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ABSTRACT We describe a model that relates the maximum shortening velocity of a muscle fiber, V., to the kinetics of the
dissociation of a myosin head from actin. At V,,,, the positive work exerted by cross-bridges attached in the powerstroke must
be balanced by cross-bridges that have been carried by movement of the filaments into a region where they exert a negative
force. This balance allows one to relate V,, and the rate of cross-bridge detachment. Studies of actomyosin kinetics suggest
that at high substrate, detachment should be limited by a siow protein isomerization (~50 s~') that precedes ADP release. This
rate is too slow to be easily accomodated in existing models. However, a slow rate for cross-bridge dissociation, similar to that
of the isomerization, is predicted if previous models are modified to include rapid detachment of cross-bridges that have been
carried so far into the negative force region that their free energy exceeds that of the detached state. The model also explains
another aspect of muscle contraction: at high shortening velocities, the observed rate of ATP hydrolysis is low, because a
cross-bridge can interact with multiple actin binding sites before releasing the hydrolysis products and binding another ATP.

INTRODUCTION

A major goal in the field of muscle physiology has been to
explain the mechanics of active fibers in terms of the kinetics
and energetics of the actin-myosin—nucleotide interaction.
This interaction has been studied extensively using isolated
proteins in solution. A number of intermediate states in the
biochemical cycle have been identified, and their free en-
ergies and the rates that connect them have been measured
(reviewed in Cooke, 1986; Goldman, 1987; Brenner, 1990;
Geeves, 1991). It is assumed that a similar cycle occurs in
the intact, organized filament array. However, the steric con-
straints imposed by the filament array couple the decrease in
chemical free energy within some of the states to the pro-
duction of mechanical work. This coupling would be ex-
pected to alter significantly the energetic cascade and the
kinetics of the actomyosin interaction within the fiber (Hill,
1974).

A number of investigations have found that transition rates
between steps in the actomyosin-nucleotide interaction are
similar in solution and in active muscle fibers. One approach
to measuring Kinetic rates in fibers has been the use of pho-
tolabile, “caged compounds” in isometric fibers (for review,
see Homsher and Millar, 1990). These studies have sug-
gested that the rates of ATP binding and the subsequent hy-
drolysis steps are both similar to the corresponding rates
measured in solution (Goldman et al., 1984a, 1984b). Ligand
concentrations can also be altered rapidly in isolated myo-
fibrils due to the rapid diffusive equilibration across the 1 um
diameter, where again the kinetics and energetics of substrate
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binding and hydrolysis appear similar to those measured for
acto-S1 in solution (Taylor, 1989; White, 1985; Houadjeto
et al., 1992). A third approach, which is applicable to short-
ening fibers, has been to vary the concentration of substrate
or competing ligands in skinned muscle fibers, and to meas-
ure the resulting perturbations in the steady-state mechanics.
The dependence of the maximum velocity of shortening, V,,,
upon substrate concentration requires that the rate of sub-
strate binding in fibers be rapid and similar to that measured
for acto-S1 (Cooke and Bialek, 1979; Ferenczi et al., 1984;
Pate and Cooke, 1989). In addition, the values of K for the
inhibition of velocity by ADP, AMPPNP, and PP; are all
similar to their affinity constants for acto-S1 in solution
(Cooke and Pate, 1985; Pate and Cooke, 1985; Johnson,
1986). A variant to the above approach has been to perturb
substrate binding rates in muscle fibers by using substrate
analogs, or by using various myosin isoforms, and then to
correlate the apparent rates of substrate binding measured in
the fibers with the corresponding ones measured in solution
(White et al., 1993; Pate et al., 1993a, 1993b). These studies
have yet again concluded that the rates for the dissociation
of the cross-bridge in the fiber resemble those measured for
acto-S1 in solution. Although some rate constants must vary
with the spatial distance between actin and a cross-bridge,
and the rate of ADP release and of ATP binding have been
observed to depend on stress (Goldman et al., 1984a, Dantzig
et al., 1991), it appears that many of the rates found in so-
lution are applicable to fibers. A current goal is to relate these
rates to fiber mechanics in order to better understand cross-
bridge function in the filament array of the fiber.

The most widely accepted cycle for a working cross-
bridge derives from the original analysis by A. F. Huxley
(1957). A free energy diagram for this model is given in Fig.
1 where the path traversed by a cross-bridge is illustrated by
the open arrows. Binding sites enter from the right (A). A
detached myosin cross-bridge attaches to an actin binding
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site (B), and exerts a positive force through some power-
stroke distance, A. The movement of the parallel filaments
then carries the cross-bridge into a spatial configuration
where it exerts a negative, resistive force (the dragstroke),
prior to detaching (C) with some rate constant, g. The cross-
bridge can then rebind to a nearby actin to commence a new
working cycle. At V,,, the force produced by a muscle is zero.
Stiffness measurements, however, indicate that at V,, an ap-
preciable fraction of the cross-bridges are still attached to
actin (Julian and Sollins, 1975; Ford et al., 1985). Thus, as
originally postulated by Huxley (1957), V,, is the velocity at
which the sum of the positive work produced by the attached,
powerstroke cross-bridges is balanced by the sum of the
negative work produced by dragstroke cross-bridges which
have not yet detached. In the formulation by Huxley the
detachment rate in the dragstroke was taken as a single
constant. Later comparison of fiber mechanics and solution
biochemistry has suggested that detachment in the drag-
stroke region involves two steps, ADP release from the ac-
tomyosin complex, with subsequent ATP binding detach-
ing the cross-bridge (reviewed in Cooke, 1986; Goldman,
1987; Brenner, 1990; Geeves, 1991).

At high substrate concentration the rate of ATP binding is
rapid, so preceding steps, e.g., ADP release, must limit cross-
bridge detachment. The release of ADP from acto-S1 has
been shown to be a two-step process involving an isomer-
ization between two conformations of the A-M-ADP com-
plex (A, actin; M, myosin), followed by dissociation of ADP
(Taylor, 1991). In fast skeletal muscle, the rate of ADP dis-
sociation is very rapid (>1000s™, 10°C) (Zhang et al., 1992).
The rate of the isomerization step is slow (30-90 s, 10°C)
(Taylor, 1991; Zang et al., 1992). Such a slow rate is difficult
to reconcile with the experimentally observed rapid short-
ening. At a maximum shortening velocity of 1.6 muscle
lengths/s (a relative filament velocity of 2000 nm/s) for rabbit
psoas fibers at 10°C (Cooke et al., 1988), an attached myosin
head will traverse 10 nm in S ms (10 nm is the distance of
the order of magnitude of the dragstroke region). In the con-
text of the above cross-bridge cycle, a dilemma arises, be-
cause during this time, only about 20% of the myosin heads
will have undergone the isomerization step necessary to com-
plete the hydrolysis cycle. This dilemma could be resolved
in several ways. The distance traversed in the negative-force
region could be very long (longer than the physical size of
a myosin molecule), the rate of the isomerization could be-
come more rapid for highly strained cross-bridges, or an en-
tirely new model for cross-bridge function may be possible
in which a slow step could be accomodated. In this paper we
discuss this third possibility.

If as suggested above, a slow step limits the rate of cross-
bridge dissociation, then some attached cross-bridges will be
carried far into the region of negative force as the actin and
myosin filaments slide relative to each other. For sufficiently
large cross-bridge strain, the mechanical potential energy of
these cross-bridges will eventually exceed that of even the
detached state. Here we consider a modification of previous
models of cross-bridge action, which allows these highly
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strained cross-bridges to detach, equilibrating with the de-
tached state. Thus in this model, the detachment of the myo-
sin head is only “weakly coupled” to ATP binding in that
many cross-bridges that interact with actin are detached me-
chanically without releasing ADP and binding a new ATP.
This model is to be contrasted with the “strongly coupled”
models in which detachment of each cross-bridge from a
working stroke requires obligatory hydrolysis of a single
ATP. The concept of weakly coupled models, in which cross-
bridges may undergo repeated attachment-detachment cycles
prior to ATP hydrolysis, has been introduced to explain mea-
surements of the apparent distance traversed by an attached
myosin head per ATP split during translation of actin fila-
ments (reviewed in Burton, 1992; Yanagida, 1990). Unfor-
tunately, rigorous, analytical descriptions of how weakly
coupled models may function at the cross-bridge level re-
main lacking.

Here we consider implications of strongly coupled models
in terms of actomyosin solution biochemistry and show that
they naturally lead to a working, weakly coupled model. The
weakly coupled model resolves the dilemma discussed
above, allowing a slow isomerization step to be involved in
the process of cross-bridge release, while also allowing us to
explain an additional facet of muscle physiology. At high
velocities, the model indicates that a majority of myosin
heads can interact with actin several times before binding
ATP. Hence, the apparent distance traversed by an attached
myosin head per ATP split depends on the velocity of con-
traction as also observed experimentally (Higuchi and Gold-
man, 1991.). Additionally, this allows for the possibility that
the predicted rate of ATP hydrolysis decreases in rapidly
shortening cross-bridge systems, as has been observed ex-
perimentally for both muscle and myofibrils (Rall et al.,
1976; Homsher et al., 1981; Ohno and Kodama, 1991; Kush-
merick and Davies, 1969).

RESULTS

The interplay of the various factors present in a chemome-
chanical description of functioning muscle is obviously com-
plex. To facilitate analysis, we first consider two simple
cross-bridge models. Individually, they are formulated to
emphasize the basic concepts involved in strongly coupled
and weakly coupled cross-bridge systems. Their computa-
tional simplicity, however, allows, us to develop analytical
expressions for relationships of interest. Thus we gain the
considerable advantage of being able to quantitatively dem-
onstrate the interplay of solution biochemistry and muscle
physiology which is at the heart of our arguments. Subse-
quently, we consider a more complex, multistate chemome-
chanical model which bridges the gap between the weakly
coupled and strongly coupled regimes.

Strongly coupled models

The model considered here is derived from that first proposed
by A. F. Huxley in 1957. Following Huxley, we define a
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probability, n(x), that a myosin cross-bridge is attached to the
nearest actin site which is located at spatial location x. If
attached, a cross-bridge then exerts force equal to kx as a
linearly elastic element. The elastic force constant, k, is taken
to be the same for both positive and negative forces. The
cross-bridge cycle is detailed in Fig. 1 (open arrows). After
traversing the powerstroke (x > 0) cross-bridges are then
pulled into negative regions of x where they exert negative
force (the dragstroke) before dissociating from actin with
some rate constant, g. The rate, g, will be identified with
some transition rate determined for the release of acto-S1 by
ATP in solution. We make several modifications to the origi-
nal Huxley model. The first, which is made for mathematical
simplicity, is the assumption that all cross-bridges attach to
actin at the point x = h, where the free energies of the at-
tached and detached states are equal. After attachment, all
cross-bridges execute the powerstroke fromx = Atox = 0.
Then n(x) = 1 for 0 =< x < h and the positive work per
cross-bridge produced in the powerstroke, W, equals kh?/2.
This is simply the energy contained in a spring with force
constant k pulled out by a distance A.

The mean negative work produced by a cross-bridge in the
dragstroke is calculated from the following integral

—00
W_ = f n(x) - kx - dx. &)

As x decreases in the region x < 0, the probability of re-
maining attached decays as exp(-gt), where ¢ is the time the
attached cross-bridge spends in the negative force region. We
adopt the sign conventions that W_ is a positive quantity (to
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FIGURE 1 Strongly coupled model (open arrows). Binding sites enter
from the right (A). The detached cross-bridges (M.Pr) initially attach (B) and
enter a force-producing AM.ADP state at x = h. Attached cross-bridges are
assumed to be linear elastic elements resulting in parabolic free energy
profiles. Attached cross-bridges traverse the powerstroke from x = 4 to
x = 0 producing useful work W... For x < 0, continued attachment retards
motion (dragstroke). Cross-bridges detach (C) with rate constant, g. This
transition represents a composite of ADP release and subsequent ATP bind-
ing and is an obligatory step in the cycle. Weakly coupled model (additional
closed arrows). Steps (A), (B), and (C) of the cycle are identical with those
in the strongly coupled model. However, we consider the additional pos-
sibility (D) that cross-bridges, which do not detach for - < x < 0 instead
(E), find it energetically favorable to equilibrate with the detached M.Pr state
without ATP hydrolysis.
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be equated to W..), and that shortening velocity, V, is also a
positive quantity (cross-bridge movement from higher to
lower values of x). The probability of attachment can then
be expressed as

n(x) = n(0)exp(gx/V),

Substituting from Eq. 2, the integral in Eq. 1 is easily evalu-
ated to give W_ = xV?/g2. At the maximum velocity of short-
ening, V = V,,, the net work is zero, and W, = W_. Equating
the two expressions we obtain an expression which relates g
and h to the maximum contraction velocity, V,,

ghiv, =\/2. ©)

Thus the amount of work exerted by a dragstroke cross-
bridge can be readily calculated if one knows the velocity and
the rate of cross-bridge dissociation from actin (Pate et al.,
1993b). At low concentrations of substrate, shortening ve-
locity is proportional to substrate concentration indicating
that in this range, the rate of cross-bridge release from actin
is limited by the rate of substrate binding (Cooke and Bialek,
1979; Ferenczi et al., 1984). Using a series of NUCLEOSIDE
triphosphates, we have previously shown that there is an
excellent correlation between the experimentally observed
V.. for skinned fibers and the rate, k,, of acto-S1 dissociation
by the analog as measured in solution (White et al., 1993;
Pate et al., 1993a). This correlation suggested that the en-
ergetics and kinetics of substrate binding are similar in so-
lution and in slowly contracting fibers. The balance between
positive and negative work at V,,, (zero force) allowed us to
calculate the length of the powerstroke, h, in terms of the
fiber value of V,, and the solution value for k.. Our calcu-
lations suggested that h is approximately 7 nm, a distance that
can be traversed by a swinging cross-bridge the size of a
myosin head.

The maximum velocity of shortening demonstrates satu-
ration behavior with respect to ATP concentration (Cooke
and Bialek, 1979; Ferenczi et al., 1984). Thus at high ATP,
cross-bridge dissociation in the dragstroke region and sliding
velocity must be limited by a step occurring prior to substrate
binding. A reasonable assumption is that at high ATP, the
rate of cross-bridge dissociation would be limited by the
biochemical step that precedes ATP binding, the release of
ADP (Siemankowski et al., 1985). As noted previously, how-
ever, studies of the dissociation of acto-S1 in solution have
suggested that the release of ADP is itself a multistep pro-
cess. For fast skeletal muscle, there is a slow isomerization
step, followed by rapid dissociation of ADP, with respective
rate constants of ~50 s™! and >1000 s™! (10°C). If one as-
sumes that the powerstroke length determined at low sub-
strate levels is applicable at high substrate levels, Eq. 3 can
be used to determine the rate of the transition which governs
muscle velocity at the high substrate levels, with g taken as
the net dissociation rate of ADP from the actomyosin com-
plex. With the maximum filament sliding velocity of 2000
nm/s™!, and a powerstroke length equal to 7 nm, Eq. 3 gives
a value for g of 400 s™'. The obvious difficulty is that this

x=0. 2
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rate is considerably faster than the isomerization step de-
scribed above, and would suggest that this isomerization
could not be a part of the pathway of cross-bridge dissocia-
tion at high velocities. On the other hand, the rate is also
considerably less than the experimentally observed rate of
dissociation of ADP from an acto-S1 complex. Thus this
strongly coupled model provides no correspondence between
solution kinetics and fiber mechanics at high substrate con-
centration.

Weakly coupled model

The inability of the above models to explain fiber velocity
in terms of acto-S1 kinetics, leads one to consider the fate of
the cross-bridges that remain attached to actin over a con-
siderable distance in the negative-force region at the higher
shortening velocities. The solid line in Fig. 2 plots the dis-
tribution of attached cross-bridges as a function of cross-
bridge strain, x, for V,, given by Eq. 3. As is evident, in the
original Huxley-type analysis, some cross-bridges become
sufficiently strained (i.e., x < ~A) that the free energy of the
attached, negative-strain state actually exceeds the free en-
ergy of the detached state. Indeed, it is straightforward to
show that for the model considered above, almost 60% of the
total negative work is produced by these highly strained
cross-bridges. This suggests the prospect of an alternative
dissociation pathway into the detached state, driven by mass
action and free energy differences, as opposed to the che-
momechanically less efficient strong-coupling pathway re-
quiring triphosphate hydrolysis. This path is demonstrated in
Fig. 1. The initial portion of the cross-bridge cycle is identical

n{x) 1
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FIGURE 2 The fraction of attached cross-bridges, n(x), for the strongly
coupled model. Cross-bridges initially attach at x = h, with a constant
distribution through the powerstroke, # > x > 0. In the dragstroke, x < 0,
cross-bridges detach with first-order rate constant, g, and the attached popu-
lation is a distributed as a decaying exponential, exp[gx/V]. The figure shows
this decay for V = V,,. Note that many of the cross-bridges are stretched
beyond x = —h before detaching The amounts of work done in each region
are given below the figure. For this model, 60% of the negative work is
performed by cross-bridges that are strained beyond x = -A. As seen in Fig,
1, the free energy of these highly strained cross-bridges actually exceeds that
of the detached state. This provides motivation for the alternative, weakly
coupled model.
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with that in the strongly coupled model (open arrows). Bind-
ing sites enter from the right (A) and attached cross-bridges
traverse the working powerstroke (B). In the dragstroke re-
gion, the strongly coupled detachment process (C) may still
occur. However, for cross-bridges that do not detach via path
(C), an alternative pathway (D, closed arrows) allows cross-
bridges to be additionally strained by other attached, work-
ing, powerstroke cross-bridges. Cross-bridges strained into
the region x < —h have free energies that rapidly rise above
that of the detached state. Energetically, these cross-bridges
are unstable with respect to the detached state, and it would
appear reasonable to believe that such cross-bridges would
make the transition back to a detached state (E), essentially
being pulled off of the actin (“mechanically detached™) as
their free energy rises and the attached state becomes less
stable. There is also a good teleological reason for believing
that such a detachment would occur: as the free energy of the
attached state rises above that of the detached state, addi-
tional negative work, which further impedes the progress of
one filament past another is unnecessary, and the splitting of
an ATP molecule to produce detachment is also unnecessary.
Thus, allowing rapid detachment of these highly strained
cross-bridges will allow the muscle to contract at a more
rapid velocity, and it will also decrease the use of ATP at high
velocities. In more current terminology, this is an example
of the widely postulated equilibration between a detached
state and a strong-binding, force-producing state (Brenner,
1991). We now consider the implications of this modified
cross-bridge scheme.

Analysis is fundamentally as before, with W, = W_ at
V... However, W_ now consists of two distinct portions:
W, ., that in the strongly coupled region, -4 < x = 0, and
W,_, that in the highly strained region, x < —h, where de-
tachment occurs due to equilibration with the detached
state. The mean negative work per cross-bridge in the re-
gion —h < x =< 0 is easily calculated by integrating the ex-
pression in Eq. 3 over the new region of interest, obtaining

Wi = «(V¥/g*)1 — [gh/V + 1]exp[—gh/V]).  (4)

As shown above, W;_ can be calculated in terms of the pa-
rameters of the model and related to W.. However, the
calculation of W,_, the mean negative work generated in
the region - < x < -k is more difficult, and it depends
upon the nature of the rapid equilibration between attached
and detached states. The following calculation provides an
estimate of the magnitude of the amount of negative work
produced during the mechanical dissociation of a myosin
head. We assume that for x = —h, attached cross-bridges
can be mechanically detached with a rate, k., equilibrat-
ing rapidly with the detached state. We further assume that
the equilibration occurs more quickly than the release of
ADP, and subsequent binding of ATP. Hence, we have
only one process occurring in this region. This greatly sim-
plifies the mathematics without significantly changing the
final result. This restriction will be eliminated in the more
detailed, multistate model considered subsequently. For
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x = —h, again let n(x) be the probability of being in the at-
tached fraction. The probability of being attached as a
function of x is now determined by solving the differential
equation

- Vi’;(x) = —n(x) - Ky

®
K[x* — A?]
(1= 1) kg exp(— T)

where k is the Boltzmann constant and T is absolute tem-
perature. The exponential factor in the last term results
from the fact that the forward (detachment) and reverse
(attachment) rates are related by the free energy difference
between the attached and detached states (Hill, 1974). To
fix parameters, we take ko = 10* s7! in the range sug-
gested for the rapid equilibration at the beginning of the
working powerstroke (Schoenberg, 1988). Setting V =
2000 nm/s, one can solve Eq. 5 using standard numerical
methods (Pate and Cooke, 1989), and then integrate to de-
termine the negative work, obtaining W,_ ~ 2 kT. Obvi-
ously, simplifying assumptions have been used in obtain-
ing this result, and their implications will be considered
subsequently. Our major point with this calculation is to
show that the additional energetic cost of mechanically
dissociating a cross-bridge in this fashion is small, with the
negative work amounting to only a few kT. In the discus-
sion below we take W,_ = 2 KT. We note in advance that
this value is close to that obtained from a more complex,
multistate model to be subsequently considered.

Now equating the magnitude of negative work calculated
above, with the positive work calculated previously, at maxi-
mum shortening velocity V,,

W, +W, =W,.

Let E (> 0) be the magnitude of the difference between the
free energy of the detached state and minimum free energy
of the attached state in units of kT (i.e., the free energy at the
minimum of the parabola in Fig. 1). Then E = kh?/2. Using
the above expressions and rearranging, one obtains a new
expression that relates V,,, g, and &

25( Y\ 1 = exp( = &%) (%" + 1 +2kT=E. (6

This equation has two variables, W, = E = kh?/2, and gh/
Vne W, can be estimated from the efficiency of actively
shortening muscle. Actively shortening muscle exhibits high
efficiency, 50%—60%. Taking the free energy available from
ATP hydrolysis as 23 kT, W, = 15 kT defines an efficiency
within the above limits. Thus with knowledge of W, (or
equivalently E), Eq. 6 becomes transcendental in the single
variable, gh/V,,. Physically, this variable represents the ratio
of g, the first-order rate constant for cross-bridge dissocia-
tion, to V,,/h, the time for passage through the region x = 0
to x = —h. For given g and h, the magnitude of this variable
determines how rapidly a fiber can shorten. Standard
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numerical procedures yield a root for Eq. 6 of
gh/v, = 0.2. @

The crucial observation is that this value is dramatically
different from the value we obtained in the absence of the
rapid equilibration. In that case (see Eq. 2) we obtained,
gh/V,, = \/ 2, more than a factor of 7 greater. Thus, for fixed
values of g and A, Eq. 7 indicates that the weakly coupled
model predicts a considerably (sevenfold) higher shortening
velocity. Alternatively, for given values of 4 and V,,, the
detachment rate, g, can be considerably slower in the region
x = 0tox = ~h in the weakly coupled model. Although the
strongly and weakly coupled models are applicable at dif-
ferent substrate regimes, we assume that they share the same
powerstroke length. Using the values for V,, = 2000 nm/s
and the previously taken value for  of 7 nm from the strongly
coupled model, Eq. 6 gives a value for g of 57 s™1. This value
is in the range of the rate constant for the slow isomerization,
which has been experimentally observed to precede the much
more rapid ADP release step in rabbit fast muscle acto-S1
(Taylor, 1991; Zhang et al., 1992). The slower step should
be rate limiting at high substrate concentration. Thus unlike
the previous strongly coupled model, the isomerization rate
can be part of the weakly coupled cross-bridge cycle. In fact,
it fits very nicely into the rate predicted by the model.

As noted previously, the weakly coupled model has the
property that not every cross-bridge that attaches to actin
requires an ATP in order to detach, The fraction of cross-
bridges that do not hydrolyze ATP is given by the population
of cross-bridges that traverse the dragstroke and remain at-
tached at x = —A. From Eq. 2, this is equal to exp[-gh/V,,].
For gh/V,, = 0.2, we find that about 80% of the attached
cross-bridges do not detach via the ATP-hydrolysis step, but
instead must be mechanically detached when x < —A. Fig. 3
shows the fraction of attached cross-bridges as a function of
x for the weakly coupled model (solid line). As is evident in
the figure, as a cross-bridge passes through the dragstroke,

nx) /
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FIGURE 3 Solid line is the population of cross-bridges attached to actin
as a function of strain, x, for the weakly coupled cross-bridge model. For
comparison, the dashed line is the attached cross-bridge fraction for the
strongly coupled model as in Fig. 2. In the weakly coupled model, the
off-rate, g, is significantly less and thus significantly fewer cross-bridges
detach via ATP hydrolysis in the region -k < x < 0. For x < -h, the free
energy of the attached state (quadratic in x) rises rapidly above that of the
detached state. Equilibration on the basis of free energy results in rapid
depletion of the attached state. The populations are shown for shortening
at V.
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little detachment occurs for -k < x < 0. Significant, rapid
detachment occurs only after the free energy of the attached
state exceeds that of the detached state (x < —k). In order to
more dramatically demonstrate the differences between the
predictions of the weakly and strongly coupled models, the
attached fraction in the dragstroke region predicted by the
strongly coupled model for V = V,, from Fig. 2 is also shown
in Fig. 3 (dashed line).

Another significant aspect of the weakly coupled model
becomes evident by considering in greater detail the fraction,
f, of cross-bridges that detach via the ATP hydrolysis path-
way as a function of normalized shortening velocity, v =
V/V,,. From Eq. 2 and 7, the value of f is given by

f=1— exp[—0.2/]. 8)

Fig. 4 (left vertical axis) plots f, or equivalently the number
of ATP hydrolyzed per cross-bridge per working interaction,
as a function of V. As would be expected, as shortening
velocity increases, the hydrolysis rate per attached cross-
bridge decreases due to the shorter time period an individual
cross-bridge spends in the spatial region -A =x = 0. At V,,,
only one cross-bridge in five binds an ATP during each in-
teraction, with four cross-bridges in five recycling into an-
other attachment cycle without ATP hydrolysis. These 80%
of the total cross-bridges have been termed “passenger”
cross-bridges (Irving, 1991). Passenger cross-bridges occur
for lower velocities as well. Fig. 4, also plots the average total
distance traversed by a cross-bridge while attached to actin
per ATP hydrolyzed (right vertical axis). As is evident, due
to increasing numbers of attachment-detachment cycles
without hydrolysis as velocity increases, the model predicts
that the distance traveled per ATP increases in a roughly
linear fashion with increasing shortening velocity. The curve
is similar to that obtained by Higuchi and Goldman (1991),
who measured the distance shortened by a muscle following
release of ATP by photolysis in skinned muscle fibers. The
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FIGURE 4 ATP hydrolyzed per cross-bridge working interaction
(squares, left vertical axis) and distance traveled per ATP hydrolyzed (tri-
angles, right vertical axis) plotted as functions of velocity for the weakly
coupled model. Velocities are given relative to V,,. The hydrolysis rate
substantially decreases as velocity increases. There is a corresponding, ap-
proximatley linear increase in the distance traveled per ATP hydrolysis.
Parameters: & = 7 nm, V,,, = 2000 nm/s, g = 60 s™1.
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limiting value of approximately 70 nm we obtain at V,, is
furthermore compatible with their estimate of >60 nm.

Mode! appropriate for intermediate velocities and
substrate concentrations

The previous strongly and weakly coupled models have been
developed in order to explain the properties of muscle con-
tracting at V,, for two distinctly different regimes—those of
low and high substrate concentrations, respectively. Diffi-
culties also exist at intermediate shortening velocities for
both simple models. The strongly coupled model predicts a
force-velocity curve that is concave downward with respect
to increasing tension, unlike the experimentally observed
concave upward trace. Additionally, both analyses assumed
that all cross-bridges attach at x = h and then pass through
the powerstroke, i.e., n(x) = 1 for 0 =< x < h. Thus neither
model predicts the correct fraction of attached cross-bridges
as a function of shortening velocity. We now consider a
model that can overcome these difficulties, and at the same
time provides additional insight. Because this model bridges
the strongly coupled and weakly coupled substrate regimes,
incorporating the fundamental assumptions of each, we term
it the composite model.

A model incorporating more realistic assumptions about
the individual states is required. The following additional
assumptions are made. In addition to a detached state (state
1), both the powerstroke and dragstroke in the model are
assumed to be composed of three attached states: a prei-
somerization A-M™-D state (state 2), a postisomerization
A-M-D state (state 3) and an A-M state (state 4), which is
reached following ADP release. A finite attachment rate
from state 1 to state 2 is assumed at the beginning of the
powerstroke. Additionally, state transition rates in the pow-
erstroke, 0 < x < h are now assumed to be nonzero in order
to accomodate the isometric ATPase rate. The free energy
difference between the pre- and postisomerization states,
A-M™D and A-M‘D is taken to be 4kT, in the range sug-
gested by solution data (Taylor, 1991). In the dragstroke, the
isomerization rate is taken to be 60 s~1, close to the value of
57 s~ determined previously. Subsequent ADP dissociation,
with an assumed rate constant of 2000 s~1, then results in
transition to the A-M state. The binding of MgATP, with a
second-order rate constant of 3 X 10° M~! s7! as observed
in solution (White et al., 1993), results in cross-bridge de-
tachment via the tightly coupled pathway. Alternatively,
A-M™-D cross-bridges (state 2) detach via the weakly
coupled pathway at the end of the dragstroke, equilibrating
with the detached fraction. In our previous estimation of W,_,
the weakly coupled equilibration was assumed to start at
x = —h. For the present model, the best fit to the mechanical
data was obtained by assuming the equilibration to start at an
x value, which resulted in the free energy of the A-M"-D state
being 2 kT above that of the detached state.

Fig. 5 shows the simulation results. The precise numeri-
cal parameters used are given in the legend. Simulations
were done using numerical techniques previously em-
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FIGURE 5 Simulation results from a composite model. (a) Velocity
(nm/s) at simulated [ATP] of 5 mM (upper plot) and 50 uM (lower plot)
as a function of normalized tension. (b) Simulated relative ATPase and
stiffness for 5 mM ATP as a function of relative tension. Parameters for the
states 1-4 as defined in text: Let G;x) be the relative free energy of state
i in units of kT, k = 0.3 kT/nm? be the cross-bridge elastic force constant,
and R;{(x) be the transition rate from state i to state j. G1(x) = 0, Go(x) =
-15 + k2, G3(x)= ~-19 + ka2, G4(x)= =20 +xx2, AGarp = —23. For 0
nm<x<7nmR;; =155 Ry;3 =65 Ry =351 Ry =3 X108
M-1s7%; for x = 7 nm, rates are identical with 0 < x < 7 nm, except Ry»
=200s"!; for -7.50m = x < 0 nm, Ry, = 0, Ry; = 60 s}, R3, = 2000
s, Ry = 3 X 108 M1 571 for x < -7.5 nm, rates are identical with -7.5
nm < x < 0 nm, except R,; = 10° s1. In all cases the reverse transition
rates are determined as R;(x) = R,{x)exp[G{(x) - G{x)].

ployed for multistate cross-bridge systems (Pate and
Cooke, 1989). Fig. 5a shows shortening velocity as a func-
tion of normalized tension for simulated substrate concen-
trations of 5 mM and 50 pM. Fig. 5b shows relative
ATPase and mechanical stiffness as a function of normal-
ized tension during releases assuming a physiological, 5
mM ATP concentration. For Fig. 5b, ATPase is taken as
being proportional to the fraction of cross-bridges, which
detach via the tightly coupled pathways; stiffness is taken to
be proportional to the fraction of attached cross-bridges
(states 2—4).
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The composite model demonstrated saturation behavior
for V,, as a function of ATP concentration as is observed
experimentally (Cooke and Bialek, 1979, Ferenczi et al.,
1984). The upper force-velocity plot gives a V,, of 1600 nm/s,
and the substrate concentration giving half-maximal short-
ening velocity was 190 uM. Thus, both values are close to
the experimentally observed values of 2000 nm/s (Cooke
et al., 1988) and 150 uM (Pate and Cooke, 1985) observed,
respectively, for rabbit fast skeletal muscle. We note that at
5 mM ATP the modeled force-velocity curves are concave
upward but with a slightly higher curvature than generally
observed. In the strongly coupled regime, plots remain con-
cave upward for low release tensions. At relative shortening
tensions very close to one, i.e., low velocities, the force-
velocity curves switch from concave upward to concave
downward. Such behavior has previously been noted for liv-
ing muscle preparations at physiological ATP concentrations
(Edman et al., 1976).

Fig. 5b also shows that the finite attachment rate at the
beginning of the powerstroke results in a decrease in stiff-
ness with increasing shortening velocity, contrary to that
predicted by the previously considered strongly and
weakly coupled models. At V,,, the fraction of attached
cross-bridges has decreased to approximately 40% of that
obtained for simulated isometric conditions. This value is
again in the range suggested from living frog fibers (Julian
and Sollins, 1975; Ford et al., 1985). The decreasing frac-
tion of attached cross-bridges, which occurs as shortening
velocity increases, coupled with the ability of cross-
bridges to cycle via the weakly coupled pathway several
times prior to substrate hydrolysis has important implica-
tions. The ATPase initially rises with increasing shortening
velocity. A maximum is reached at an intermediate veloc-
ity, and then ATPase decreases as the shortening velocity
approaches V,,. The factor of 7 difference in ATPase we
observe between the isometric value and the maximum
value differs by less than a factor of 2 from the experimen-
tally observed fourfold difference. Two additional com-
parisons between the weakly coupled and composite mod-
els are important. Despite the presence of the additional
states, composite model simulations give a value for W,_
of 1.5 kT per attached cross-bridge and a value for
the fraction of ATP hydrolyzed per working interaction
(f, Eq.8) of 0.23 at V,, for 5 mM ATP. These are very
close to those obtained in the weakly coupled analysis in-
dicating that our original assumptions remain valid.

In summary, our goal in this section has been to demon-
strate that simple modifications to the strongly and weakly
coupled analyses produce a model that is consistent with
physiological data taken at intermediate shortening velocities
and at intermediate substrate concentrations, while maintain-
ing compatibility in the high and low substrate regimes. The
composite model examined most certainly does not represent
a unique solution to the problem of actomyosin chemome-
chanics, because obvious simplifications have been made in
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even this case, e.g., the omission of an initial, weakly at-
tached state, which previous analyses have shown to provide
more realistic curvature to the Hill force-velocity curve at
high shortening velocities (Pate and Cooke, 1989). None-
theless, our analysis does suggest that the composite model
can provide a consistent, unifying framework in which to
consider actomyosin chemomechanics as a function of sub-
strate concentration.

DISCUSSION

The model proposed by Huxley in 1957 did not explicitly
incorporate substrate binding. However, subsequent models
have used actomyosin kinetics to define transitions between
states. In many of these models, dissociation of the myosin
head was strongly coupled to ATP binding and subsequent
hydrolysis. These models have problems explaining two ob-
servations. 1) At high velocities of shortening, the ATPase
activity of the fiber is very low in spite of an appreciable
fraction of attached cross-bridges. 2) Recent studies of ki-
netics in solution suggest that an obligatory, slow, isomer-
ization step occurs prior to ADP release. To address these
problems we have explored here a simple modification of the
Huxley model in which highly strained cross-bridges are al-
lowed to be detached mechanically. We show that with this
addition, ATP binding is weakly coupled to cross-bridge de-
tachment, and that both of the above problems can be re-
solved. The major differences between strongly and weakly
coupled models are discussed in more detail below.

The rate of dissociation of negatively strained
cross-bridges

A salient difference between the strongly and weakly
coupled models lies in the rate of dissociation of a cross-
bridge carried into the region of negative force -h < x < (.
For the strongly coupled model at saturating [ATP], Eq. 3
shows that this rate must be high, ~400 s™1, in order to attain
a plausible maximum shortening velocity of 1.6 lengths/s.
For-the weakly coupled model, the same velocity of short-
ening can be attained with a rate that is almost an order of
magnitude slower. The rate predicted by the model is of the
magnitude of the rate for an isomerization between
actin-S1-ADP states that has been observed using purified
proteins in solution (Taylor, 1991). Although rates measured
in solution may not apply in the intact fiber, differences ob-
served to date have been modest (Goldman et al., 1984a;
Dantzig et al., 1991).

The differences between the strongly and weakly coupled
models could be tested directly by measuring the rate of
cross-bridge dissociation in the region of negative force.
Such a measurement could be made following a large step
decrease in fiber length (e.g., 12 nm/half sarcomere) when
the population of attached and negatively strained cross-
bridges is large. The weakly coupled model would predict
that the rate of dissociation of these cross-bridge is slow,
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~=50/s, while the strongly coupled models would predict a
much faster rate.

The rate of ATP hydrolysis at high shortening
velocities

The energetics of rapidly shortening muscle has been in-
vestigated by Homsher and coworkers in living frog muscle
(Rall et al., 1976; Homsher et al., 1981) For shortening ve-
locities near V,,,, they found that the turnover rate for sub-
strate was very low. Very low hydrolysis rates were also
found by Ohno and Kodama (1991) for myofibrils shortening
at V,,,. Thus actomyosin systems appear to contract with high
economy as shortening velocity approaches V,,. In contrast
to the low rates of substrate turnover observed experimen-
tally at V,,,, the strongly coupled cross-bridge models predict
high ATPase activities at V,,,. If the binding of one ATP is
assumed to be required for each cross-bridge dissociation in
the Huxley model, the ATPase rate rises monotonically with
shortening velocity, reaching a maximum at V,, (Huxley,
1957). If the association of cross-bridges with actin is mod-
eled as a two-step process, the decrease in ATPase at high
velocities can fit well with the existing data on fiber ener-
getics (Huxley, 1973). In this case, however, the ATPase
activity decreases due to the attachment of significantly
fewer cross-bridges. The very low ATPase activities found
in more recent work cannot be explained easily by this
mechanism, while simultaneously maintaining the appre-
ciable fraction of attached cross-bridges (>30% of the iso-
metric value), which has been suggested by measurements of
fiber stiffness (Julian and Sollins, 1975; Ford et al., 1985)
during shortening. Subsequent, strongly coupled models
have also failed to predict a decrease in ATPase activity at
high velocities, cf. Fig. 10 of ref. (Eisenberg et al., 1980).
Thus these models lead to very inefficient conversion of
chemical energy to mechanical work at high shortening ve-
locities.

In contrast to the strongly coupled models, a major pre-
diction of the present model is that the number of ATP mol-
ecules hydrolyzed per cross-bridge interaction actually de-
creases as the velocity of filament motion increases. As the
composite model demonstrated, the presence of passenger
cross-bridges, coupled with a plausible decrease in the frac-
tion of attached cross-bridges at V,,,, provides a straightfor-
ward explanation for the decrease in the ATPase activity of
rapidly contracting muscle fibers. The model implies that
during a period of rapid shortening, only about one out of five
cross-bridge interactions with actin would result in substrate
hydrolysis. The other four would be mechanically dissoci-
ated prior to the isomerization step. This result, in fact, is in
excellent agreement with experimental observations. As-
suming that a working cross-bridge spends 5% of its time
attached to actin while shortening at V,, (the duty cycle;
Uyeda et al., 1991), and the powerstroke length is 7 nm, one
can calculate from the observed hydrolysis rates of Homsher
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and coworkers that a cross-bridge would hydrolyze one ATP
for every 4.2 interactions with actin (Homsher et al., 1981).

The low ATPase rate per attached cross-bridge in rapidly
contracting muscle, predicted by the weakly coupled model,
assumes that a cross-bridge that detaches mechanically with-
out hydrolyzing ATP is able to reattach and undergo a sub-
sequent powerstroke. This assumption places certain restric-
tions on the nature of the force-generating interaction. In
particular, it would suggest models in which the conforma-
tional change(s), which lead to force production, are driven
by the formation of the actomyosin bond. The release of this
bond, either by the binding of ATP or by mechanical energy
obtained from filament motion, allows the detached myosin
to assume a conformation appropriate to that of a detached
state, and to subsequently bind at the beginning of another
powerstroke. It should be noted that another class of models
also fulfills this assumption. In this class of models the myo-
sin cross-bridge works as a thermal ratchet (Vale and
Oosawa, 1990; Cordova et al., 1992). Indeed, the model upon
which the present analysis is built, the original model of
Huxley (1957), was a member of this class. A cross-bridge
is assumed to act as a spring. Thermal fluctuations in the
aqueous environment allow the cross-bridge to randomly ex-
tend to strain values representing positive values of x. When
this occurs, binding to actin locks the spring in place where
it exerts a positive force on the actin filament. As filament
sliding carries the attached cross-bridge into regions of nega-
tive force, it can be released from the actin when the free
energy of the spring exceeds that of the actomyosin bond.
This cross-bridge would return to its initial detached con-
figuration, thereby becoming capable of participating in an-
other powerstroke. Thus, a number of models of the acto-
myosin interaction would be compatible with the assumption
that detached cross-bridges can recycle. From a biochemical
perspective, upon detachment these cross-bridges would be
largely in the biochemical state that precedes the slow isom-
erization discussed above.

Factors affecting the degree of coupling

Solution of Eq. 6 requires the estimation of two parameters,
W, and W,_, both of which influence the value of gh/V,,. The
smaller the magnitude of W, or the larger the magnitude of
W,_, the larger the value of gh/V,,,. Additionally, the solution
of Eq. 6 shows that gh/V,, is a steep function of the term
W, — W,..

In the initially considered models, the value of W.. is the
maximum possible because all cross-bridges are assumed to
attach at x = h and produce positive work through the entire
powerstroke region. If one instead assumes a finite rate for
cross-bridge attachment, many cross-bridges now attach in
the middle of the powerstroke and do less positive work,
decreasing the value of W... For example, in the strongly
coupled Huxley model (1957), Brokaw (1976) has shown
that the steady-state shortening of vertebrate fast skeletal
muscle at physiological substrate concentration is best fit
with an attachment rate in the powerstroke region, 0 < x <
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h, that is equal to 65 x/h s71. In this case, the value of W,
at V,, is only two-thirds that obtained in the current model.
This would lead to a value of gh/V,,, which is considerably
larger than the value of 0.2 obtained here, now equal to 1.3,
and requiring a greater than sixfold increase in g. A similar
conclusion was reached in the analysis by Brokaw (1976),
who found a dragstroke detachment rate of 300 s™! provided
the best fit to vertebrate muscle data for the Huxley model.

As Eq. 6 indicates, estimates of W,__ are also model-
dependent, and this is the factor, which is the least easy to
define from experimental data. In calculating the work done
between x = —h and x = ~, we have assumed that there is
rapid equilibration between attached and detached cross-
bridge states. The magnitude of the rate constant associated
with the equilibration with the detached cross-bridge state
can affect W,_. The smallest value possible for W,_, 0.7 kT,
is obtained for equilibration initially starting at x = —A, with
kogs > 10% s71. With W, equal to its maximum, this leads to
a lower limit for the value of gh/V,, of 0.07. For V,, = 2000
nm/s and & = 7 nm, this value of gh/V,, is obtained if g =
20 s™. Alternatively, W,_ can be affected by the value for
x at which equilibration begins. In the composite model, data
were best fit requiring the equilibration to begin at an x yield-
ing a free energy slightly higher than that of the detached
state.

If the value of W,_ is larger, or if the value of W, is
smaller, the value of gh/V,, will be larger than that calculated
above. Ultimately gh/V,,, must be determined experimentally.
Indeed, one estimate can already be obtained from the ex-
perimental data of Higuchi and Goldman (1991), who meas-
ured the distance traversed by a cross-bridge per ATP hy-
drolyzed in muscle fibers. Using their value of ~60 nm at
Vs 8h/V. can be calculated to be 0.24, a value very com-
patible with the estimate given above, and providing addi-
tional support for our conclusions.

The length of h determined at low substrate

The strongly coupled model provides a relationship between
g h, and V,,, (Eq. 3), which has been used to estimate the
value of & (Pate et al., 1993b). Will the inclusion of rapid
detachment of highly strained cross-bridges (weak-coupling)
decrease the value of the dimensionless ratio gh/V,,, and thus
decrease the previous estimate of h? We argue below that
weak coupling plays little role at low substrate levels. At low
substrate concentration, and low shortening velocity, the
cross-bridges performing the major portion of the negative
work will be rigor, A-M cross-bridges, and the rate limiting
transition in the dragstroke, g, will now be substrate binding.
Our present analysis allows us to estimate the amount of
negative work done by these highly negatively strained, rigor
cross-bridges prior to dissociation. As has been demon-
strated, the value of gh/V,, depends strongly on the amount
of negative work required for cross-bridge dissociation at
x < —h. The amount of work required to dissociate a rigor
cross-bridge is significantly greater than that required to dis-
sociate an A-M-ADP cross-bridge. This was shown dramati-
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cally by Warshaw and co-workers (1990). They found that
a very small fraction (<1%) of rigor, A-M cross-bridges se-
verely inhibits the translation of actin filaments using an in
vitro assay. Thus the data indicate that the value of W,_ is
much greater for rigor heads, and for the above data, in-
creases the calculated value of gh/V,, from 0.2 to well above
1.0, in the range suggested by the strongly coupled analysis.

Relation to the length of the power stroke

A number of investigators have attempted to determine the
value of A by measuring the velocity of filament transloca-
tion, the number of attached cross-bridges, and the ATPase
activity of the system. The values have been widely divergent
(reviewed in Burton, 1992; Yanagida, 1990). The model dis-
cussed here suggests that this analysis may be more com-
plicated than previously appreciated, because a myosin
cross-bridge may not bind and hydrolyze an ATP during each
interaction with actin. Thus some of these previous studies
may not have measured h, but instead measured some “in-
teraction distance.” This distance represents the sum of the
distances traversed by an attached myosin during the several
interactions that occur between successive binding of a sub-
strate molecule. It must be remembered, however, that the
presence of such multiple interactions requires an ensemble
of cross-bridges to interact with each filament, because in
order for movement to occur, at least one cross-bridge must
be undergoing an ATP utilizing interaction with actin. Thus
the weakly coupled model discussed here may not explain the
long distances measured in some experimental systems
where each actin filament interacts with only a few cross-
bridges (Yanagida, 1990; Harada et al., 1990). However, our
model does suggest that this approach to measuring /4 should
work most effectively under conditions where the velocity is
low and few cross-bridges are dissociated mechanically.
Such data has been obtained in muscle shortening under high
load by Curtin et al. (1974), and these data indicate a low
value for A. Alternatively, » may be accurately determined
from the velocity of filaments that are translated by low num-
bers of myosin heads, a regime where mechanical dissocia-
tion does not occur and where again the value of 4 is found
to be small (Uyeda et al., 1991).

In summary, the model considered here was motivated by
an effort to reconcile the mechanics of active fibers with the
kinetics of the actomyosin interaction observed in solution.
A simple modification to existing models was found to rec-
oncile mechanics with biochemistry as a function of substrate
concentration, and to also explain the high economy of rap-
idly shortening fibers. The modification involves the disso-
ciation of a highly strained cross-bridge, a transition that is
reasonable on both energetic and teleological grounds.
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