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Orthophosphate and the Fastest Component of the Mechanical Transient

in Skinned Muscle Fibers

K. Horiuti and T. Sakoda

Department of Physiology, Oita Medical University, Oita 879-55, Japan

Dear editor:

When a small length change is applied to a contracting
muscle fiber, tension recovery shows three characteristic
components: Phase 2/process C and phase 4/process A are
the fast and slow components of the tension recovery, re-
spectively. Between these two processes phase 3/process B
intervenes, which is a pause or reversal of the recovery (Hux-
ley and Simmons, 1971; Kawai and Brandt, 1980). Kawai
and Halvorson (1991) proposed a chemomechanical cross-
bridge model which explains the effects (Kawai and Halvor-
son, 1989, 1991) of ATP, ADP, and orthophosphate (P;) on
processes C and B. Recently, we have closely examined their
model, and found several problems with it.

The chemical steps and assumptions in the model are as
follows (Kawai and Halvorson, 1991) (Scheme 1):

A. Step 6 is the slowest, rate-limiting step of the cycle of
ATP hydrolysis by myosin (M) in the presence of actin (A).

B. The steps that show the second and third slowest re-
laxation rates are steps 4 and 2, respectively, and both are
readily reversible.

C. Association/dissociation of ADP, ATP, and P; are very
rapid compared with the other steps, and are only charac-
terized with stability constants (Kapp, Katp, and Kg)).
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D. State Det is the detached state of cross-bridge [(A)M
- ATP plus (A)M - ADP - P;] and thus does not bear stiffness
or force, while the other attached states bear nearly equal
stiffness and force.

E. The length perturbation affects the equilibrium con-
stants of steps 2 and 4: K, (= ki o/k_o) and Ky (= ki q/k_4)
decrease when the muscle is released, and increase when the
muscle is stretched. This assumption was not explicitly stated
by Kawai and Halvorson (1989, 1991), but it is necessary to
correlate the mechanical and chemical events in their model.

Qualitatively, when one releases the muscle, the reaction
segment (I) around step 2 first relaxes decreasing Det, and
this results in the rapid increase in tension (process C). Fol-
lowing this initial phase, the segment (II) around step 4 then
relaxes increasing Det, which results in the decrease in ten-
sion (process B). It should be noted that no step has been
assigned to the slow phase of tension recovery (process A;
see Tawada and Kawai (1990)). In a recent version of the
model (Zhao and Kawai, 1993), step 2 is split into two steps
with insertion of an intermediate state, so that the original
process C corresponds to process C plus D in the new ver-
sion. However, we only discuss on the original model, be-
cause the modification does not affect our argument.

A problem with assumption E is that the equilibrium con-
stant (K,) for the force-producing step decreases when the
cross-bridges are released and lose force. This effect of force
on the equilibrium seems to conflict with the thermodynamic
law of Le Chatelier that, when a stress is applied to a system
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at equilibrium, the system readjusts to reduce the stress
(Sienko and Plane, 1961).

Another problem is that the effect of P; on process C in the
model is different from that observed in experiments. The
process C observed by Kawai and his colleagues (Kawai et
al., 1986; Kawai and Halvorson, 1991) was independent of
P;, although in an early study of Kawai (1986) the rate of
process C seemed somewhat dependent on P;. On the other
hand, in the model, the equations by Kawai and Halvorson
(1991) imply that the magnitude of process C is a monotonic,
increasing function of P;, although the rate of process C is
independent of P;. This P; dependence of C is fundamental
to the model and can be intuitively understood as follows:
Step 2 for process C is placed between the rate-limiting step
6 and the P;-releasing step 5. All the connecting steps 0—4 are
quite reversible. Therefore, elevation of P; in the model in-
evitably shifts the cross-bridge population toward the reac-
tion step for process C.

The present model is simple and successful in character-
izing processes B and C (Kawai and Halvorson, 1989, 1991).
However, there are three problems in the model: (i) the mini-
mal effect of P; on process C is not explained, (ii) the di-
rection of the force sensitivity of the force-producing step is
peculiar, and (iii) process A has not yet been incorporated.
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Halvorson’s Response to Horiuti and Sakoda

Herbert R. Halvorson
Henry Ford Hospital, Detroit, Michigan 48202 USA

The assumption fundamental to our analysis of the dynamic
stiffness (Kawai and Halvorson, 1989, 1991) is that the ob-
servations must correspond to transitions between states of
the actomyosin complex that have differing physical lengths
(Hill, 1960); elementary binding per se cannot be respon-
sible. The data show that none of the transitions occur at the
rate of binding or dissociation. A secondary assumption or
approximation is that the binding steps are sufficiently faster
than the transitions that local equilibrium pertains. This in-
terpretation is consistent with rates of substrate/product bind-
ing for most enzymes.

The development of a minimal mechanochemical reaction
scheme also requires the assumption of an ATP hydrolase
operating at steady-state. The small perturbations applied to
the muscle fiber legitimize the use of a chemical relaxation
analysis (Hammes, 1968). In essence, if the process being
studied equilibrates rapidly compared to the steady-state rate
of turnover, then established analyses for conventional
chemical relaxation data (Castellan, 1963; Thusius, 1977;
Jovin, 1975) can be used merely by substituting steady-state
concentrations for equilibrium concentrations. In general, the
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slowest observable process is the most difficult to analyze,
not only because it is coupled to all the faster processes (as
in the conventional relaxation experiment), but also because
it is farthest from equilibrium (relative inequality of forward
and reverse rates). This was a major reason for not attempting
to incorporate process A into the scheme.

The simplest scheme relating the events of the ATP hy-
drolase cycle to the effect of concentrations of ATP (S), ADP
(D), and orthophosphate (P) on the observed rates is given
by Scheme 3 (Kawai and Halvorson, 1991). In this scheme
the slowest step takes Xi (AM*D) to X, (AMD), closing the
cycle. This abstract scheme was not assumed, but rather de-
rived from the behavior of the relaxation processes with re-
spect to the solution variables. State Xa4, also labeled “Det,”
is an approximation, representing a collection of states that
are not resolvable by experiment.

Under the approximation that process C is significantly
faster than process B (“kinetic uncoupling”), the expression
for the relaxation rate is given by Eq. 3 of Kawai and Halvor-
son (1989). This certainly provides an adequate first-order
description of the data. If indeed there is a second-order ef-
fect of phosphate on process C, the level of approximation
can be improved at the expense of feasibility of analysis by
solving a quadratic equation (see Egs. 13-17, Kawai and
Halvorson (1991)). The existence of process D (Zhao and
Kawai, 1993), faster than process C, introduces an additional



