
Letters to the Editor
Muscle Cross-Bridge Chemistry and Force
The recent article by Baker et al. (1999) presents a thermo-
dynamic formalism that challenges the commonly held as-
sumption that force production by muscle is localized to
individual actin-bound myosin molecules. By assuming that
the chemical reaction for the force-producing step is close
enough to equilibrium to setDG 5 0, the sum of the
chemical and mechanical potentials of the products can be
set equal to the sum of the chemical potentials of the
reactants. To obtain the chemical potentials, Baker et al.
chose the reaction

A 1 M.D.Pi7 A.M.D 1 Pi (1)

in which A is actin, M is a myosin cross-bridge, D is
MgADP, and Pi is orthophosphate. Force is produced as
M.D.Pi binds A and dissociates Pi. The nature of the me-
chanical potential,mmech, is not constrained in their formal-
ism. The standard free energy equation for the near-equi-
librium force-generating step is

DG8 5 2 RTln@A.M.D#@Pi#/@M.D.Pi#@A# 2 mmech. (2)

In contrast, the mechanical potential is constrained in almost
all previous molecular level models. The authors note that
those models include the assumption that the internal work
performed by myosin conformational changes when actin
binds is localized to displacements of elastic elements as-
sociated with individual myosin cross-bridges (Huxley,
1957; Hill, 1974).

Some critical properties of force production are deter-
mined experimentally by measuring cross-bridge orienta-
tion and force as a function of [Pi], during isometric con-
traction of small bundles of skinned skeletal muscle fibers.
Force is found to decrease with increasing [Pi], but the
distribution of cross-bridge orientations remains constant,
within 1% (Baker et al., 1999). The lack of correspondence
between force, cross-bridge orientation, and the chemical
equilibrium in Eq. 1 leads the authors to propose that those
twentieth century models of contraction, which have force
production localized to chemical reactions associated with
individual cross-bridges, should be abandoned. They sug-
gest that force production is distributed among, not within,
the myosin cross-bridges, and they describe several muscle
fiber properties in light of that hypothesis. Measurements of
force generated in vitro by isolated individual cross-bridges
bound to actin (Warrick et al., 1993), which certainly sug-

gest that localized force production is possible, are not
addressed.

The thermodynamic formalism and the experiments re-
ported by Baker and colleagues are thought-provoking. The
authors identify several existing limitations to a full under-
standing of force production by skeletal muscle fibers.
However, there are two elements contributing to their pro-
posal that force generation is not localized to chemical
reactions at individual cross-bridges that are problematic, in
my opinion.

The first is that in the models that are being challenged,
the conformational changes that make A.M.D a force-pro-
ducing complex, whatever they are, do not require cross-
bridge reorientation. It is true that muscle fiber shortening,
with or without work, requires cross-bridge reorientation.
But force is generated before cross-bridge reorientation or
shortening, due to internal cross-bridge conformational
changes caused by actin binding and phosphate dissocia-
tion. Force causes reorientation, and the force generated by
an individual A.M.D will decrease as reorientation occurs.
But in the case of isometric contraction, for the near equi-
librium conditions of the Baker et al. formalism, reorienta-
tion is restrained. The reported observation, that increasing
[Pi] reduces force but does not change the distribution of
cross-bridges orientations, is not inconsistent with models
currently in use, because without shortening cross-bridge
reorientation is not expected.

The second problem is that it is difficult to see how the
effect of [Pi] on localized force production by an actin-
bound individual cross-bridge, which is usually assigned to
A.M.D in the reaction

A.M.D.Pi7 A.M.D 1 Pi (3)

can be evaluated when that reaction has not been made
explicit in the formalism. The current working hypothesis in
the field has M.D.Pi binding A to form an A.M.D.Pi com-
plex. Next, the dissociation of Pi from the complex changes
the internal structure of the actin-bound myosin in such a
way that A.M.D is generating force (Johnson and Taylor,
1978; Eisenberg and Hill, 1985; Webb et al., 1986). The
orientation of A.M.D.P and A.M.D are the same, and re-
main the same when shortening does not occur. In their
formalism (Eq. 2), the authors use the reaction A1
M.D.Pi 7 A.M.D 1 Pi (Eq. 1), which has cross-bridge
binding to actin, force production and phosphate dissocia-
tion occurring as a concerted reaction, without an explicit
A.M.D.Pi intermediate. Such a concerted reaction may be
force-generating (Kawai and Halvorson, 1991; Brust-Mas-
cher et al., 1999). However, if the [Pi]-dependent step that
produces the actin-bound force-generating intermediate is
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left out the reaction scheme, the authors cannot reasonably
use the scheme to test for the validity of force generation
localized to actin-bound cross-bridges by varying [Pi].

On the other hand, if the more traditional reaction in Eq.
3 replaces the concerted reaction in Eq. 1 as the reaction that
is taken to be near equilibrium, then the change in force
observed by Baker and his colleagues is tightly coupled to
the action of Pi localized to individual cross-bridges. The
decrease in force with increasing [Pi] is then due to Pi
binding to A.M.D. This increases [A.M.D.Pi], which is not
generating force, at the expense of [A.M.D], which is. This
redistribution of force-producing cross-bridge states does
not require a redistribution of cross-bridge orientations. The
binding of Pi also reduces the affinity of a cross-bridge for
actin, which will reduce the number bound. Cross-bridges
dissociated by ATP binding to A.M certainly change orien-
tation as they go through the hydrolytic cycle. To what
degree the Pi-induced increase in [A.M.D.P], which is in
rapid equilibrium with an increased [M.D.P], will contribute
to changes in orientation is not as clear. What is important
is that when the intermediate A.M.D.P is included in the
reaction, force production remains localized at the indi-
vidual cross-bridges and dependent on [Pi], in which case
the reported measurements actually confirm the assumption
that force and chemistry are localized to the actin-bound
cross-bridge.
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Muscle Chemistry and Force
In a recent article (Baker et al., 1999), we reported that the
distribution of myosin orientational and biochemical states
is independent of Pi-induced changes in the force of fully
activated isometric muscle, despite observations that this
distribution does vary with calcium-induced changes in the
force of partially activated isometric muscle (Ostap et al.,
1995; Baker et al., 1998; Brust-Mascher et al., 1999). We
then showed that a simple chemical thermodynamic analy-
sis directly explains these data and challenges the indepen-
dent force generator model of muscle contraction. In his
Letter to the Editor of theBiophysical Journal, Highsmith
(2000) presents an accurate summary of our article followed
by an intriguing and testable alternative interpretation of our

data. Specifically, Highsmith proposes that the independent
force generator model might still be consistent with our
data, if changes in muscle force were localized to internal
conformational/biochemical changes of actin-attached my-
osin cross-bridges and if global rotations of myosin cross-
bridges only occurred when muscle is allowed to shorten.
Highsmith does not specify the nature of the internal myosin
conformational change that he believes is responsible for a
Pi-induced decline in muscle force. What our data require
(Baker et al., 1999) is that Highsmith’s proposed conforma-
tional change is not detected in our electron paramagnetic
resonance (EPR) studies and is distinct from the myosin
conformational changes correlated with force generation
upon muscle activation, i.e., disorder-to-order in the myosin
catalytic domain and a distinct rotation of the myosin light-
chain domain (Ostap et al., 1995; Baker et al., 1998; Brust-
Mascher et al., 1999). Although the mechanism proposed
by Highsmith is feasible, interesting, and important to
consider, it has not been incorporated into the indepen-
dent force generator formalism (Huxley, 1957; T. L. Hill,
1974) andtested against our data; thus, it does not constitute
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an alternative to our model, nor does it formally refute our
conclusions.

Highsmith further suggests that the independent force
generator model might be able to explain our data if the
ternary complex, A.M.D.Pi, were explicitly included in our
reaction scheme. Specifically, Highsmith suggests that an
increase in [Pi] would shift the distribution of myosin heads
from A.M.D to A.M.D.Pi, and this shift might not be
detected in our experiments. However, if the M.D.Pi to
A.M.D.Pi transition is reversible, mass action would further
shift myosin heads from the A.M.D.Pi to the M.D.Pi state,
and this shift would be detected in our experiments (Ostap
et al., 1995). Much work supports the hypothesis that transi-
tions among all weak-binding states are reversible (Eisenberg
and Hill, 1985), and in the model proposed by Highsmith,
M.D.Pi and A.M.D.Pi are both weak-binding (non-force-
producing) states. If the transitions among the M.D.Pi,
A.M.D.Pi, and A.M.D states are near equilibrium, the chem-
ical potential of the A.M.D.Pi state cancels out of the free
energy equation (Eq. 2 in Baker et al., 1999), and Eq. 2
applies regardless of whether the A.M.D.Pi state is explic-
itly included in the reaction scheme.

EPR of spin-labeled myosin in muscle has revealed an
unexpected correlation between active, isometric muscle
force and myosin biochemistry (Baker et al., 1999). We
have modeled these data by applying basic chemical prin-
ciples to a well-defined rotating cross-bridge mechanism
(Baker et al., 1999), and we have shown that this formal
model accurately describes steady-state muscle mechanics,
energetics, and biochemistry (Baker, 1999). Until High-
smith’s proposal can be developed into an equally self-
consistent independent force generator model, we maintain
that our data challenge the assumption of independent force
generators in muscle. Though this conclusion may be con-
troversial, it is certainly not new; others before us (Leibler
and Huse, 1993; Ju¨licher and Prost, 1995; Vilfan et al.,
1998) have suggested that cooperative interactions among
cross-bridges in muscle might be considered. Moreover, our
model is consistent with the classic muscle model of A. V.
Hill (1938) in which he described mechanochemical cou-
pling at the level of the macroscopic muscle system, not at
the level of the individual molecules in that system. As
discussed in our paper, our data imply that the chemical
energy available for work by muscle, RTln([A.M.D]/
[M.D.Pi]), is proportional to the macroscopic muscle force
(Eq. 4 in Baker et al., 1999). In fact, we have shown (Baker,
1999) that A. V. Hill’s energy equation and force-velocity
relationship (A. V. Hill, 1938) can be directly obtained from
Eq. 4 in Baker et al. (1999). In essence, a simple chemical

thermodynamic analysis of our EPR data provides a molec-
ular basis for A. V. Hill’s model.
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