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Mechanochemical Coupling in Muscle: Attempts to Measure
Simultaneously Shortening and ATPase Rates in Myofibrils

Corinne Lionne, Franck Travers, and Tom Barman
INSERM Unité 128, Route de Mende, CNRS, B.P. 5051, 34033 Montpellier, France

ABSTRACT We studied the ATPase of shortening myofibrils at 4°C by the rapid flow quench method. The progress curve
has three phases: a P, burst, a fast linear phase k™ of duration tg, and a deceleration to a slow k5. We propose that k" is the
ATPase of myofibrils shortening under zero external load; at tg shortening and ATPase rates are reduced by passive
resistance. The total ATP consumed during the rapid shortening is ATP.. Our purpose was to obtain information on the
myofibrillar shortening velocity from their ATPase progress curves. We tested tg as an indicator of shortening velocity by
determining the effects of different probes upon it and the other ATPase parameters. The dependence of tg upon the initial
sarcomere length was linear, giving a shortening velocity close to that of muscle fibres (V). The K,,, of ATP was larger for tg
than for k%, as found with fibers for V,, and their ATPase. ADP and 2,3-butanedione monoxime, but not P,, inhibited tg to the
same extent as V. The AH* for tg and V,, were similar. ATP_ was independent of the sarcomere length, implying that the more
the myofibrils shorten, the less ATP expended per myosin head per micron shortened. We propose that tg can be used as

an indicator for myofibrillar shortening velocities.

INTRODUCTION

A key problem in muscle contraction is relating the me-
chanics to the ATPase of the myosin heads. Muscle me-
chanics are studied by using fibers, but these are not
amenable for precise chemical kinetics. Traditionally, acto-
myosin subfragment 1 (dispersed molecules in solution) has
been used as a model for fiber ATPase, but the suitability of
this has been questioned (e.g., Goldman, 1987; Herrmann et
al., 1994). The myofibril may be a better approximation,
and with them chemical kinetics (Ma and Taylor, 1994;
Herrmann et al., 1993, 1994, and references cited therein)
and preliminary mechanical studies (Friedman and Gold-
man, 1993, 1994; Bartoo et al., 1993; Colomo et al., 1995)
have been carried out. However, these kinetic and mechan-
ical experiments were done separately, often under different
conditions and in different laboratories.

The ATPase activity of shortening myofibrils is studied
conveniently by the rapid flow quench method (Houadjeto
etal., 1991). A typical progress curve for P, production (free
and protein bound) is illustrated in Fig. 1. It consists of three
phases: an initial P; burst (kinetics not shown on the time
scale used), an apparently linear phase (defined by the
constant kF) and then a deceleration to a slow linear phase
(kS). This ATPase profile has been confirmed by a novel
phosphate-binding protein method (Brune et al., 1994) in
which free P; is determined specifically and continuously.
The phosphate-binding protein and rapid flow quench meth-
ods are complementary, each with its advantages and dis-
advantages (Lionne et al., 1995a).
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Here we are particularly interested in the transition of the
fast to the slow phase. This is not sharp, but as a first
approximation we interpret it by a “break” defined by #,
which is the time at which the two linear phases intercept.
Our working hypothesis (as suggested in Houadjeto et al.,
1991, and in Lionne et al., 1995b) is that kF is the ATPase
of myofibrils that are shortening under near zero load. At
about tg, the shortening rate (and ATPase activity) is re-
duced, presumably because of passive resistance. The re-
duced ATPase k® is probably a reflection of the destruction
of the myofibrillar lattice structure. The final parameter in
Fig. 1, ATP, represents the total ATP consumed per myosin
head for the duration of the rapid shortening phase, i.e., at
tg-

Our working hypothesis is supported by the finding that
myofibrils prevented from shortening by chemical cross-
linking do not have a deceleration phase in their ATPase
progress curves; there is only a single fast ATPase, close to
k¥ (Herrmann et al., 1993).

The purpose of this work was to link the four chemical
kinetic parameters in Fig. 1 to a mechanical parameter, the
myofibrillar shortening velocity. As they are unheld, short-
ening myofibrils presumably mimic muscle fibres that are
contracting under zero external load; the speed of shorten-
ing of these fibers has been studied extensively (e.g.,
Edman, 1979). We define this speed of shortening, which
was obtained at saturation in ATP, as V. The shortening
velocity is related to the length of the elementary contractile
unit, the sarcomere. An obvious way to measure myofibril-
lar shortening velocities is to stop the shortening at different
times (e.g., in acid) and then to measure the sarcomere
lengths under the optical microscope. Whereas optical mea-
surements provide reasonable estimates of initial sarcomere
lengths, they are not precise enough for measuring shorten-
ing velocities, as already pointed out by Ma and Taylor
(1994). Here, we exploit #y as an indicator of myofibrillar
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FIGURE 1 Myofibrillar ATPase progress curve obtained by the rapid

flow quench method at 4°C. The reaction mixtures (5 uM in myosin heads
plus 60 uM [y-32P]ATP) were quenched in acid at the times indicated and
the [*2P]P; determined. For explanations of the parameters k¥, #5, k5, and
ATP, and the experimental conditions, see the text.

shortening velocities. Thus, we suggest that if fz is the
duration of the rapid shortening phase, then it is a function
of the unloaded shortening velocity of the myofibrils. We
put our proposition to the test by determining the effects of
the initial sarcomere length, the substrate (ATP) and product
(ADP and P;) concentrations, 2,3-butanedione monoxime
(BDM), and temperature on ¢z and comparing these with the
published data on V.

For physicochemists like ourselves this work was a ven-
ture. In it we were confronted with the high complexity of
an entire biological system (the myofibril is, after all, the
contractile unit of the muscle fiber) rather than with the
relative simplicity of pure enzymes in solution. We only
pretend to provide estimates rather than hard measurements
of our parameters.

MATERIALS AND METHODS
Preparation of myofibrils

In our “standard method” myofibrils were prepared from whole rabbit
psoas muscle that had been depleted of ATP by leaving the degutted and
skinned animal on its back overnight at 4°C. The psoas muscles were
removed and myofibrils prepared as in Herrmann et al. (1993). With this
type of preparation the myofibrils contained sarcomeres of reasonably
homogeneous lengths (2.7 = 0.1 um), as found with a large number of
preparations (for sarcomere length measurements, see below).

In certain experiments myofibrils containing sarcomeres of different
lengths were used. These myofibrils were prepared as described by Knight
and Trinick (1982), i.e., by tying slack or stretched psoas muscle fiber
bundles to wooden sticks and leaving them overnight at 4°C in rigor buffer
(see below). Myofibrils were then prepared from these fiber bundles by our
standard method but excluding about 1 cm from the ends of the bundles.
The sarcomere lengths in these myofibrils were measured as described
below.

Measurement of sarcomere lengths

The sarcomere lengths of myofibrils were measured under a Nomarski
microscope (Nikon Microphot, 100X). Typically, the sarcomeres in 20—40
straight myofibrils (chosen at random) containing at least five sarcomeres
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were measured. The error values are expressed as the standard error of the
mean.

It was more convenient to measure directly sarcomere lengths in the
muscle fibers used to prepare the myofibrils by laser light diffraction using
a 632.8-nm laser, as described by Knight and Trinick (1982). In certain
preparations the sarcomere lengths of the myofibrils were checked by
optical microscopy, and the measurements by the two methods agreed well.
This shows that our method for preparing myofibrils does not affect
significantly the sarcomere lengths in the psoas muscle fibers.

Rapid flow quench experiments

The ATPase activity of the shortening myofibrils was measured in a
homebuilt, thermostatically controlled, rapid flow quench apparatus
(Barman and Travers, 1985). The procedure was to mix myofibrils with
[y->*P]ATP in the apparatus, allowing the mixtures to age (0.3 s and up;
see figures), then quenching them in 22% trichloroacetic acid + 1 mM
KH,PO,, and then to determine the 3?P; by the filter paper method of
Reimann and Umfleet (1978). The P, thus determined is the sum of free and
enzyme-bound P;.

In certain experiments the sarcomere lengths of shortening myofibrils
were studied by the rapid flow quench method. The myofibrils were mixed
with nonradioactive ATP, quenched in 0.15 M K-acetate buffer, pH 4.5,
and the sarcomere lengths measured under the optical microscope. At pH
4.5 the shortening and ATPase activity are stopped, and the sarcomere
structure of the myofibrils appears to remain intact (Ohno and Kodama,
1991; Ma and Taylor, 1994). In certain experiments, reaction mixtures
were quenched in EDTA (3 mM in the basic buffer; see below).

Treatment of flow quench data

A typical myofibrillar ATPase progress curve is illustrated in Fig. 1. It
consists of three phases: a P; burst and two apparently linear phases, k* and
kS. Our main objective was to obtain estimates for k¥ and k° and the time
at which these linear phases intersect, defined by 7. Because of its long
duration kS was easy to obtain: in Fig. 1 the data for 3 s and later were
fitted to a straight line. k¥ was of a shorter duration, as it is squeezed
between the transient of the initial P; burst and kS. However, on the time
scale of our experiments and at the ATP concentrations used the transient
phase never interfered (Houadjeto et al., 1992), so k¥ was obtained by
fitting the data from the first time point (0.3 s) up to a straight line. Data
points were progressively included until deviation occurred (in Fig. 1 at 2.2
s).

Experimental conditions and chemicals

In all of the experiments the basic buffer was 0.1 M K-acetate, S mM KClI,
2 mM Mg-acetate, and 50 mM Tris-acetate, adjusted to pH 7.4 with acetic
acid. In the buffer used for the preparation of myofibrils of different
sarcomere lengths (“rigor buffer”), the buffer also contained 2 mM EDTA
and 1 mM dithiothreitol. In the rapid flow quench experiments, it also
contained 0.1 mM CaCl,. Unless otherwise stated, the experiments were
carried out at 4°C.

P!,P2-Bis(adenosine-5')pentaphosphate was from Sigma Chemical Co.,
BDM was from Fluka Chemie Switzerland, and [y-32P]JATP was from
Amersham International.

RESULTS
Measurements of myofibrillar sarcomere lengths

These measurements were essential for our work, in partic-
ular for the shortening velocity determinations. Although in
a given myofibril the sarcomeres appeared to have identical
lengths, to obtain precise lengths with a population of myo-
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fibrils is quite difficult. We explain how we set about this,
with reference to Fig. 1.

Initial sarcomere lengths

These refer to the sarcomere lengths of myofibrils as pre-
pared, i.e., just before an experiment with the rapid flow
quench apparatus. Whether the myofibrils had been pre-
pared by the standard method or from fiber bundles of
adjusted sarcomere lengths, the lengths were reasonably
homogeneous between myofibrils and between prepara-
tions. In a typical standard preparation, the sarcomeres
measured 2.65 * 0.10 wm (40 myofibrils measured).

Sarcomere lengths at tg

These were obtained by allowing reaction mixtures to age
for time 5, quenching them in the pH 4.5 buffer, and then
measuring the sarcomere lengths under the microscope.
Two experiments were carried out, with myofibrils of dif-
ferent initial sarcomere lengths. With the standard prepara-
tion (see above) the initial value was 2.65 um and at tg
2.05 * 0.20 wm (33 myofibrils). With myofibrils of initial
sarcomere lengths 3.20 = 0.20 (40 myofibrils) the lengths at
tg were identical. We come to two conclusions from these
experiments. First, the sarcomere lengths at ¢z appear to be
independent of the initial lengths. Second, as seen under the
microscope, the sarcomere structure of the myofibrils at t
seems to be preserved.

Sarcomere lengths during shortening

We made attempts to measure shortening velocities by
aging reaction mixtures for different times up to t5, quench-
ing them at pH 4.5, and then measuring the sarcomere
lengths. Because of the small shortening distances involved
and a certain lack of homogeneity of the sarcomeres, these
attempts were unsuccessful. It did not help matters to
quench in EDTA. To measure shortening velocities by this
direct method, highly precise measurements of the sar-
comere lengths are needed (better than * 2%).

In the myofibrillar ATPase progress curve there is a rapid
burst phase of P; (kinetics not seen in Fig. 1; see Houadjeto
et al., 1992, for these). Is there also a rapid shortening
phase? We checked on this by quenching young (0.3 s)
reaction mixtures at pH 4.5 and measuring the sarcomere
lengths. Two experiments were carried out. In the first, the
initial sarcomere lengths were 2.67 = 0.14 um and at 0.3 s,
2.65 * 0.10, and in the second they were 3.20 = 0.19 and
3.18 * 0.24, respectively (for each estimate 40 myofibrils
were measured). Thus, by our methods there was little sign
of any rapid initial shortening phase.

Sarcomere lengths at times > tg

At 20 s after the start of the experiment (Fig. 1), the
sarcomere lengths of the myofibrils were 1.1 = 0.1 um (19
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myofibrils measured). Therefore, shortening continues after
tg but at a much slower rate. At high ATP concentrations
and long reaction times (minutes) the myofibrils loose their
structures, as seen with the microscope. At tg, then, the
sarcomeres have shortened to their maximum extend under
zero load—any further shortening involves passive resis-
tance (Woledge et al., 1985). We did not investigate further
this aspect here.

In conclusion: by our methods we were able to obtain
reasonable estimates for myofibrillar sarcomere lengths, but
they were not precise enough for shortening velocity deter-
minations by the pH 4.5 quench method. Another approach
was necessary.

Effects of initial sarcomere lengths on the
ATPase parameters

In our attempt at obtaining myofibrillar shortening veloci-
ties, the most interesting chemical parameter appears to be
tg. As illustrated in Fig. 1, tg is the abscissa of the point of
intersection of the two linear phases, k¥ and k5. Theoreti-
cally, a single progress curve should allow us to calculate
directly the shortening velocity, i.e., from the distance short-
ened (initial sarcomere length — sarcomere length at z3) and
tg, assuming that the velocity is constant over this sar-
comere length range. This is tricky because, as discussed
above, the parameters around the transition are difficult to
obtain with precision. Furthermore, t itself is almost cer-
tainly an overestimation for the duration of the rapid short-
ening phase (which we assume to be manifested by the rapid
ATPase rate, kF), as suggested by a deceleration of k¥ at
times approaching g.

If k¥ is the ATPase of myofibrils that are shortening
under zero load, then its duration, i.e., tg, should vary with
the initial sarcomere length. As illustrated in Fig. 2, this
does seem to be the case; with myofibrils of initial sar-
comere length 2.8 and 3.5 um, tz was 2.7 and 6.4 s,
respectively. The dependence of g upon sarcomere length is
illustrated in Fig. 3 A. With myofibrils of initial sarcomere
length 2.7 to 3.5 wm, the dependence appears to be linear,

® [Initial SL 2.8 pm
O Initial SL 3.5 pm

[Pi}/[myosin head] (mol/mol)

0 L I L
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FIGURE 2 Effect of the initial sarcomere length (SL) on the myofibrillar
ATPase parameters. The reaction mixtures were 2 uM in myosin heads
plus 60 uM [y->?P]ATP.
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FIGURE 3 Dependences of the ATPase parameters upon the initial
sarcomere length (SL). (A) ¢ and (B) k¥ (O) and kS (@). Filament overlap
was taken to be 100% at 2.54 um and 0% at 3.94 um (Woledge et al.,
1985). For definition of the parameters and experimental details, see
legends to Figs. 1 and 2.

but when they were less than 2.5 um, the “breaks” in the
ATPase progress curves were difficult to obtain and it was
hard to measure #; and kF. This is because the shorter the
initial sarcomere length, the shorter the duration of k¥ (i.e.,
tg). When the initial sarcomere lengths were 2.1 um (i.e., as
at tg), the fast ATPase disappeared altogether and the
progress curve was only biphasic: a rapid P, burst phase was
followed by a slow ATPase of 0.26 s~ ! (result not illustrat-
ed). We exploit these results below (Discussion) to obtain
estimates of myofibrillar shortening velocities.

The effects of the initial sarcomere lengths on the two
ATPases of shortening myofibrils are illustrated in Fig. 3 B.
As can be seen, as the sarcomere length is increased, k¥
decreases but kS does not change significantly.

It is noteworthy that both the amplitude of the initial P,
burst and the ATP used during the rapid shortening phase
(ATP,) are independent of the initial sarcomere length (Fig.
4). The mean value for the P; burst amplitude is 0.67 = 0.12

[Pi]/[myosin head] (mol/mol)
¥
|

2.8 3 32
Initial SL (um)

FIGURE 4 Dependences of the amplitude of the P, burst (@) and ATPc
(O) upon the initial sarcomere length (SL). ATP, is the ATP used per
myosin head (mol/mol) at time tg. For details, see Fig 1. and the legend to
Fig. 3.
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mol P;/mol myosin head and for ATP,, 2.4 = 0.3 mol P;/mol
head.

Effects of the concentration of ATP on the
myofibrillar ATPase parameters

Cooke and Bialek (1979) showed that with muscle fibers,
the unloaded shortening velocity is more sensitive to the
ATP concentration than their ATPase. Accordingly, we
tested the effect of the ATP concentration on the myofibril-
lar ATPase parameters.

ATPase progress curves at two ATP concentrations are
shown in Fig. 5, and it is clear that k¥, k5, and, in particular,
tg are sensitive to the ATP concentration.

The dependence of k¥, k5, and t5 upon the ATP concen-
tration is shown in Fig. 6. For the sake of convenience, in
the 5 dependence, 1/t was plotted against ATP concentra-
tion. In all the dependences, the hyperbolas fit the data
reasonably well.

The K, values for k¥ and k5 are similar (8.6 and 5.3 uM,
respectively). The concentration of ATP giving 50% of the
maximum value of 1/tg is significantly higher at 60 = 15
uM. The K, values are summarized in Table 1, where they
are compared with those obtained with muscle fibers.

Effect of ADP and P; on the myofibrillar
ATPase parameters

Cooke and Pate (1985) showed that the isotonic shortening
velocity of muscle fibers under zero load is affected in
different ways by the products of the ATP hydrolysis; ADP
inhibits but P; has no effect.

All three of the myofibrillar ATPase parameters were
sensitive to the presence of ADP; k¥ and k5 decreased,
whereas tg increased (results not illustrated). In these ex-
periments, the reaction mixtures contained 25 uM P!,P2-
bis(adenosine-5')pentaphosphate. The K; values obtained
are given in Table 1; in all three cases it was assumed that
ADP is a competitive inhibitor. The K; of ADP for kF is the
same as that found from the inhibition of the kinetics of the
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[Pi}/[myosin head] (moV/mol)
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FIGURE 5 Effect of ATP concentration upon the myofibrillar ATPase
parameters. The reaction mixtures were (O) 1 uM myosin heads plus 10
uM [y->?P]ATP and (@) 5 uM myosin heads plus 60 uM [y-32P]ATP.
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FIGURE 6 Dependences of the ATPase parameters of myofibrils upon
the ATP concentration. (A) k¥ (O) and kS (@), (B) 1/t5. To ensure
accuracy, the molar ratio of myosin heads to ATP was 1:10 to 1:30. For
definition of the parameters and further experimental details, see legends to
Figs. 1 and 5.

binding of ATP to rigor-activated myofibrils under identical
experimental conditions (Sleep et al., 1994). Johnson and
Adams (1984) measured the binding of ADP to rigor myo-
fibrils by a centrifugation method and estimated a K of 120
1M (at 0°C). Using a similar method but correcting for the
volume of the myofibrils, Biosca et al. (1988) obtained a K,
for ADP of 100 uM (25°C).

ADP also inhibited 1/t5. The K; obtained (150 uM)
agrees well with the 200-300 uM estimated by Cooke and
Pate (1985) for the isotonic contraction velocity of muscle
fibers.

P; at 5 mM had little effect on k¥, tg, and kS. The lack of
effect of P, on # is in accord with the findings of Cooke and
Pate (1985), who found that 12 mM P; did not affect the
shortening velocity of muscle fibers.

Effect of BDM on the myofibrillar
ATPase parameters

An approach to studying mechanochemical coupling in
muscle fibers is to seek inhibitors that interact with and
stabilize specific intermediates on the ATPase cycle of the
cross-bridges. An example of such an inhibitor is BDM,
which has been shown to be an uncompetitive inhibitor of
myosin ATPase in that it interacts specifically with the
M - ADP - P, state, which is thereby stabilized (Herrmann et
al., 1992; McKillop et al., 1994). The effects of BDM on the
mechanical parameters of contracting fibers have been stud-
ied extensively (e.g., Higuchi and Takemori, 1989; Bagni et
al., 1992; Zhao et al., 1995). In particular, BDM reduces the
shortening velocity of rabbit psoas muscle fibers (Higuchi
and Takemori, 1989).

The three myofibrillar ATPase parameters, k¥, kS, and 15,
were all affected by BDM. The dependences (not illus-
trated) were treated on the assumption that BDM is an
uncompetitive inhibitor, giving K; = 2.2 (% 0.4) mM for kF,
1.1 (= 0.2) mM for k5, and 5.7 (= 0.4) mM for 1/t5. It is
noteworthy that the K value for the k., of myosin S1 is
about 1 mM (Herrmann et al., 1992).
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Temperature dependences of k¥, tg, and kS

The three temperature dependences are illustrated in Fig. 7.
The similarity of the AH* values for k¥ and k5 (68 + 2 and
67 = 3 kJ - mol ', respectively) suggests that the mecha-
nisms of the two ATPases are similar. We have already
discussed the temperature dependence of k* (Herrmann et
al., 1994).

The temperature dependence of #; gives a AH* of 44 *+ 2
kJ - mol !, which accords well with a Q,, of about 2 for the
V, of muscle fibers (Woledge et al., 1985).

DISCUSSION

Is tg an indicator of myofibrillar
shortening velocities?

As pointed out in the Results, shortening velocities are
difficult to obtain by the direct acid quench method, i.e., by
optical measurements of sarcomere lengths. Another ap-
proach involves determining the dependence of ¢z upon the
initial sarcomere length. The dependence (Fig. 3 A) appears
to be linear in the length range 2.7 to 3.5 wm. From this, we
can estimate a shortening velocity by making two assump-
tions. First, we assume that at ¢ the sarcomere lengths are
independent of the initial sarcomere lengths. We checked on
this (see Results). Second, we assume that the overestima-
tion of #g is also independent of the initial sarcomere length.
If the shortening velocity is constant until 7z (with muscle
fibers V, is probably constant during shortening; e.g., Moss,
1982, but also see Brenner, 1980) then

V = 1/2(SL;, — SLL)/(tg — o),

where V is the shortening velocity per half-sarcomere (as
usually given in physiological studies), £, is the overestimate in
tg, and SL;, and SL; are the sarcomere lengths initially and at
tg — I, respectively. Rearranging,

ts = (SLi/2V) — ((SLL/2V) — 1) M

Thus, from a plot of #5 versus SL,,, we should obtain a
straight line of slope 1/2V, which is independent of SL;
and 7,. From the linear portion of the plot in Fig. 3 A, V
= 0.085 + 0.010 wm * s~ "/half-sarcomere.

Equation 1 predicts that with myofibrils containing sar-
comeres of a given length, 1/t3 is a function of V. Therefore,
to test further 1/t as a probe of V, we determined its
dependence on the ATP concentration and the effects of the
addition of ADP, P;, or BDM. As summarized in Table 1,
the effects are similar to those found with muscle fibers. It
is noteworthy that the concentration of ATP that gives half
the maximum effect is significantly higher for 1/¢5 than for
k¥, as found for the V, and ATPase of muscle fibers short-
ening under zero external load (Cooke and Bialek, 1979).

How do myofibrillar shortening velocities compare with
those of fibers? Myofibrillar shortening velocities have been
measured directly under the optical microscope (Harada et
al., 1990; Harrington et al., 1990). In those experiments,
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TABLE 1 Probing the ATPase parameters of myofibrils* and the shortening velocity of muscle fibers

Myofibrils (4°C)

Fibers (10°C)

Probe k¥ kS ty Vo References
K, of ATP (uM) 86 *1.1 5308 >60 * 15 150 Cooke and Bialek, 1979
K; of ADP (uM) 150 = 18 72+ 12 240 = 20 200-300 Cooke and Pate, 1985
P; Little effect at S mM Little effect Cooke and Pate, 1985

at 12 mM
K, of BDM (mM) 22+04 1.1 0.2 5704 Inhibition Higuchi and Takemori, 1989,
and refs. cited therein

AH* (kJ -mol ™) 68 +2 67 +3 44 + 2 About 50 Woledge et al., 1985

*The ATPase parameters of contracting myofibrils are defined in Fig. 1.

myofibrils were mixed with caged ATP, and shortening was
triggered by a laser flash. It is difficult to compare these
measurements with ours, because in the former any remain-
ing caged ATP was not taken account of; caged ATP
inhibits ATP binding to myofibrils and, therefore, shorten-
ing velocities (Sleep et al., 1994). Here we obtained a
shortening velocity of 0.085 um * s~ !/half-sarcomere at 4°C
and at an ATP concentration of 60 uM. The concentration
giving a half-maximum value of 1/tg determined from Fig.
6 Bis 60 uM, giving a maximum value V, of 0.17 um s~/
half-sarcomere. However, as fg is an overestimation of the
duration of the rapid shortening, 60 uM is an underestima-
tion. Working with skinned psoas fibers, Cooke and Bialek
(1979) obtained directly the dependence of shortening ve-
locity (at zero external load) on the ATP concentration and
estimated a K, of 150 uM. With this K, we obtain a V for
our myofibrils of about 0.3 um * s~ /half-sarcomere at 4°C.
This is reasonabley close to the the 0.57 value obtained for
skinned psoas fibers at 2°C (Brenner, 1980), but, of course,
myofibrils and fibers may not have identical shortening
velocities.

T (°0)

3

2
= ~
e 1 5
£ 2
< (]
-9 -
F° 2

-1

2 l I I | I

3.35 3.4 3.45 35 3.55 3.6 3.65

1/T (1000/K)

FIGURE 7 Arrhenius plots of the myofibrillar ATPase parameters kF,
kS, and 1/t. For definitions and experimental details, see Fig. 1.

We conclude from these experiments that it is reasonable
to suppose that 5 can be used as an indicator of the
shortening velocity of myofibrils.

Effect of initial sarcomere length on myofibrillar
ATPase kinetics

As discussed above, the effect of increasing the initial
sarcomere length is to increase tg, but it also decreases k¥,
the ATPase of the rapidly shortening myofibrils (Fig. 3 B).

The ATPase parameters are not independent, as they are
connected by

kF = (ATP, — Ppburst size)/t.

From our experiments, it appears that ATP, and the P; burst
size are independent of the initial sarcomere length (Fig. 4).
Therefore, the product k¥ - t5 is also independent. We
schematize this situation in Fig. 8. How to interpret? From
a purely enzymatic point of view, the situation is difficult to
understand; we have made several attempts at fitting it to
classical ATPase schemes, but without success. The main
difficulties are as follows. First, during the course of the
experiment, the ATPase sites change continuously because
the filament overlap increases, so more and more myosin
heads may come in contact with actin. Second, during the

BN

[Pi}/[myosin head] (mol/mol)
N

Time (s)

FIGURE 8 Schematic representation of the dependence of the myofi-
brillar ATPase parameters upon the initial sarcomere length. The curves
were drawn from the dependences in Figs. 3 and 4 with initial sarcomere
lengths (left to right) 2.7, 2.9, 3.1, 3.3, and 3.5 um.
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rapid shortening phase, the amount of P; produced per
myosin head is low (about 2 mol P;). Does this phase
involve all of the myosin heads, in which case the condi-
tions would be nearly single turnover, or only a few heads
under clearly multiturnover conditions? From our results we
cannot tell. Third, the observed kinetics, k¥, were reason-
ably linear, whatever the initial sarcomere length. In partic-
ular, no acceleration phase was discerned in any of the
experiments. Of course, small acceleration phases cannot be
excluded, but we feel that our analytical methods are good
enough to detect these when significant. The lack of accel-
eration phases is surprising; with myofibrils of long sar-
comere length presumably few heads are initially attached,
but as the shortening proceeds, their number increases.
Therefore, one would expect kF to increase as shortening
proceeds. It is possible that this phenomenon is due to the
myosin heads needing a certain time to acquire their actin-
induced conformation (i.e., high ATPase) upon attachment
to the thin filament. If this time is longer than the kF
measurement, k* would be constant, even at low starting
overlap. The possibility that the myosin heads go through
slow actin-related changes has been discussed (Biosca et al.,
1984; Lombardi et al., 1992).

To conclude, we have mechanical and chemical kinetic
data on shortening myofibrils that we are unable to fit to a
kinetic scheme. But we can discuss these data with refer-
ence to muscle fiber work.

Myofibrillar and muscle fiber ATPases

The effect of an increase in sarcomere length in decreasing
k¥, the ATPase of the rapidly shortening myofibrils, is in
agreement with data from muscle fiber work. Hayashi and
Tonomura (1968) were the first to show that the ATPase
activity of fibers decreases with sarcomere length. Stephen-
son et al. (1989) studied the effect of the sarcomere length
on the Ca-activated activity of isometrically held rat muscle
fibers (extensor digitorum longus muscle). At 100% overlap
(sarcomere length about 2.5 wm) the ATPase was about
4 57! (at 22°C), whereas at 4 um (zero overlap) the activity
was only about 0.4 s~!. The decrease in ATPase with
excessive increase in sarcomere length is reasonable, as it is
presumably only the attached cross-bridges that contribute
significantly to the overall ATPase. Thus, as the sarcomere
length increases, fewer and fewer cross-bridges remain at-
tached to the thin filament (i.e., overlap decreases) and the
ATPase is reduced.

With myofibrils, the slow ATPase, kS, was insensitive to
sarcomere length (Fig. 3 B). This makes sense, as kS is the
ATPase of the myofibrils after tg, i.e., after their rapid
shortening phase. At 5, the percentage overlap seems to be
independent of the initial sarcomere length.

It is noteworthy that the amount of ATP used during
shortening appears to be independent of the distance moved.
This implies that the more the myofibrils shorten, the less
the ATP used per head per micron shortened. This economy
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of ATP is in accord with the findings of Higuchi and
Goldman (1991, 1995) and Lombardi et al. (1992), who
proposed that in the shortening muscle fiber the free energy
of one ATP hydrolyzed is used in several actin-myosin
interactions. It is also in accord with the weakly coupled
model of Cooke et al. (1994).

These considerations on the economy of ATP lead di-
rectly to the problem of the sliding distance, i.e., the phys-
ical distance traveled by a cross-bridge along the thin fila-
ment per molecule of ATP hydrolyzed. The classical cross-
bridge theory (e.g., Huxley, 1980) assumes that this is less
than 40 nm, a value limited by the physical dimensions of
the myosin head. As discussed by Finer et al. (1994), the
sliding distance is a problem because its measurement is
based on a number of assumptions, in particular on the
number of myosin heads involved.

It is difficult to come to any conclusions as to the sliding
distance with myofibrils. From our experiments, the sliding
distance seems to increase with the initial sarcomere length.
Thus, if we assume that the rapid shortening stops when the
sarcomere length is 2.05 wm (at #g), then with myofibrils of
initial sarcomere length 2.7 um, the sliding distance is 0.65
pm/2.4 mol ATP/mol myosin head (mean value, Fig. 4),
i.e., 270 nm. When the initial sarcomere length is 3.5 wm,
the sliding distance is 600 nm. This increase in sliding
distance with initial sarcomere length fits in with muscle
fiber work: fiber ATPase decreases with sarcomere length
(Stephenson et al., 1989), whereas V, is independent
(Edman, 1979). Very recently, Higuchi and Goldman
(1995) reported long sliding distances during isotonic short-
ening of skinned muscle fibers. We point out that our
estimates with myofibrils are based upon the assumption
that all of the myosin heads participate in the shortening
process, which may not be the case. Clearly, if only a few
heads are involved, with the remaining heads as passengers
(Irving, 1991), then the sliding distance would be shorter.
Further experiments are needed to resolve this problem.

FINAL COMMENTS

Here we propose that a chemical kinetic parameter obtained
from myofibrillar ATPase progress curves, tg, is a manifes-
tation of their shortening velocity. Thus, we propose that in
the same experiment we obtain mechanical and chemical
kinetic data. Does this help understanding of myofibrillar
mechanochemical coupling?

The rate-limiting step on the myofibrillar ATPase reac-
tion pathways is the P, release (Lionne et al., 1995a), which
suggests strongly that the predominant intermediates con-
tain the products, of the type AM-ADP-P; and
M- ADP - P; (where A represents actin and M a myosin
head). Now, these intermediates are formed very rapidly
(Houadjeto et al., 1992) compared with the duration of the
shortening phase (i.e., t5). Therefore, for almost the totality
of the shortening process, the majority of the heads are in
the ADP - P, states, which are then the key intermediates in
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both the kinetics of P; release and the shortening velocity.
This would explain the sensitivity of both to BDM, which
interacts specifically with the ADP - P; states (Herrmann et
al., 1992; McKillop et al., 1994). Predominant ADP ‘P,
states would also support the suggestion of Homsher (1987)
that during the rapid shortening of muscle fibers, myosin
heads are “torn off” the thin filament: it would be easier to
pull the heads off the “weak” actin-binding states
AM - ADP - P, than strong states such as AM or AM - ADP.

Finally, we must emphasize the richness of the myo-
fibrillar ATPase progress curves. They provide estimates
of five myofibrillar shortening parameters: the concen-
tration of the product state AM+-ADP-P; (P, burst size), the
ATPase of shortening myofibrils (kF), the amount of ATP
expended during the shortening (ATP,), an indication of
the shortening velocity (¢g), and the ATPase of overcon-
tracted myofibrils (k). It has not escaped our notice that
these curves could serve as a test for the effect of various
substances, especially drugs, on the myofibrillar shorten-
ing parameters.
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