 ± 0.04 (7) TC
Tia AM ATP study 1.12 ± 0.06 (8) 1.29 ± 0.18 (7) TC
Tlb AM+S Estimate 1.12 1.29 TC
T2 AM*S ATP/Pi studies 0.81 0.89 TC
T34 Det Assumption 0 0 T.
T5 AM*DP Estimate 1.29 1.27 TC
T6 AAM*D Pi study 1.29 ± 0.05 (9) 1.27 ± 0.06 (8) TC
T. All studies 142 ± 15 (24) 149 ± 8 (22) kN/m2

Tc is tension in the control-activating solution (A).
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FIGURE 6 Stiffness (YOO) plotted as a function of the Pi concentration (N = 9) in (A), the MgATP concentration (N = 8) in (B), and the MgADP
concentration (N = 7) in (C). The stiffness data were first normalized to the initial control stiffness (Y1) of the same preparation, then averaged. The
averaged values are shown with mean ± SE error bars. Theoretical projections (curved lines) are based on Eq. 20, the equilibrium constants (Table 2), and
Ya. (-), q = 0 (no series compliance); ( . . . ), q = 0.5 Y- = 0.64 Ya-' (39% series compliance); (- - -), q = 1.0 Yc-' = 1.27 Ya-1 (56% series
compliance).

out to be not far from the expectation (78%), based on the
probability calculation of the attached cross-bridges (Eq.
14) during the control activation.

DISCUSSION

In a previous report (Wang and Kawai, 1996), we studied
the effect of the MgATP and MgADP concentrations on the
apparent rate constants, and deduced the elementary steps
surrounding nucleotide binding and cross-bridge detach-
ment (steps 0-2). In this report, we studied the effect of Pi
concentration on the apparent rate constants, and deduced
the elementary steps surrounding force generation and Pi
release steps (steps 4 and 5). These results are combined and
summarized in cross-bridge scheme 6 and Table 2. Our
findings demonstrate that the cross-bridge scheme of STF
from rabbit soleus muscle is not any different from that of
rabbit psoas (a FTF) (Zhao and Kawai, 1993) or from ferret
myocardium (Kawai et al., 1993). Similar to results found
with rabbit psoas, we found that force generation takes place
at step 4 (Pi isomerization) and before Pi is released in soleus
STF. These steps are discussed in the following sections.

Two-step mechanism of force generation and
phosphate release

We studied the effect of Pi on 2irb (the apparent rate
constant of process B). If the plot of [Pi] versus the apparent
rate constant is linear (Eq. 3), then this result is consistent

with the one-step Pi release and force generation mecha-
nism as shown in Scheme 4. If the plot is hyperbolic (Eq. 4),
then this result is consistent with the two-step Pi release and
force-generation mechanism as shown in Scheme 5. Our
experiment demonstrates that the plot is hyperbolic (Fig. 2
B), hence this result is consistent with the two-step mech-
anism. In this mechanism, Pi isomerization occurs at step 4,
and Pi release occurs at step 5. Force is generated at step 4,
and the same force is maintained at step 5. The two-step
mechanism in rabbit psoas fibers was proposed by Kawai
and Halvorson (1991) using sinusoidal analysis, Fortune et
al. (1991) using rapid pressure-release, and by Dantzig et al.
(1992) using photolysis of caged Pi (see also Walker et al.,
1992). It is important to note that the hyperbolic plot is also
consistent with the hypothesis that the Pi-release step is
faster than the speed of observation, which is an implicit
assumption for deriving Eq. 4 (Kawai and Halvorson, 1991;
Zhao and Kawai, 1993).

If the Pi study is limited to the low concentration range

([Pi] < 1/K5), then Eq. 4 reduces to Eq. 3. The rate constant
versus [Pi] plot looks linear, and one cannot discriminate
one-step versus two-step mechanisms. This was exactly the
case in the report of Millar and Homsher (1992) on rabbit
soleus, presumably on STF. Since the amount of Pi released
by photolysis of caged Pi was limited to 2 mM and their Pi
concentration range studied was limited to 1-3 mM, their
plot was linear. Our result shows that 1/K5 = 5.6 mM in
soleus STF, hence the experiment to demonstrate the two
step mechanism should be carried out at least twice this
concentration and ideally larger. The concentration range
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FIGURE 7 (A) Slow pen trace of the tension time course of a single STF preparation from rabbit soleus. X2 indicates that the solution was changed twice.
The preparation was initially soaked in the relaxing solution (R), which was replaced twice with the washing solution at WP, and replaced twice with the
control activating solution at A. The solution was replaced once with the Rg3 solution at Rg3. This solution was replaced twice with the relaxing solution
at R. Complex stiffness was collected as seen as oscillations in both length (above) and force (below) traces, and numbered as 8, 10, and 12.
Photographically reproduced from the original pen trace. Both length and tension signals were filtered by second-order low pass filters (cutoff frequency:
10 Hz) before traced, hence response at higher frequency is attenuated. The amplitude of length oscillation was kept at 0.125% ± 0.002% Lo at all
frequencies. The frequencies used are 0.07, 0.13, 0.25, 0.35, 0.5, 0.7, 1.0, 1.4, 2.0, 3.2, 5.0, 7.5, 11, 17, 25, 35, 50, 70, 100, and 135 Hz. The data were

corrected against those after glutaraldehyde fixation and plotted in (B) viscous modulus [= Imag Y(f)] versus elastic modulus [= Real Y(f)] (Nyquist plot)
of fiber during relaxation (record #8), activation (record #10), and after rigor formation (record #12); (C) phase shift [= Arg Y(f)] versus frequency during
activation and rigor; (D) Dynamic modulus [= IY(f)j ] versus frequency during relaxation, activation, and rigor. Relaxation: ..A..; Activation: -0--;
Rigor: -4--. Unit of the dynamic modulus is MN/M2 and that of phase shift is degree.

we chose (0-30 mM) is adequate for demonstrating the two
step mechanism, because the rate constant vs. [Pi] plot
exhibits both an increase and a saturation (Fig. 2 B).
The linear plot of Millar and Homsher (1992) can still

determine the intercept (a04) and the slope (k-4K5) when
Scheme 5 is assumed (see Eq. 4). For comparative purposes,
we calculated these values in Table 2 (*k4 = 1.92 s-1 and
k-4Ks = 0.81 mM-1 s-'). They agree with those reported
by Millar and Homsher (1992) within a factor of 2.5 (k+3 =
1.96 s- 1 and k/3K4 = 1.994 mM-1 s-, respectively, in
their nomenclature) at 20°C. Millar and Homsher (1992) did
not assume rapid equilibrium to the left of Scheme 5, hence
our ok4 compares to their k+3.

Phosphate contamination

The actual Pi concentration of the Pi study may be some-

what higher than the added concentration of Pi. This is
because of the Pi contamination that comes mainly with CP
(Millar and Homsher, 1992). Pi is also generated in muscle
fibers as a result of ATP hydrolysis. Our previous analysis
concluded that the total of 0.62 mM Pi contamination was

present in rabbit psoas fibers (Kawai and Halvorson, 1991).
Similarly, the total Pi contamination was estimated to be
-0.7 mM by Millar and Homsher (1992). In this case, the
Pi axes of all plots should be shifted to the left by the
amount of Pi contamination. This shift will change the
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kinetic constant slightly, but the change is not large. If we
assume the Pi contamination to be 0.6 mM, then k4 becomes
4.1 instead of 5.7, k_4 becomes 5.0 instead of 4.5, and K5
becomes 0.20 instead of 0.18.

Comparison of elementary steps of soleus STF
with psoas and myocardium

From the Pi study, we found k4 (rate constant of force
generating isomerization step) to be 5.7 s- l in rabbit soleus
STF, which compares to 121 s in psoas (Table 2). There-
fore, it can be concluded that the isomerization step (step 4)
is 21 times slower in rabbit soleus STF than in psoas under
our experimental conditions. This result is consistent with
the -30-fold difference in 27rb between rabbit psoas FTF
and soleus STF (Kawai and Schachat, 1984), and with the
time course of the tension transient in response to the step
length change (Galler et al., 1994). The rate constant of the
reverse attachment step (k-4) is 4.5 s- 1 in soleus STF,
which is 20 times smaller than that in psoas. Consequently,
the equilibrium constant of the isomerization step (K4) is
-1.4 and not any different in these two fiber types, indi-
cating that the free energy change of the isomerization step
is not any different between STF and FTF.
The Pi association constant (K5) is found to be 0.18 ±

0.01 mM'1 in rabbit soleus STF, which is slightly higher
than the value (0.13 + 0.02 mM-1) found in psoas (Table
2). The higher affinity of Pi to cross-bridges in soleus can
account for the higher Pi sensitivity in suppressing the
isometric tension in soleus STF (Fig. 4). This observation is
generally consistent with the reports by Altringham and
Johnston (1985), Fryer et al. (1995), and Potma et al.
(1995). The suppression of Pi on isometric tension at 30
mM Pi in both types of muscle is the same (Fig. 4), which
is consistent with the findings of Nosek et al. (1990).
However, these observations are at variance with the results
of Millar and Homsher (1992) and Stienen et al. (1992),
who reported that Pi is less sensitive in suppressing isomet-
ric tension in STF (rabbit soleus) than in FTF (rabbit psoas).
Although the reason for this discrepancy is not immediately
apparent, it may be related to a difference in the experimen-
tal conditions. The fact that both equilibrium constants K4
and K5 are comparable in STF and FTF (Table 2), respec-
tively, indicates that the basic mechanism of the force-
generation step and the Pi-release step is not much different
in these two fiber types.

It is interesting to note that the rate constants of the
force-generation step (k4 and k_4) obtained from rabbit
soleus STF are smaller than the corresponding rate con-
stants from ferret myocardium (Table 2; Kawai et al., 1993),
indicating that the elementary steps in the cross-bridge cycle
in soleus STF are slower than in cardiac muscle. The Pi
association constant (K5) of soleus STF is three times larger
than that of myocardium. In addition, K5 of psoas is twice as
large as myocardium (Table 2), indicating that myocardium
is 2-3 times more resistant against Pi accumulation than

Reversibility of the Pi-release step in
muscle fibers

In solution studies of acto-S from fast-twitch muscles, the
Pi association constant is found to be 0.1 M to 0.01 M-l
(Taylor, 1979); hence the Pi release step is practically
irreversible, and the large amount of free energy liberated is
lost as heat. A large free energy decrease with the Pi release
was the basis for suggesting that the Pi-release step may

correspond to the force-generation step (White and Taylor,
1976). In solution studies, the force-generating AM*DP
state was not recognized, presumably because of the insta-
bility of this complex under the unloaded condition. Hence,
force generation and Pi release are considered to occur

simultaneously, as shown in Scheme 4. In muscle fibers,
because the free energy released by ATP-hydrolysis is
stored as the potential energy in the elastic portion of the
cross-bridges as well as in structures in series with them, the
Pi-release step is readily reversible in the presence of the
mM concentration of Pi as demonstrated by using isotope
32p (Mannherz, 1970; Ruegg et al., 1971; Ulbrich and
Riiegg, 1971; Gillis and Marechal, 1974) and 180 exchange
(Hibberd et al., 1985). Thus, it can be concluded that the
total free energy change associated with step 4 is the sum of
the free energy change measured by K4 (AG0 = -RT ln K4)
and the potential energy evolution measured by force gen-

eration (Kawai and Halvorson, 1991).

Correlation of exponential processes with
elementary steps

In a previous study (Wang and Kawai, 1996), we showed
that step lb correlates with process D, and that step 2
correlates with process C. The present report demonstrates
that step 4 correlates with process B. These correlations
hold true even after Schemes 3 and 5 are combined to result
in Scheme 6. For instance, if the correlation of processes B
and C is transposed (if B = step 2 and C = step 4), it
follows that process C becomes insensitive to the MgATP
concentration, because a slow process B interposes between
MgATP binding and step 4. This prediction is in apparent
contradiction to our results (Fig. 4B of Wang and Kawai,
1996), demonstrating that process B could not be correlated
with step 2, and that process C could not be correlated with
step 4. Similarly, the correlation of processes B and D
cannot be transposed.

Because of the model proposed by Huxley and Simmons
(1971), it may be considered that fast process C or D is
correlated with the Pi-release step. Process D is equivalent
to the fast component of phase 2 of step analysis, and
process C is equivalent to the slow component of phase 2
(Huxley and Simmons, 1971; Ford et al., 1977; Kawai and
Brandt, 1980). If process D correlates with step 5, it follows
that the rate constant of process D (2iird) is insensitive to the
MgATP or MgADP concentration, because a slow process

B intervenes between step la (MgATP binding) and step 5.
skeletal muscles (Kawai et al., 1993).
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tration. This mechanism apparently contradicts the data
shown in Fig. 4A and Fig. 6 of Wang and Kawai (1996), and
contradicts the data shown in Fig. 2 A of this report. Sim-
ilarly, process C cannot be correlated with step 5, because
process C is sensitive to the MgATP concentration (Fig. 4B
of Wang and Kawai, 1996), and because 2=c is not linearly
related to the Pi concentration (Fig. 2 A).
We developed the discussion above assuming that the

correlation between processes and elementary steps are per-
fect. This assumption is only true if 2ird >> 2 »>> 2-nb
(Hammes, 1968). In practice, b, c, and d are separated by the
factor of 4-10 (Fig. 2 A); therefore, there are some cross-
correlations between the processes and the steps. The small
Pi effect on 2irc and 2-md (1.74 and 1.38, respectively,
comparing 30P and OP conditions) and as shown in Fig. 2 A
is expected based on Scheme 6. This is the very reason why
we are focusing on the large effects (such as Pi affects 2-nb
most, Fig. 2 A) as the first approximation.

Force per cross-bridge state

The effect of Pi on isometric tension in STF (Figs. 4 and 5
A) is consistent with earlier reports on skeletal (Ruegg et al.,
1971, Altringham and Johnston, 1985; Kawai, 1986; Godt
and Nosek, 1989; Nosek et al., 1987, 1990; Pate and Cooke,
1989; Millar and Homsher, 1990, 1992; Kawai and Halvor-
son, 1991; Stienen et al., 1992; Kawai and Zhao, 1993;
Fryer et al., 1995; Potma et al., 1995), insect (Mannherz,
1970; Ruegg et al., 1971; Marcussen and Kawai, 1990), and
cardiac (Herzig and Ruegg, 1977; Kentish, 1986, 1991;
Godt and Nosek, 1989; Nosek et al., 1990; Kawai et al.,
1993) muscles. In both STF and FTF, our results are con-
sistent with the assumption that the cross-bridge force is the
same in the AM*DP and AM*D states. Our results demon-
strate that force generation occurs at step 4 and with the
isomerization of the AMDP state (weakly attached state) to
the AM*DP state, but force does not change with the release
of Pi (step 5) or subsequent isomerization of the ADP state
(step 6). Previous studies with rabbit psoas had the same
results using the techniques of sinusoidal analysis (Kawai
and Halvorson, 1991; Kawai and Zhao, 1993), pressure-
release (Fortune et al., 1991), and caged Pi (Dantzig et al.,
1992; see also Walker et al., 1992).
From the results shown in Table 3, it can be further seen

that a similar force is maintained in the AMD and AM
states. Our results are consistent with the idea that the same
force is also maintained in AM and AM+S states because
the AM+S state is a collision complex. Force then drops
with the occurrence of ATP isomerization (step lb) and
disappears at the cross-bridge detachment (step 2). This
gradual decline of force is consistent with the fact that both
process D (step lb) and process C (step 2) are observed as
exponential advances (positive terms in Eq. 1).

In both STF and FTF, our analysis implies that the force
per cross-bridge state is the largest in the AM*DP and

ation occurs only at a single step in the cross-bridge cycle,
and force does not increase in gradual steps. However, a
gradual increase of force may be seen if the cross-bridge
cycle were reversed in step 2 and step lb (see Table 3).

Rate-limiting step

The cross-bridge cycle is completed (closed) by assuming a
slow step 6 between the AM*D and AMD states and as
shown in Scheme 6. The AMD state may not be on the
cyclic pathway, but the result is the same if we assume that
step 6 results directly in the AM state. Step 6 must be slower
than any other steps in the cycle, or else the effect of Pi (Fig.
2 B), MgATP, and MgADP (Wang and Kawai, 1996) on the
apparent rate constants cannot be explained. In a solution
study of purified proteins from fast-twitch muscles, two
energetically different acto-SI ADP states were identified
(Sleep and Hutton, 1980), which presumably correspond to
the AM*D and AMD states of this report.

Since step 6 is the rate-limiting step and limits the ATP
hydrolysis rate, the rate constant of this step can be char-
acterized by the ATP hydrolysis rate measurement.

ATPase = k6[AM*D] - k6[AMD] k6[AM*D] (19)

From a study carried out by Sleep and Hutton (1980), K6 is
estimated to be 50-100, hence k6>>»k6. Furthermore, since
[AM*D]>>[AMD] (this report), we can ignore the reversal
term in Eq. 19 for all practical purposes. This enables us to
calculate k6 from the ATP hydrolysis rate in muscle fibers.
Potma et al. (1995) reported that at 15°C and pH 7.3, the
ATPase activity is --8X lower in rabbit soleus than in rabbit
psoas fibers. Our previous estimate is that k6 in psoas is
9-16 s-1 (Kawai and Halvorson, 1991; Zhao and Kawai,
1993). In this report the probability of cross-bridges in the
AM*D state is 20% in soleus STF and 32% in psoas. If we
assume that the myosin concentration is not very different
between these two fiber types, we can estimate k6 in soleus
STF. Our calculation shows that k6 is -1.5-3 s-1 in rabbit
soleus STF. The fact that step 6 is the slowest step in the
cross-bridge cycle in soleus STF is consistent with the result
in rabbit psoas fibers (Kawai and Halvorson, 1991; Kawai
and Zhao, 1993) and in ferret myocardium (Kawai et al.,
1993).

Transient analyses (e.g., sinusoidal analysis/step analysis,
pressure-release and caged-ligand experiments) are not sen-
sitive to the slowest step in the cross-bridge cycle; hence,
step 6 cannot be resolved in transient analyses, and process
A could not be correlated with step 6. Earlier reports have
demonstrated that force generation and oscillatory work
production occur in the absence of process A in insect fibers
(Machin and Pringle, 1960; Marcussen and Kawai, 1990),
cardiac preparations, and in partially cross-linked rabbit
psoas fibers (Tawada and Kawai, 1990). These experiments
suggested that process A does not represent an elementary
step in the cross-bridge cycle, but rather it corresponds to
sarcomere instability (Tawada and Kawai, 1990). Thus, the

890 Biophysical Journal

AM*D states (Table 3). This fact implies that force gener-
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ATP hydrolysis rate measurement is a convenient method to
characterize the rate-limiting step 6.

Because step 6 is the slowest step of all elementary steps,
we can approximate the cross-bridge cycle by opening it at
step 6, i.e., we can assume that step 6 does not occur for the
purpose of analyzing the results of tension transients. This
simplifies the analysis of an otherwise complex cycle, and
enables an algebraic realization such as shown in Eqs. 3-5
that relate apparent rate constants to the kinetic constants of
elementary steps in simple mathematical formulae. This
method of approach is advantageous over the commonly
used numerical analysis method (e.g., Iwamoto, 1995; Mu-
rase et al., 1986), because the experimental results can be
readily correlated with the cross-bridge model.

Filament compliance and measured stiffness

Recent findings that thick and thin filaments are compliant
as well as cross-bridges (Bagni et al., 1990; Wakabayashi et
al., 1994; Huxley et al., 1994; Higuchi et al., 1995) in rabbit
psoas fibers may need some consideration. Each of these
elements may carry -1/3 of the total compliance at full
activation (Wakabayashi et al., 1994). If this is the case,
then measured stiffness (YOO) is not proportionately related
to the number of attached cross-bridges (n), but rather it is
a concave function of n. According to one analysis (Mijail-
ovich et al., 1996), however, the concavity is not very
different from the proportionality, and qualitative features
such as "higher YOO indicates more attached cross-bridges"
do not change. Similarly, the extra compliance may change
the measured rate constant somewhat, but it does not change
the equilibrium constants. This aspect was discussed in our
previous paper (Wang and Kawai, 1996).

which was induced after the fiber was fully activated by the
control activating solution A (Fig. 7). Tension and stiffness
values are expressed with respect to Tc (control tension).
Our findings show that Tla (tension of the AM state) is 1.12
Tc, and this is in agreement with Tig (1.08 ± 0.04 Tc),
which is tension measured after rigor induction. Our results
further demonstrate that Ya (stiffness of the AM state) is 98
Tc and approximates Yrng (118 ± 7 Tc), which is stiffness
measured after rigor induction. Similar results were ob-
tained with rabbit psoas fibers (Kawai and Zhao, 1993).
From these results, we infer that the AM state that exists
when the cross-bridges are fully active is the same cross-
bridge state that is attained after induction of the high-rigor
state.

Stiffness and the tension-to-stiffness ratio

Stiffness results (Fig. 6, solid line) fit satisfactorily to Eq.
18, indicating that all (strongly) attached cross-bridges con-
tribute similarly to stiffness. Fig. 8 demonstrates that the
tension/stiffness ratio decreased as the Pi concentration was
increased, which implies that cross-bridge populations are
shifted to the state(s) that supports less tension at higher Pi
concentrations. This observation is consistent with Scheme
6, and the results fit well to Eqs. 16 and 18 (solid line, Figs.
6 and 8) that are based on Scheme 6. If the Pi concentration
is increased, the equilibrium shifts to the left to result in an

Tension :Yoo

1.5

Number of attached cross-bridges during
control activation 1.0

We examined the ratio YOO to Yrig during control activation.
This ratio (63 ± 3%) represents the number of (strongly)
attached cross-bridges during the control activation, which
is calculated to be 78% based on Eqs. 13 and 14 and the
kinetic constants in Table 2. Thus, there was considerable
agreement between the predicted value and the value based
on the stiffness measurement. The small disagreement (63%
vs. 78%) may relate to the fact that thick and thin filaments
are compliant as discussed above.

Rigor state

It is interesting to know if the AM state during the cross-
bridge cycle is equivalent to the rigor state induced with a
reduction of the MgATP concentration. For this purpose we
compared tension and stiffness of both states. Since the
rigor state is not uniquely defined and depends on the
condition in which the fiber is placed before rigor induction,
we used the high-rigor state (Kawai and Brandt, 1976)

0.5

0.0
0 1 6 32

Phosphate, mM

FIGURE 8 The tension to YO. ratio is plotted against the Pi concentra-
tion. The MgATP2- concentration was 5 mM. The data were normalized
to those from the initial control activation, then averaging was performed
over nine experiments and plotted with mean ± SE bars. Theoretical
projections (curved lines) are based on Eqs. 16 and 20. (-), q = 0 (no
series compliance); (. . . ), q = 0.5 Yc-;(--- -), q = 1.0 Yc- .

I
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increase in the AM*S state. This state has less tension than
the AM*DP or AM*D state, but it has the same stiffness as
others, thus accounting for the results shown in Fig. 8.
The second explanation of the extra stiffness at high Pi

concentration may be that the strongly attached low-force
state might exist before force generation (Cecchi et al.,
1982; Martyn and Gordon, 1992; Regnier et al., 1995). The
early evidence for the strongly attached low-force state is
based on the observation that the stiffness time course is
faster than the tension time course on electrical stimulation
of intact frog fibers (Cecchi et al., 1982). However, this
delay of tension rise can also be explained by the delay in
stretching in-series elements to cross-bridges, such as thick
and thin filaments, as suggested by Goldman and Huxley
(1994). The second evidence is based on extra stiffness at
high Pi concentrations (Martyn and Gordon, 1992; Regnier
et al., 1995), similar to our Fig. 8. As discussed above, in
our model this extra stiffness can be explained by the AM*S
state, which has low tension. The existence of this state was
not considered in models used by Martyn and Gordon
(1992) or by Regnier et al. (1995).
The third explanation of the extra stiffness at high Pi

concentration may be related to the filament compliance as
discussed above. This situation is depicted in Fig. 9. In this
figure, q indicates the filament compliance (series compli-
ance), z indicates cross-bridge compliance, and n is the
number of attached cross-bridges. The overall tension is
proportional to n, and overall compliance is proportional to
q + zin. Thus, tension to stiffness ratio becomes propor-
tional to nq + z, because stiffness is the reciprocal of
compliance. This analysis indicates that the ratio becomes
larger as the number of attached cross-bridges increases.
This prediction appears to be consistent with the data shown
in Fig. 8. In reality, both this mechanism and a shift in the
population (first mechanism discussed above) would take
place as the ligand (e.g., Pi) concentration is changed.

Thus, we further fitted the stiffness data to Eq. 20, which
considers filament compliance q and is modified from Eq.
18:

1/Yco = I/YaXatt + q

q

SERIES
COMPLIANCE

n

CROSS-BRIDGE n: attached
COMPLIANCE cross-bridges

FIGURE 9 Schematic drawing of a model of activated muscle fiber. q

stands for series compliance, z stands for cross-bridge compliance, and

stands for attached cross-bridges.

or

(20)y. =
YaXatt

I + YaXattq

Equations 15-17, which describe isometric tension, are not
modified by the inclusion of series compliance. The results
of fitting the stiffness data for q = 0.5 Yc- = 0.64 Ya-' is
entered in Figs. 6 and 8 in dotted lines ( * ), and for q =
1.0 Yc-l = 1.27 Ya-1 in broken lines --- -). The solid lines
(-) correspond to q = 0 (no series compliance). q = 0.64
Ya-1 corresponds to 39% series compliance (61% cross-
bridge compliance), and q = 1.27 Ya-1 to 56% series
compliance (44% cross-bridge compliance). In Fig. 6, the
shape of the solid curves cannot be changed, because they
come directly from Eq. 13 (Xatt) and as shown in Fig. 3
(curves labeled Att). As Figs. 6 and 8 demonstrate, the data
fitting becomes progressively worse as q is increased from
0 to 1.27 Yc- 1' Therefore, it can be concluded that the effect
of series compliance is small or negligible under our exper-
imental conditions. In other words, a good fit of the stiffness
results (Fig. 6, solid line) or the tension-to-stiffness ratio
(Fig. 8, solid line) to Eqs. 16 and 18 implies that most of the
Pi effect is explained by the population shift, and little room
is left for the filament compliance.

CONCLUSIONS

We found that the elementary steps of the cross-bridge cycle
are the same in soleus STF, psoas (FTF), and myocardium
(Scheme 6), from which we conclude that the mechanism of
force generation is similar in different muscle types. The
rate constants of the elementary steps in soleus STF are
-20X smaller than those of psoas, and -2X smaller than
those of myocardium (Table 2). The phosphate association
constant (K5) of soleus STF is 1.5X that of psoas, and 3X
that of myocardium, which explains the slightly higher Pi
sensitivity in suppressing isometric tension in soleus STF
than in FTF. As in psoas fibers, force generation occurs with
the isomerization of the AM.ADP.Pi state (step 4) and
before Pi release (step 5). In general, we found that cross-
bridge force gradually decreases with sequential isomeriza-
tions (conformational changes) during which cross-bridges
are attached to actin, and which follows/precedes the bind-
ing/release of ligands (ATP, ADP, Pi) (Table 3). Our results
are consistent with the hypothesis that isomerization of the
AM.ADP state (step 6) is the slowest step in the cross-
bridge cycle. Our analysis indicates that the effect of fila-
ment compliance is almost negligible under our experimen-
tal conditions.
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