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ABSTRACT Shortening and ATPase rates were measured in Ca2�-activated myofibrils from frog fast muscles in unloaded
conditions at 4°C. ATPase rates were determined using the phosphate-binding protein method (free phosphate) and quench
flow (total phosphate). Shortening rates at near zero load (Vo) were estimated by quenching reaction mixtures 50 ms to 10 s
old at pH 3.5 and measuring sarcomere lengths under the optical microscope. As with the rabbit psoas myofibrils (C. Lionne,
F. Travers, and T. Barman, 1996, Biophys. J. 70:887–895), the ATPase progress curves had three phases: a transient Pi burst,
a fast linear phase (kF), and a deceleration to a slow phase (kS). Evidence is given that kF is the ATPase rate of shortening
myofibrils. Vo is in good agreement with mechanical measurements in myofibrils and fibers. Under the same conditions and
at saturation in ATP, Vo and kF are 2.4 �m half-sarcomere�1 s�1 and 4.6 s�1, and their Km values are 33 and 200 �M,
respectively. These parameters are higher than found with rabbit psoas myofibrils. The myofibrillar kF is higher than the fiber
ATPase rates obtained previously in frog fast muscles but considerably lower than obtained in skinned fibers by the
phosphate-binding protein method (Z. H. He, R. K. Chillingworth, M. Brune, J. E. T. Corrie, D. R. Trentham, M. R. Webb, and
M. R. Ferenczi, 1997, J. Physiol. 50:125–148). We show that, with frog as with rabbit myofibrillar ATPase, phosphate release
is the rate-limiting step.

INTRODUCTION

A central problem in muscle contraction is to relate the
mechanical events to the ATPase activity of the myosin
heads. Historically, the bulk of muscle mechanics was car-
ried out with fast muscle fibers from frog (Gordon et al.,
1966; Ford et al., 1977; Huxley, 1980) whereas the ATPase
experiments were almost exclusively confined to actomyo-
sin from rabbit skeletal muscle (Trentham et al., 1976;
Taylor, 1979; Geeves, 1991). Ideally, one should obtain the
mechanical and chemical kinetic data on the same system,
under identical conditions and simultaneously. This was the
aim of Hill (1938) who approached the problem of the
energy transduction in muscle by studying enthalpy produc-
tion (heat plus work) in different conditions of contraction.
A number of energy balance studies have been carried out to
attempt to correlate enthalpy production with chemical en-
ergy input, i.e., with the rate of ATP breakdown (reviewed
in Kushmerick, 1983, and Woledge et al., 1985). However,
in these studies, which were carried out on whole frog
muscle preparations, it was not possible to separate the
components of the energy transduction mechanism, espe-
cially those involving the connection between the mechan-

ical steps and the kinetics of the ATPase of the myosin
heads.
In Lionne et al. (1996), we suggested that, by the use of

myofibrils, one can study simultaneously the biochemical
and mechanical properties of muscle contraction. Myofi-
brils are the functional contractile units of muscle, and yet
they are small enough for study by rapid transient kinetic
methods. They appear to be fully regulated and, unlike
actomyosin, can be activated at physiological ionic
strengths. With myofibrils, chemical kinetic (Ma and Tay-
lor, 1994; Lionne et al., 1996; Chaen et al., 1997, and
references cited therein) and mechanical (Bartoo et al.,
1993; Friedman and Goldman, 1996; Colomo et al., 1997)
studies have been carried out.
In Lionne et al. (1996), we tried to measure simulta-

neously the shortening and ATPase rates of rabbit psoas
myofibrils. The attempt was based on the shape of the
ATPase progress curves obtained with shortening myofi-
brils. These are characterized by three phases: an initial Pi
burst, an apparently linear phase (fast steady-state rate, kF),
and then a deceleration to a slow linear phase (slow steady-
state rate, kS). We proposed that kF is the ATPase of myo-
fibrils that are shortening rapidly under zero external load
and kS the ATPase rate of overcontracted myofibrils.
Here we studied the ATPases of frog myofibrils with four

objectives. First, as the experiments with rabbit psoas myo-
fibrils were carried out at the unphysiologically low tem-
perature of 4°C, it was important to extend the study to
myofibrils from a cold-blooded animal. Second, the rabbit
myofibrillar ATPase profile was compared with that of a
muscle preparation having different mechanical properties.
The slack sarcomere length of frog fibers is shorter than in
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rabbit fibers (2.0 �m versus 2.3–2.6 �m). Furthermore, the
maximal shortening velocity, V0, of frog fibers is faster than
that of rabbit fibers. Thus, at 2–5°C, V0 values of 2.4–2.7
(�m/half-sarcomere (h.s.))s�1 were reported for frog fibers
(Cecchi et al., 1978; Edman, 1979; Ferenczi et al., 1984)
compared with 0.6–0.8 (�m/h.s.)s�1 for rabbit psoas fibers
(Brenner, 1980; Ford et al., 1991; Pate et al., 1994). Third,
the ATPase rate was determined for rapidly shortening
myofibrils isolated from frog myofibrils. Is the higher V0 of
fast frog skeletal muscles compared with rabbit psoas mus-
cle accompanied by a higher kF? Finally, the use of myofi-
brils provides a more stable system than has been available
hitherto (Ferenczi et al., 1978a,b).
We studied the ATPases of myofibrils from frog fast

muscles by two methods: the phosphate-binding protein
(PBP) method of Brune et al. (1994) (in which free Pi is
measured specifically) and the quench-flow technique (in
which reaction mixtures are quenched in acid and total Pi is
determined). We interpret our results by Scheme 1:

Scheme 1

where M represents myosin heads and A actin (thin fila-
ment).
In the presence of Ca2�, the ATPase progress curves with

frog and rabbit myofibrils are qualitatively similar: an initial
Pi burst, a fast ATPase rate, and then a deceleration to a
slow ATPase. However, there are significant quantitative
differences: the fast ATPase rate is considerably faster and
the Km for ATP larger with frog than with rabbit myofibrils.
Myofibrillar shortening rates by quench flow are in good
agreement with those obtained from mechanical studies on
fibers and myofibrils. Finally, we present evidence that,
with frog as with rabbit myofibrillar ATPase (Lionne et al.,
1995), Pi release is the rate-limiting step.

MATERIALS AND METHODS

Myofibrils

Myofibrils were prepared from fast skeletal muscle (tibialis, sartorius, or
mixed fast hindlimb muscles) of the frog (Rana ridibunda) as in Colomo
et al. (1997). To provide myofibrils of sarcomere lengths of 2.25 �m, the
muscle fibers had been stretched (Knight and Trinick, 1982; Lionne et al.,
1996). Myofibrillar ATPase and shortening velocities are easier to study
when their sarcomere lengths are 2.25 �m rather than the 2.0 �m obtained
without stretching. At 2.25 �m, the overlap is 100% (Huxley, 1980).
Before use, the myofibrils were washed in the experimental buffer (2�

10 vol) and filtered through a polypropylene filter of 149-�m pore size
(Spektrum, Houston, TX). The preparations were kept on ice and used
within 3 h.

Phosphate-binding protein

The free Pi probe was the A197C mutant of the Escherichia coli PBP that
had been labeled specifically at the introduced cysteine with the fluoro-

phore N-[2-(1-maleimidyl)ethyl]-7-diethylamino coumarin-3-carboxomide
(MDCC) (Brune et al., 1994).

Measurement of myosin head concentrations

The total protein concentration in the myofibrils was determined by dis-
solving the myofibrils in 2% SDS, 0.1 M NaCl, and 50 mM Tris, pH 7.4,
and measuring the absorbance at 280 nm. The extinction coefficient was
determined as in Herrmann et al. (1993) with rabbit skeletal muscle myosin
and actin as reference proteins and gave E1%280 � 7. The proportion of
myosin in the myofibrils was determined from SDS-polyacrylamide gel
electrophoresis stained with Coomassie blue and, as for rabbit psoas
myofibrils, was 50% of the total protein. The molar concentration of
myosin heads in the preparations was calculated assuming that the molec-
ular weights of rabbit and frog skeletal myosins are identical (Ferenczi et
al., 1978a).

ATPase measurements by quench flow
(acid quench: total Pi)

Quench-flow ATPase measurements were carried out in home-built ther-
mostatically controlled quench-flow apparatuses (Barman and Travers,
1985). The procedure was to mix myofibrils with [�-32P]ATP in an
apparatus, allowing the mixture to age, quenching it in acid (22% trichlo-
roacetic acid plus 1 mM KH2PO4), and then determining the [32P]Pi by the
filter paper method of Reimann and Umfleet (1978). The Pi determined is
the sum of free and enzyme-bound Pi (see Scheme 1). The concentrations
of the reagents used are given in the legends to the figures.

ATPase measurements by fluorescence stopped
flow (MDCC-PBP: free Pi)

Fluorescence stopped-flow ATPase measurements were carried out in a
Hi-Tech Scientific (Salisbury, UK) fluorescence stopped-flow apparatus
(model SF-61 DX2). Typically, both syringes of the apparatus contained 10
�MMDCC-PBP. A Pi mop system (0.1 U/ml purine nucleoside phosphor-
ylase plus 0.3 mM 7-methylguanosine) was added to both syringes to
ensure removal of trace amounts of Pi. The excitation and emission
wavelengths were 436 nm and �455 nm, respectively. For full details of
the procedures used, including precaution (Pi contamination), see Brune et
al. (1994) and Lionne et al. (1995). By this method, one determines free Pi
only (Scheme 1).

Myofibrillar shortening velocity measurements

Myofibrillar shortening experiments were carried out by the quench-flow
method. Shortening was initiated by the addition of ATP to Ca2�-activated
myofibrils and stopped by quenching in 0.2 M potassium formate, pH 3.5.
The results of control experiments revealed that the pH 3.5 quench was
rapid and that it did not affect the myofibrillar structures, in particular, the
sarcomere lengths (as seen under the microscope). Merely passing the
myofibrils through the quench-flow apparatus (without the addition of ATP
or quencher) did not appear to affect the structures either.
Sarcomere lengths were measured using a Leica DMR microscope

equipped with bright-field optics. Images were collected by a Hamamatsu
C5985 CDD camera (Hamamatsu, Japan), stored on a computer, and
displayed on a high-resolution monitor. The total magnification was
�2000. Measurements were made using a grid placed on the screen of the
monitor that had been calibrated with a Nikon micrometer slide. For each
time point, sarcomere lengths were measured in 20–40 different myofi-
brils. The average sarcomere length in each of these myofibrils was
obtained by measuring the lengths of straight portions (with at least five
sarcomeres) and then dividing this by the number of sarcomeres in the
portions.

Barman et al. Frog Myofibrillar ATPase and Shortening Rates 3121



Experimental conditions and chemicals

The basic buffer was 0.1 M potassium acetate, 5 mM KCl, and 50 mM Tris
adjusted to pH 7.4 with acetic acid. Under relaxing conditions, the buffer
contained 2 mM EGTA and 5 mM magnesium acetate. Under activating
conditions, it contained 0.1 mM CaCl2 and 2 mM magnesium acetate. The
sources of the chemicals are given in Herrmann et al. (1993) and Lionne et
al. (1996).

RESULTS

Overall ATPases of frog fast muscle myofibrils

Quench-flow experiments

Typical time courses for ATP hydrolysis by tibialis myofi-
brils at 60 �M ATP and 4°C under relaxing and activating
conditions are shown in Fig. 1.
Under relaxing conditions, the time course consisted of a

rapid burst of Pi, a short linear phase (possibly a manifes-
tation of transient rigor activation), and then a slow steady-

state rate of 0.04 s�1. Direct microscope observation of
reaction mixtures at different times (i.e., without the acid
quench) showed that, under relaxing conditions, the myofi-
brils did not shorten.
Under activating conditions, the time course for ATP

hydrolysis consisted of three phases. As a first approxima-
tion, we interpret these as we did for the rabbit psoas
myofibrils (Lionne et al., 1996): an initial rapid Pi burst
phase (confirmed below) and a rapid apparently linear phase
(rate constant kF, 3.2 s�1) followed by a slow linear phase
(kS, 0.9 s�1).
At 60 �M ATP, Ca2�-activated the ATPase �70-fold.

This suggests that the myofibrils have the complete regula-
tory apparatus of the muscle. Myofibrils from the frog
sartorius muscle and mixed fast hindlimb muscles gave very
similar time courses (results not illustrated).
We then attempted to determine the ATP dependences of

the myofibrillar parameters, in particular, to obtain satura-
tion in their kinetics. This was not easy because, to attain
saturation kinetics with frog myofibrils, high ATP and
therefore high myofibrillar concentrations are needed,
which are difficult to handle in our quench-flow apparatus.
The myofibrillar ATPase experiments were continued using
the PBP method of Brune et al. (1994) in a stopped-flow
apparatus.

Stopped-flow experiments

The procedure of Brune et al. (1994) has the following
advantages over the quench-flow method. First, higher ATP
concentrations can be used. Second, it is a continuous
method, so theoretically it is a more accurate way of testing
for linearity of Pi production than the point-by-point
quench-flow method. Third, it is specific for free Pi and so
allows one to determine the nature of the transient Pi burst
phase in the quench-flow experiments. Fourth, as lower
myosin head concentrations can be used, less ATP is used
per turnover so it suffers less from ATP depletion (KM
effect, inhibition by ADP).
A typical time course for free Pi production with Ca2�-

activated tibialis myofibrils at 60 �M ATP is shown in Fig.
1 B. The overall shape of the course is very similar to that
by the quench-flow method but there was an important
difference; instead of a small transient Pi burst, there ap-
peared to be a transient lag phase of free Pi. This is con-
firmed below.
We then set out to confirm that the initial short and rapid

myofibrillar ATPase, kF, represents a true steady-state
phase. This made it necessary to separate kF from the
transient kinetics.

Calcium-activated myofibrils: transient kinetics of
formation of total and free Pi

The initial time courses for free Pi and total Pi (i.e., the
M � ADP � Pi state with or without actin (Scheme 1) plus

FIGURE 1 Time courses for the ATPases of relaxed (A) and Ca2�-
activated (B) frog tibialis myofibrils at 4°C. (A) The reaction mixtures (60
�M [�-32P]ATP plus 5 �M myosin heads) were quenched in acid at the
times shown, and the 32Pi was determined. (B) Total Pi formation was
followed by quench flow (E; reaction mixtures as in A) and free Pi by
fluorescence stopped flow (——; reaction mixture, 50 �M ATP plus 0.25
�M myosin heads). In both experiments, the dashed lines represent kF
and kS.
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free Pi) are shown in Fig. 2. These experiments were carried
out on myofibrils from mixed fast leg muscle fibers of the
frog. For technical reasons, the concentration of ATP was
low (30 �M).
In the total Pi experiment (quench flow), the time course

consisted of a Pi burst phase (amplitude, 0.24 � 0.09 mol
Pi/mol myosin heads; kinetics, 14 � 7 s�1) followed by a
steady-state rate of 2.1 � 0.1 s�1.
In the free Pi experiment (PBP, stopped flow) the time

course consisted of a transient lag phase (negative burst of
0.12� 0.01 mol Pi/mol myosin heads; kinetics, 22� 1 s�1)
followed by a steady-state rate of 2.14 � 0.01 s�1.
There are three noteworthy features of these experiments.

First, they show that the Pi burst obtained by quench flow is
due to protein-bound Pi ((A)M � ADP � Pi, Scheme 1).
Thus, the lag in free Pi production corresponded well to the
burst kinetics in the formation of total Pi, i.e., the buildup of
(A)M � ADP � Pi. Second, the steady-state rates agree well
with each other and with the estimates for kF obtained in the
longer time range (e.g., Fig. 1). This is important because, in
the transient kinetics experiments, the steady-state rates
were obtained as early as possible, just after the transient
phases, i.e., before any significant shortening had occurred
(Figs. 2 and 6). Third, consider the kinetics of the Pi burst
in the quench-flow experiments, carried out at 30 �M ATP.
These are directed by the ATP binding and cleavage kinet-
ics. As the kinetics of the burst was 14 � 7 s�1, the
second-order binding constant for ATP is �0.5 � 0.2
�M�1 s�1.
Because of the high concentrations of myofibrils needed,

it was difficult to measure directly the kinetics of the ATP
cleavage step by the quench-flow method. However, by

exploiting the kinetics of the transient lag phase in the PBP
experiments, we obtained an estimate for these kinetics and
also the second-order constant for ATP binding.
The dependence of the lag-phase kinetics on the ATP

concentration is illustrated in Fig. 3. We interpret the non-
linearity by a change in rate-limiting step; at low ATP, kobs
is directed by the ATP binding (0.8 �M�1 s�1) and at high
ATP by cleavage kinetics (50–60 s�1). With the aid of
these transient kinetic data, we now return to the steady-
state parameters kF and kS.

Myofibrillar steady-state parameters kF and kS

How we obtained estimates

At 30 �M ATP, kF was obtained directly from the steady-
state rates immediately following the transient phases in
initial total and free Pi time courses (Fig. 2). The rates
obtained by the two methods agreed well.
For our estimates of kS, we refer to Fig. 1 B. In the

quench-flow experiment, the curvature toward the end of
the time course can be explained by depletion of the ATP.
In the PBP experiment, there was a distinct curvature at
times greater than 5 s (not shown), which could be due to
the presence of the PBP mop system (Lionne et al., 1995).
To estimate kS, for example at 60 �M ATP, we assumed
that Pi production in the 2.5–4 s time range was linear. At
higher ATP concentrations, the linear time range was earlier.

Effects of the concentration of ATP on the
myofibrillar ATPase parameters

The dependences of kF and kS on the ATP concentration are
shown in Fig. 4. In each dependence, a hyperbola fits the
data reasonably well.

FIGURE 2 Initial time courses of total (a) and free (b) Pi with Ca2�-
activated myofibrils from mixed fast frog muscles at 4°C. (a) Quench flow.
The reaction mixtures were 30 �M [�-32P]ATP plus 3 �M myosin heads.
(b) Fluorescence stopped flow; 30 �M ATP plus 0.25 �M heads. In a, the
data fit to a transient burst phase (amplitude, 0.24 � 0.09 mol Pi/mol
myosin head; kinetics, 14 � 7 s�1) and a steady-state rate of 2.1 � 0.1
s�1). (b) The data fit to a transient lag phase (negative amplitude, 0.12 �
0.1 mol Pi/mol myosin head; kinetics, 22 � 1 s�1) and a steady-state rate
of 2.14 � 0.01 s�1.

FIGURE 3 Dependence of the kinetics of the transient lag phase in
fluorescence stopped-flow experiments (free Pi formation) on the ATP
concentration with Ca2�-activated myofibrils at 4°C. The experiments
were as in Fig. 2 with the myofibrillar concentration constant at 0.25 �M
(myosin heads). The data were obtained with myofibrils from tibialis (E)
and mixed fast muscle fibers (�). f, kinetics of the total Pi burst in Fig. 2.
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Only the data from the PBP experiments were used to
obtain the maximal and KM values, but as can be seen, the
quench-flow experiments gave kF values in reasonable
agreement with the PBP data.
The maximal and KM values for each parameter are given

in Table 1 where they are compared with those obtained
with rabbit psoas myofibrils.

Temperature dependences of kF and kS

The two temperature dependences are illustrated in Fig. 5.
The 	H‡ enthalpy of activation values obtained are similar
to those obtained with rabbit psoas myofibrils (Table 1).

Myofibrillar shortening velocities by the
quench-flow method

The myofibrillar (tibialis) shortening velocities were studied
at two concentrations of ATP (60 �M and 1 mM ATP), and

the time courses are illustrated in Fig. 6, which also includes
the ATPase time course at 50 �M ATP. There are several
noteworthy features of these experiments.
In the shortening experiment at 60 �M ATP (Fig. 6 A),

there was a lag phase of�150 ms, followed by a reasonably
linear rapid shortening process with a rate of 0.62 (�m/
h.s.)s�1 and then a progressive deceleration to 0.04 (�m/
h.s.)s�1. The two shortening rates extrapolated to a break at
�1 s. In the experiment at 1 mM ATP, a lag phase was not
discerned. At this ATP concentration, the initial shortening
rate was rapid at 2 (�m/h.s.)s�1, and there was a change to
0.13 (�m/h.s.)s�1 with the break at 0.22 s. From the rapid
shortening processes in the two experiments, we can
roughly estimate that, at saturation in ATP, the maximal
shortening velocity is�2.4 (�m/h.s.)s�1 with a Km for ATP
of �200 �M. These data agree well with the shortening
parameters obtained from mechanical measurements (slack
test) performed with single myofibrils from frog tibialis
(Table 2). It is noteworthy that the breaks in the shortening
and ATPase rates appear to occur at the same time.
In both shortening experiments, the mean initial sarco-

mere lengths were 2.25 �m, and rapid shortening occurred
approximately linearly over a distance of 0.5–0.6 �m. Over
this shortening distance, the overall sarcomere structure of
the myofibril was retained (as seen under the microscope).
As shortening proceeded, the shortening rate decelerated
and myofibrils of abnormally short sarcomere lengths ap-
peared (
1.3 �m). At very long reaction times (e.g., 4 s at
1 mM ATP), amorphous aggregates were the dominant
features. Aggregates were also detected during the interme-
diate, slow shortening process.

FIGURE 4 Dependences of the ATPase parameters of Ca2�-activated
myofibrils (tibialis) on the ATP concentration at 4°C. F, data from fluo-
rescence stopped-flow experiments (PBP method); ‚, E, and �, quench-
flow data with different symbols indicating different preparations. For
details of how kF and kS were estimated, see Fig. 1 and the text. For each
parameter, the PBP data were fitted to hyperbolas, and the kinetic constants
obtained are in Table 1.

TABLE 1 ATPase parameters for myofibrils from frog and
rabbit fast muscle fibers at 4°C

Parameter

Myofibrils from

Frog tibialis Rabbit psoas*

Activated (with Ca2�)
kF:kFmax (s�1) 4.6 � 0.1 1.7 � 0.1
Km (�M) 33 � 2 9 � 2
	H‡ (kJ/mol) 74� 3 68 � 2

kS:kSmax (s�1) 1.4 � 0.05 0.33 � 0.05
Km (�M) 20 � 1 5.3 � 0.8
	H‡ (kJ/mol) 76� 3 67 � 2

Relaxed (without Ca2�)
kss (s�1) 0.04 � 0.01 0.019 � 0.04

For definitions of parameters and experimental conditions, see text and
Fig. 1.
*From Lionne et al. (1996) and Herrmann et al. (1992).

FIGURE 5 Arrhenius plots of the myofibrillar ATPase parameters. The
parameters were obtained from fluorescence stopped-flow experiments
(e.g., Fig. 1) with 150 �M ATP and 0.25 �M myosin heads. E, kF; �, kS.
The 	H‡ values obtained are in Table 1.
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DISCUSSION

Analysis of the myofibrillar ATPase and
shortening time courses

In this study we measured the ATPase activity of unheld,
Ca2�-activated myofibrils by two methods: chemical sam-
pling (in which total Pi is determined) and by the PBP
technique (specific for free Pi). We interpret our ATPase
progress curves by three phases:

Initial Pi burst

The initial Pi burst is due to protein-bound Pi (as
(A)M � ADP � Pi, see below).

Fast ATPase, kF

The fast ATPase is the ATPase of myofibrils that are
shortening rapidly, first, because shortening and kF occurred
in the same time range (Fig. 6 B) and, second, because the
deceleration of the shortening and ATPase rates occurred at
the same time. Furthermore, with rabbit psoas myofibrils
that were prevented from shortening by chemical cross-
linking, there was only one, fast, ATPase activity (Herr-
mann et al., 1993).

Slow ATPase, kS

In the slow ATPase time range, myofibrils have sarcomere
lengths shorter than the length of the thick filaments (
1.65
�m). Nevertheless, these myofibrils continue to shorten
slowly, leading eventually to a loss of structure.
We also measured myofibrillar shortening velocities at

high and low ATP concentrations by quench flow and by
examining sarcomere lengths under the microscope (Fig. 6).
In the two experiments, the shortening velocity appears to
be constant when the sarcomere lengths shortened from 2.25
to �1.7 �m (Fig. 6). This is in agreement with Edman
(1979) who showed that, with frog muscle fibers (semiten-
dinosus muscle from Rana temporaria), V0 was constant
when the sarcomere lengths were between 1.65 and 2.7 �m.
The deceleration in shortening at sarcomere lengths 
1.7
�m, observed both by Edman (1979) and here, is presum-
ably a result of an increase in internal resistance, as at 1.7
�m, the sarcomeres are near the thick filament length.
The reason the deceleration of the ATPase rate parallels

that of the shortening velocity is not completely clear. At
short sarcomere lengths, there could be an increase in the
internal load, but it is difficult to predict the effect of this
upon the myofibrillar ATPase rate. It could be that at short
sarcomere lengths there is a reduction in the effective over-
lap and as shortening proceeds further, the myofibrillar
lattice structure is impaired. Together, these effects would
reduce the myosin head-actin interaction and therefore the
overall ATPase activity.
The lag phase in the shortening experiment at 60 �M

ATP (Fig. 6) implies that during the first 150 ms there is
little shortening. Because of its sensitivity to the ATP con-
centration (at 1 mM ATP, a lag could not be detected), the
lag could be connected with the ATP binding. However,
these binding kinetics (�30 s�1 at 60 �M) are too fast for
a lag of 150 ms. Another explanation is that the lag repre-
sents the time it takes for all of the heads to become
detached. Thus, with myofibrils from rabbit psoas, shorten-
ing is prevented when as few as 8% of the heads are
attached (Herrmann et al., 1993).

FIGURE 6 (A) Time courses for myofibrillar shortening at two ATP
concentrations. Reaction mixtures of 60 �M (�) or 1 mM (‚) ATP plus
1 �M myofibrils (as myosin heads) were quenched at pH 3.5 at the times
shown, and the sarcomere lengths were measured under the microscope. In
each experiment, the data were fitted to two shortening rates (fast and slow)
with a break at time t, respectively: for 60 �M ATP, 0.62 (�m/h.s.)s�1,
0.04 (�m/h.s.)s�1, and 1.0 s; for 1 mM ATP, 2 (�m/h.s.)s�1, 0.13 (�m/
h.s.)s�1, and 0.22 s. (B) Time course of the myofibrillar ATPase at 50 �M
ATP (PBP method, Fig. 1 B), to show the correspondence of the breaks in
the shortening experiment (�) and ATPase rates. In all experiments, the
initial sarcomere lengths were 2.25 �m and the temperature was 4°C.

TABLE 2 Frog myofibrillar (tibialis) shortening rates

Method

Shortening parameters

V0max (�m/h.s.)s�1 Km (�M)

Shortening experiment (Fig. 6), 4°C �2.4 �200
Slack test,* 5–7°C 3.6� 0.2 190 � 40

*S. Nencini, N. Piroddi, C. Poggesi, and C. Tesi, unpublished results.
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Myofibrillar shortening velocities by quench flow:
comparison with muscle fiber work

The myofibrillar shortening parameters (V0max and Km for
ATP) obtained by quench flow agree well with the mechan-
ical measurements (Table 2). This agreement is important; it
suggests that, in at least one mechanical property, myofi-
brils behave similarly, whether they are freely dispersed in
buffer (as here) or investigated individually under more
controlled conditions (as in the mechanical experiments).
The estimates for the maximal myofibrillar shortening

velocity are in accord with the V0 (�m/h.s.)s�1 obtained
with anuran muscle fibers at 2–4°C: R. temporaria, 2.7
(Edman, 1979) and 2.5 (Ferenczi et al., 1984), and Xenopus
laevis, 1.9 (Stienen et al., 1988). However, myofibrils have
a smaller Km for ATP: 200 �M compared with 470 �M for
fibers from R. temporaria (Ferenczi et al., 1984) and 540
�M with fibers from X. laevis (Stienen et al., 1988).

Comparison of myofibrillar and fiber ATPases

Whereas there are few direct data on the ATPase activities
of anuran fast muscle preparations, there is a large body of
information on the energetics of muscle contraction in the
frog. ATP hydrolysis by frog fast skeletal muscle at 0°C has
been estimated in energy balance studies from both myo-
thermal and biochemical measurements (for reviews see
Kushmerick, 1983; Homsher, 1987), and we must see
whether our data fit in with these studies. Furthermore, we
must consider the very recent work of He et al. (1997) in
which high ATPase rates are reported for skinned muscle
fibers from the frog and rabbit.

Muscle energetics and myofibrillar ATPases

Relaxing conditions

We estimate a rate of 0.04 s�1 (at 4°C) for the ATPase of
frog myofibrils, which is similar to the 0.05 s�1 found by
Ferenczi et al. (1978a). These values are in reasonable
agreement with the ATPase rates determined from the aer-
obic metabolism (0.024 s�1; Kushmerick and Paul, 1976) or
high-energy phosphate metabolism (0.035 s�1; Levy et al.,
1976) of whole frog sartorius muscle at 0°C. These frog
ATPases are considerably higher than that of rabbit psoas
myofibrils (Table 1).

Activating conditions

With fully activated myofibrils at 4°C, the ATPase rate was
4.6 s�1 (kF, Table 1). Ferenczi et al. (1978a) obtained a low
ATPase rate of 0.44 s�1 with a similar preparation, at
0–2°C. However, their time course was on the minutes time
scale, i.e., well after the initial shortening process had
occurred, and their rate probably refers to overcontracted
myofibrils.

It is noteworthy that the ATPase activity of shortening
myofibrils from a cold-blooded animal (frog) is almost three
times higher than that from the warm-blooded rabbit (Table
1). This is in agreement with the muscle fiber work of
Stephenson et al. (1989) who obtained an isometric ATPase
rate of 6.35 s�1 with fast muscle fibers from the cane toad
(Bufo marinus) and 3.8 s�1 for the rat (Rattus norvegicus) at
20–25°C
A comparison of the maximal ATPase activity of unheld

myofibrils with that of actively contracting whole-muscle
preparations is difficult because, with the latter, ATP hy-
drolysis depends strongly on the mechanical condition of
contraction (Woledge et al., 1985, and references cited
therein). Recently, Chaen et al. (1997) showed that, with
held myofibrils and a fluorescent analogue of ATP, the rate
of substrate cleavage depended on the shortening velocity.
This dependence is as expected as the rate of enthalpy
liberation by isotonically contracting muscle (largely a re-
flection of the rate of enthalpy liberation upon ATP hydro-
lysis) increases with the shortening velocity in a character-
istic way (Hill, 1938). Consequently, the ATPase activity of
unheld myofibrils is comparable only with that of muscle
preparations shortening at near Vo. With frog skeletal
muscle, this activity has been obtained only from muscle
energetics.
In energy balance studies, direct measurements of the

ATPase activity of isotonically contracting frog fast mus-
cles showed that, at velocities approaching Vo, the amount
of ATP hydrolyzed was much lower than that expected from
the rate of enthalpy liberation; indeed, it was not too dif-
ferent from that found in isometric conditions (1–2 s�1;
Kushmerick and Davies, 1969; Homsher et al., 1981, 1984).
This low ATP utilization during rapid shortening was ex-
plained by Homsher et al. (1981) by a time lag between the
liberation of energy and ATP hydrolysis during rapid short-
ening and the balance recovering during the isometric post-
shortening phase.
The value we estimated for the ATPase rate of frog

myofibrils, 4.6 s�1, was obtained with unheld myofibrils
shortening at zero external load. This value is higher than
the isometric ATPase rate estimated in frog muscle prepa-
rations although it fits reasonably well with the ATPase rate
expected from the rate of the enthalpy change measured
during rapid shortening (Hill, 1938; Linari and Woledge,
1995). Our results therefore suggest that, at least under our
conditions with unheld myofibrils in solution, ATP hydro-
lysis matches the energy liberation process with little delay.

Do the ATPase kinetics in isometric fibers and
unheld myofibrils agree?

He et al. (1997) reported a very high ATPase activity for
isometrically held, Ca2�-activated muscle fibers from frog
(semitendinosus from R. temporaria). Contraction was trig-
gered by the photolysis of caged ATP and free Pi production
followed by the PBP method under conditions similar to
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those used here. The PBP time course was biphasic: during
the first two turnovers (up to 0.2 s), a rapid ATPase activity
of 16.4 s�1 followed by a reduction to 2.8 s�1. In agreement
with our work, there was little evidence for a transient burst
of free Pi.
With the rabbit psoas, too, the initial fiber ATPase rate

was higher than that of myofibrils. Thus, at 20°C, they were
40.6 s�1 and 8.3 s�1, respectively (He et al., 1997; Herr-
mann et al., 1994). Chemically cross-linked myofibrils
(which may mimic the isometric condition) have an ATPase
rate of 3.5 s�1 (Herrmann et al., 1993). As at 20°C, the fiber
ATPase rate is close to that of acto-S1, He et al. (1997)
propose that initially all the cross-bridges are attached to the
thin filament and therefore function simultaneously as max-
imally actin-activated ATPase sites. However, at 5°C, the
fiber ATPase rate (He et al., 1997) is almost an order of
magnitude greater than that of rabbit acto-S1 ATPase (Herr-
mann et al., 1994): 9 and 1.3 s�1, respectively. The myo-
fibrillar ATPase rate (kF) was 1.9 s�1 (Herrmann et al.,
1994). The low acto-S1 ATPase at 5°C is explained by its
high 	H‡ of 109 kJ/mol (Herrmann et al., 1994) whereas the
	H‡ values of the fiber and myofibrillar (kF) ATPases are
similar at 70 kJ/mol (He et al., 1997) and 62 kJ/mol (Herr-
mann et al., 1994), respectively.
How do we reconcile these differences between the fiber

and myofibrillar ATPases? We consider six potential
causes.
First, the measurements were made under different me-

chanical conditions; i.e., it could be that the Pi-release
kinetics with isometric fibers are just faster than with unheld
myofibrils. However, the ATPase rate of chemically cross-
linked rabbit myofibrils was lower than with un-cross-
linked myofibrils (see above).
Second, He et al. (1997) proposed that, in the previous

fiber measurements, the initial, rapid ATPase was missed
because the measurements were begun at least 1 s after the
initiation of the contraction. This proposal does not explain
the lower myofibrillar ATPase rate (kF � 4.6 s�1) we
measured in unheld myofibrils, also by the PBP method.
Our measurements were made immediately after the Pi
transients (lag phase in the PBP time course, burst phase in
the quench-flow time course, e.g., Fig. 2), and it is unlikely
that we missed a rapid ATPase activity in our experiments.
Third, the differences between the two ATPases could be

because a higher ATP concentration was used in the fiber
measurements, 1 mM rather than 250 �M or less with
myofibrils. Thus, the differences could be related to differ-
ent rates of diffusion of ATP in the two materials. In fact,
substrate diffusion does not appear to be a problem with
myofibrils. With rabbit psoas myofibrils, ATP diffuses rap-
idly to the myosin heads, at least on the time scale of the
measurements, and the ATPase sites behave as though they
were in solution, as in myosin or actomyosin (Sleep, 1981;
Herrmann et al., 1992, and references cited therein). In
particular, in ATP chase experiments (in which ATP bind-
ing kinetics are measured specifically), lag transient phases
were absent (reaction times, 5 ms to several seconds;

Houadjeto et al., 1992). Such experiments would be ex-
pected to be highly sensitive to diffusion. ATP chase ex-
periments also provided estimates for the ATPase site con-
centrations in myofibrils (these estimates were in good
agreement with the myosin head measurements) and the
second-order binding constant for ATP (which was close to
those found with myosin and actomyosin). Furthermore,
with frog myofibrils, there was little evidence for a lag
phase in the Pi burst transient (Fig. 2 a).
Fourth, an explanation for the lower myofibrillar ATPase

is that not all of the heads are fully activated in this prep-
aration, even at saturating Ca2� concentrations. This would
explain the results, at least at 20°C but not at 5°C (see
above). Furthermore, it would imply that in myofibrils only
approximately one-third of the heads are activated. This
seems unlikely because, first, the active and passive forces
in myofibrils are similar to those in fibers (Colomo et al.,
1997, and references cited therein) and, second, myofibrillar
and fiber shortening velocities are in agreement (S. Nencini,
N. Piroddi, C. Poggesi, and C. Tesi, unpublished results; see
Table 2).
Fifth, it could be that in fibers the myofibrils are orga-

nized so they contract cooperatively, which would result in
a higher ATPase rate than with the dispersed myofibrils.
However, this would not explain the mechanical similarities
between fibers and myofibrils.
Finally, there is the notion of active site concentrations in

organized systems, which, of course, are needed to obtain
kcat. With myofibrils, as discussed above, these concentra-
tions appear to be readily obtained. With fibers, the situation
may be more difficult, as discussed by He et al. (1997).
However, the discrepancy on the ATPase measurements
seems too large to be explained by possible errors in this
concentration.

Identifying the predominant intermediates on frog
myofibrillar ATPase

The intermediates on the myosin ATPase pathway (Scheme
1) interact in different ways with the thin filament, and it is
this interaction that is responsible for the contractile pro-
cess. Therefore, to fully understand muscle contraction we
must identify the predominant intermediates and determine
their rates of interconversion. The Pi burst method is an
important method for identifying ATPase intermediates
(Lymn and Taylor, 1970). In this, reaction mixtures are
quenched in acid and the Pi determined; this is total Pi as
it includes enzyme-bound ((A)M � ADP � Pi) as well as
free Pi.
In Fig. 2 we show that there is a significant Pi burst with

frog myofibrils. As the ATP concentration used in the
experiment was lower than the Km for ATP (30 �M com-
pared with 33 �M) the amplitude obtained (0.24 mol Pi per
mol myosin head) is a minimum value. This Pi burst shows
that (A)M � ADP � Pi and/or AM � ADP are important in-
termediates on the myofibrillar reaction pathway. To deter-
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mine which, we studied free Pi production by the PBP
method, and as can be seen in Fig. 2, there was a large
transient lag phase in the progress curve. This is strong
evidence that Pi release is the rate-limiting step of the
ATPase cycle, i.e., that the Pi burst in the quench-flow
experiment is due to the (A)M � ADP � Pi states and that the
concentration of AM � ADP is low.
It appears, therefore, that with Ca2�-activated frog, as

with rabbit psoas myofibrils (Lionne et al., 1995), the
(A)M � ADP � Pi states predominate in the steady state. It
has been proposed that both AM � ADP � Pi and AM � ADP
contribute to the force-generating state (Dantzig et al., 1992;
He et al., 1997, and references cited therein). Should the
AM � ADP state be the only relevant force-generating state
this would suggest the presence of only a few force-gener-
ating cross-bridges during rapid shortening.

Relation between movement and ATP hydrolysis

Two parameters are used to relate the distance moved by a
myosin head along an actin filament during hydrolysis of
one ATP molecule: sliding distance and power stroke. Here
these refer to the situation of unloaded myofibrillar short-
ening. The sliding distance is the physical distance traveled
by a cross-bridge along the thin filament per molecule of
ATP hydrolyzed. This distance can be estimated by dividing
Vo by the ATPase rate during the shortening (both at satu-
rating ATP), i.e., 2.4 (�m/h.s)s�1/4.6 s�1 � 520 nm (Tables
1 and 2).
The power stroke can be defined as the distance moved

by each attached head during the hydrolysis of one ATP
molecule by that head. This distance is determined largely
by the length of the myosin head and by the amplitude of its
conformation change and is assumed to be 5–10 nm (re-
viewed in Cooke, 1997). From chemical kinetic experi-
ments (e.g., Fig. 1), most of the myosin heads participate in
ATP hydrolysis.
The large difference of the two parameters suggests

strongly that, at any one time, only 1–2% of the heads are
attached and actually producing rapid sliding. This is in
reasonable agreement with the duty ratio as discussed by
Cooke (1997). At any one time, the few heads that are
attached undergo the 5- to 10-nm movement of the power
stroke, whereas the detached majority of heads move 520
nm (with respect to the thin filament) as passengers (e.g.,
Irving, 1991; Cooke et al., 1994).
From the biochemical cycle (Scheme 1), most of the

heads have bound ADP � Pi and, as few are attached, the
predominant intermediate is M � ADP � Pi. Therefore,
whereas, chemically, Pi release is rate limiting, this process
is itself limited by reattachment (M � ADP � Pi to
AM � ADP � Pi). It follows that the concentration of
AM � ADP � Pi is low because the actual Pi release step is
faster than the formation of AM � ADP � Pi. In this respect,
it is similar to the situation with acto-S1 from rabbit fast
muscle, but in that case, the ATP cleavage step is rate
limiting (Rosenfeld and Taylor, 1984; Biosca et al., 1985).

Which step (or steps) in the ATPase cycle (Scheme 1) is
connected with Vo? At low ATP concentrations, it is likely
that Vo is limited by the rate of ATP binding (e.g., Ferenczi
et al., 1984; Goldman, 1987). As the ATP concentration is
increased, Vo increases until a saturation plateau is reached,
and so presumably another step limits Vo. From the discus-
sion above, this step is likely to involve an attached state;
once a cross-bridge is attached it must go through its power
stroke as quickly as possible and detach, as otherwise it may
cause a negative strain on the other heads going through
their power strokes. In this simple model, the rate limiting
these processes involving attached states will be Vo divided
by the power stroke, 250–500 s�1, i.e., approximately two
orders of magnitude greater than kFmax (4.6 s�1). This dif-
ference in Vo and kFmax would explain the different Km values
for the two processes: �200 and 33 �M, respectively (Ta-
bles 1 and 2).
Based on a comparison of different muscle types, Si-

emankowski et al. (1985) proposed that, at high ATP con-
centrations, shortening is limited by the ADP release kinet-
ics. This proposal is consistent with the low duty ratio of the
shortening myofibrils, as the concentration of free Pi and,
therefore, the proposed key intermediate AM � ADP are
very low (Fig. 2). However, more recently, White et al.
(1997) proposed that an earlier step on the myosin head
ATPase pathway limits Vo when a variety of nucleotide
analogs are used to measure fiber shortening velocity (Pate
et al., 1993) and acto-S1 ATPase (White et al., 1993, 1997).
The kinetics of the Pi release steps do not vary much with
substrate and so are unlikely to be responsible for the
differences observed in the shortening velocities. Because
the kinetics of the cleavage step is the main one that varies
significantly with nucleotide, White et al. (1997) proposed
that, when the rate of this step is reduced by use of nucle-
otide analogs, it becomes involved in limiting Vo.
In conclusion, with ATP as the substrate, there may be at

least two steps in balance that control Vo. To allow short-
ening without significant impediment from negatively
strained cross-bridges, the attached states go through the
power stroke at a rate balanced by the formation of passen-
ger states (mainly M � ADP � Pi). Increasing the rate of
either one process may not produce any significant advantage.
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