
Energy transduction in muscle contraction results from

the coupling between MgATP hydrolysis and the cyclic

interaction between myosin heads (‘cross-bridges’) and

actin. The process occurs in discrete steps with product

release associated with a structural change in the

actomyosin complex (‘power stroke’) producing one or

more force-generating transitions. The power stroke

produces force, shortening and external work (for a review

see Goldman, 1987; Brenner, 1990; Geeves & Holmes,

1999; Gordon et al. 2000). Studies on isolated proteins and

on demembranated fibres have identified a reaction

pathway for the cross-bridge ATPase cycle that is now

generally accepted:

Scheme 1

In this scheme, nucleotide occupancy of the myosin-active

site modulates the binding affinity of myosin for actin,

defining two general categories of cross-bridges: ‘strongly

binding states’ (AM, AM.ADP) and ‘weakly binding states’

(A-M.ATP, A-M.ADP.Pi; the line between A and M

indicates that cross-bridges spend most of their time in

the detached form). Although the mechanism of chemo-

mechanical coupling is unknown, the exoergonic release

of inorganic phosphate (Pi) is thought to power the

working stroke (for a review see Cooke, 1997). The

evidence supporting this assignment is that an increased

[Pi] strongly depresses maximal isometric force (Brandt et
al. 1982; Cooke & Pate, 1985; Kawai et al. 1987; Pate &

Cooke, 1989a) while the rate of force development (Millar

& Homsher, 1990; Walker et al. 1992) and of force decay

from rigor (Hibberd et al. 1985) increase. The reduction of

the free energy of hydrolysis of MgATP at elevated [Pi]

shifts cross-bridges from force-producing states (AM*.ADP)

to low or non-force-producing states (A-M.ADP.Pi) in

rapid equilibrium with detached states (Eisenberg et al.
1980; Cooke & Pate, 1985). In fast skeletal muscle, Pi

release is not the rate-limiting step of the overall cross-

bridge cycle (Cooke, 1997), but this is less certain in slow

skeletal muscle (Millar & Homsher, 1992). Moreover,

transient kinetic analysis of the effects of sudden increases

in Pi on the kinetics of force production suggested the idea

of a two-step mechanism for Pi release, with a force-
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generating isomerization of AM.ADP.Pi state preceding

the release of Pi and the formation of the strongly binding

AM*.ADP state (reviewed by Morris & Homsher, 1998).

Scheme 2

The evidence for a two-step model for Pi dissociation and

force generation are: saturation kinetics of the [Pi]

dependence of the rate of rigor decay (Goldman et al. 1984;

Hibberd et al. 1985) or active force decay (Dantzig et al.
1992; Walker et al. 1992) induced by photolysis of caged-

Pi; the rate of force increase following the sudden

reduction of pressure in the presence of Pi (Fortune et al.
1991, 1994); a Pi-dependent intermediate rate derived

from sinusoidal analysis of active muscle in the presence of

Pi (Kawai & Halvorson, 1991). Unfortunately, in psoas

muscle fibres the kinetics of Pi-jumps at 15–20 °C in the

[Pi] range expected to saturate the process is very fast

(100–200 s_1; Dantzig et al. 1992) and close to the time

resolution of those studies. Similar experiments performed

in slow muscle fibres, where the rate of Pi-transients is

much slower than in fast muscle, produced inconclusive

results because the effect of Pi on isometric force is smaller

and Pi release steps are not kinetically different from the

rate-limiting steps of the pathway (Millar & Homsher,

1992). Also, if available data from measurements of Pi-

transients suggest that Pi release from AM*.ADP.Pi follows

a force-generation isomerization, it is frequently said in

the literature that the power stroke occurs after the release

of Pi and recent ‘swinging lever arm’ models of cross-

bridge action (mainly based on structural and molecular

genetics data on slow myosins) identify Pi release as the

event which ‘prompts’ the power stroke (Houdusse &

Sweeney, 2001; Spudich, 2001).

If force generation and Pi release are synchronous (as in

Scheme 1), the steady-state dependence of isometric force

on [Pi] will decline hyperbolically with a zero asymptote of

force. However, if force is produced by an isomerization

of A-M.ADP.Pi (non-force generating) to AM*.ADP.Pi

(force generating) from which Pi is released (forming a

force-exerting AM*.ADP state), the force–[Pi] plot will

approach an asymptote significantly different from zero as

[Pi]åW (see Gordon et al. 2000 for discussion of this

point). Unfortunately, previous studies of the force–[Pi]

relation in skinned fibres were of insufficient resolution to

assess this point because diffusional [Pi] gradients can arise

within fibres, distorting the results. Recently, the diffusional

limitations of skinned fibres were circumvented by using

single myofibrils (Bartoo et al. 1993; Friedman & Goldman,

1996; Colomo et al. 1997; Barman et al. 1998; Tesi et al.
1999). Because myofibrils (1–3 mm diameter) rapidly

equilibrate with the bathing medium (< 1 ms), control of

the solution inside the myofilament lattice is possible and

rapid changes in the perfusing solution can be made to

examine the kinetics of mechanical events induced by

solution change (Tesi et al. 2000). Myofibrils can be

isolated from different muscle types and are thus the ideal

preparation for comparative studies.

Below, the effect of [Pi] on maximal isometric force was

studied in single myofibrils or thin bundles of myofibrils

(< 3 mm diameter) from rabbit fast (psoas) and slow (soleus)

muscle in the temperature range 5–20 °C. Hyperbolic fits

to the force–[Pi] relations gave asymptotes of force

significantly different from zero in both muscle types,

indicating that at infinite [Pi] a significant fraction of

AM*.ADP.Pi cross-bridges remained in force-generating

states (i.e. force generation precedes Pi release itself).

Further, 2,3-butanedione 2-monoxime (BDM), which is

thought to shift the equilibrium between AM.ADP.Pi

and AM*.ADP.Pi towards the non-force-generating form

(Herrmann et al. 1992; McKillop et al. 1994; Regnier et al.
1995) additively decreased the asymptote of the force–[Pi]

relation. The results of this steady-state study support the

hypothesis that force in striated muscle is generated in

an isomerization of the AM.ADP.Pi state immediately

preceding the Pi release step itself. Preliminary results of

this study have been reported (Piroddi et al. 2001).

METHODS
Myofibrils
Single myofibrils or thin bundles of 2–4 myofibrils were prepared
from rabbit fast and slow skeletal muscle by homogenization of
glycerinated rabbit psoas or soleus muscle, as previously described
(Tesi et al. 1999, 2000). Rabbits were killed by intravenous
administration of pentobarbitone (120 mg kg_1) through the
marginal ear vein. All the procedures were conducted in accordance
with the official regulations of the European Community Council
on use of laboratory animals (directive 86/609/EEC) and the study
was approved by the Ethical Committee for Animal Experiments
of the University of Florence.

Apparatus for force measurement and rapid solution change
Methods used to record isometric force from single striated
muscle myofibrils and to make rapid solution changes were as
previously described (Colomo et al. 1997, 1998; Tesi et al. 2000).
In these experiments the compliance of the force transducers was
1–3 nm nN_1 and their frequency response was linear to 5 kHz.
Myofibril shortening associated with force-probe compliance was
kept ≤ 3 % of initial length.

Myofibrils were maximally activated and relaxed by rapid
translation between two continuous streams (each 150 mm wide)
of relaxing (pCa 8.0) and activating (pCa 4.5) solutions of variable
composition. The solutions flowed by gravity from a double-
barrelled glass pipette placed at 90 deg to the axis of the
preparation (at 0.5 mm distance). The gravity-driven flow of each
solution was ~120 ml min_1, flowing past the myofibril at 2 cm s_1.
Solution changes occurred with a time constant of 2 ms and were
complete in 10 ms. During experiments, myofibrils were subjected
to several activation–relaxation cycles by switching the position of
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the perfusion pipette. To compare maximal isometric force in
two experimental conditions, some myofibrils were sequentially
activated using a 3- to 4-channel perfusing system loaded with
relaxing solution and two or three different activating solutions
(e.g. different [Pi]). Effects of changes of the activating solution
were observed from the change in force triggered by the sudden
change in position of the perfusing system (‘Pi-jump’ protocol).
The 3- to 4-channel perfusing system was produced by replacing
double-barrelled glass pipettes with fused silica chromatography
columns (guard column IP-deact., 250 mm internal diameter;
Restek, USA), glued side-by-side with each channel directly
connected to a solution reservoir.

Isometric force was maintained over 4–5 activation cycles without
significant decline in mechanical performance (< 10 % decrease
in isometric force). Experiments were performed at 5 and 15 °C in
rabbit psoas myofibrils and at 15 and 20 °C in rabbit soleus
myofibrils.

In some experiments, release–re-stretch protocols applied to
myofibrils during the contraction plateau were used to measure
the rate of tension redevelopment, kTR (Brenner, 1988).

Solutions: composition and reduction of contaminant Pi

All solutions were made as described by Brandt et al. (1998) and
contained 5 mM MgATP, 1 mM free magnesium, pH 7.0 and a
final ionic strength of 200 mM. Solutions of different composition
(e.g. pCa or [Pi]) were made by solving the multiple equilibria for
metals and ligands using the following apparent association
constants (log values at pH 7.00): CaEGTA 6.3, MgEGTA 1.6,
CaATP 3.7, MgATP 4.1. Although continuous solution flow
minimizes alterations in the concentration of MgATP and its
hydrolysis products within the myofibril, these measurements
have been made in the presence of a MgATP regenerating system:
creatine phosphate (CP, 10 mM) and creatine kinase (CPK,
200 units ml_1). As previously observed (Tesi et al. 1999), the
presence of this re-phosphorylating system reduces the run-down
of preparations.

The Pi contamination in experimental solutions was estimated
spectrophotometrically (Baginski et al. 1967) using samples
collected before the addition of CPK, whose presence interfered
with the colorimetric assay. Standard solutions contained 170 ±
30 mM (n = 17) contaminating Pi from spontaneous breakdown
of MgATP and CP (Tesi et al. 2000). These solutions are referred
to as ‘nominal Pi’ solutions.

Contaminant Pi was reduced by passing experimental solutions
through a column containing the enzyme purine nucleoside
phosphorylase (PNP), immobilized on activated sepharose-4B
beads, with substrate 7-methylguanosine (Brune et al. 1994). The
[Pi] in the column eluate was < 5 mM. When used, these solutions
are referred to as ‘Pi –free’ solutions.

Contractions recorded from myofibrils perfused with Pi-free
solutions were used as a reference. Test contractions at a given [Pi]
were obtained using solutions first scavenged for Pi to which
known amounts of Pi were added (‘test solutions’).

Nucleoside phosphorylase (‘bacterial’), 7-methylguanosine, ATP,
ADP and BDM, were purchased from Sigma Chemical Co., and
CP/CPK was from Roche Diagnostics Co. All results are given as
means ± S.E.M.

Cross-bridge scheme
Cross-bridge schemes like Scheme 1, in which force generation
coincides (and/or follows) Pi release, predict steady-state relations

between isometric force and [Pi] whose limit for [Pi]åW is zero.
Their general form is: 

AM*.ADP + AM A
Force([Pi]) = ——————— = —————, (1)

Ntot Kd,app + [Pi]

where A and Kd are constants, the last one corresponding to the
[Pi] giving half-maximal effect and Ntot is the total number of
cross-bridges present. The subscript ‘app’ indicates a constant or a
parameter measured experimentally which can be a combination
of different fundamental constants.

Force–[Pi] curves with an asymptote of force significantly different
from zero are predicted only by cross-bridge schemes in which
force is generated in a transition prior to Pi release. The steady-
state effect of [Pi] on force was analysed using a simplified four-
state cross-bridge (CB) scheme (Scheme 3) based on the six-state
model proposed by Regnier et al. (1995).

Scheme 3

This model assumes that force is generated by an isomerization of
the AM.ADP.Pi state (Step 2) immediately preceding the Pi release
step (Step 3). A calcium-sensitive transition (Step 1) before force
generation is included in order to account for the [Ca2+]
dependence of kTR . The rate-limiting step of the cycle is assumed
to be associated with ADP release (pooled together with ATP
binding and cross-bridge dissociation in Step 4). This model
predicts a sigmoidal force–log[Pi] relation (if steps are strain
dependent) and, on a linear scale, a hyperbolic relation between
force and [Pi] with a force asymptote at infinite [Pi] significantly
different from zero.

Force was assumed to be proportional to the sum of cross-bridge
fractions in the AM*.ADP.Pi and AM*.ADP states (each yielding
identical forces) and was computed assuming that [Pi] only affects
k_3 [Pi], the reversal of Pi release. Steady-state force as a function of
[Pi] is given by:

AM*ADP.Pi + AM*ADP A + B[Pi]
Force([Pi]) = ——————————— = —————, (2)

Ntot Kd,app + [Pi]

where Ntot = detached CB+AM.ADP.Pi +AM*.ADP.Pi +AM*.ADP.

When eqn (2) is derived from steady-state calculations of
fractional occupancy of force-generating states in Scheme 3 with
the assumption that Step 4 is the rate-limiting step of the cross-
bridge cycle (i.e. k+4 is small), relative force as a function of [Pi]
(relforce, force[Pi] /force[Pi],free) can be approximated by:

K1K2K3 K1K2
————— + —————[Pi]
1 + K1 + K1K2 1 + K1 + K1K2

Relforce([Pi]) = —————————————, (3)
K1K2K3

————— + [Pi]
1 + K1 + K1K2

where:
K1K2K3Kd,app = —————, (4)

1 + K1 + K1K2
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K1K2
Asymptoteapp = —————, (5)

1 + K1 + K1K2

As K1 values can be estimated from the measured rate of force
development, the equilibrium constants K2 and K3 for force
generation and Pi release steps can be obtained from the
hyperbolic fitting of force–[Pi] relations according to Scheme 3.

RESULTS
Effect of [Pi] on force in maximally activated rabbit
fast skeletal myofibrils at 5 and 15 °C
Two different protocols were used to study the effect of

[Pi] on maximal isometric force. In one case, we compared

maximal isometric force obtained in two or more

contraction–relaxation cycles in Pi-free control conditions

([Pi] < 5 mM; see Methods) to those in the presence of

0.2–70 mM [Pi] (test conditions; Fig. 1A and B). In the

second case, the effect of [Pi] was measured from the

amplitude of a Pi-jump (see Methods) in Pi-free conditions

to different final ligand concentrations (Fig. 1C). The

myofilament [Pi] was assumed to be equal to that of the

perfusing solution because the small preparation diameter

(1–3 mm) and the continuous flow of solutions prevent

formation of diffusional gradients. Most experiments used

the Pi-jump protocol because ‘run-down’ was minimized.

The rate of isometric force generation was obtained from

the time course of force rise after rapid activation (kactiv;

Tesi et al. 2000) and/or from the time course of force

redevelopment following a release–re-stretch protocol

(kTR; Brenner, 1988). Though kTR is a more reproducible

measure of the rate of force development, the release–re-

stretch manoeuvre used for kTR measurement could not be

used with [Pi] in experimental solutions higher than 5 mM

as the tension at the end of the re-stretch was almost as

large as the steady-state force. Unless otherwise stated, the

apparent rate of force generation was estimated as kTR

below 5 mM [Pi] and as kactiv in all the other conditions.

In both cases experimental tracings were fitted as

monoexponential processes.

Maximal isometric force per cross-sectional area and kTR

in Pi-free conditions (Table 1) averaged respectively
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Figure 1. Effects of Pi addition in myofibrils from rabbit fast and slow skeletal muscle
Left, psoas muscle myofibrils (A–C); right, soleus muscle myofibrils (D–F). A, psoas myofibril 15 °C:
maximal isometric force in the presence of 5 mM Pi is 0.49 of the value in control Pi-free conditions. In Pi-free
and 5 mM Pi conditions, kactiv was 6.0 s_1 and 11 s_1, respectively. B, psoas myofibril at 5 °C: kactiv was slowed
down considerably (1.5 s_1); 5 mM Pi dropped force to 0.48 of the Pi-free value and increased kactiv to 4.3 s_1.
C, psoas myofibril at 5 °C subjected to a ‘Pi-jump’ protocol from Pi-free to 5 mM Pi (arrows mark the time of
the solution change associated with the change in [Pi] from Pi-free to 5 mM and reverse). Isometric force
dropped to 0.35 of Pi-free value. kactiv in Pi-free conditions: 1.4 s_1 ; kPi(+), 25.7 s_1; kPi(_), 1.7 s_1. D, soleus
myofibril at 20 °C: 5 mM Pi dropped force to 0.74 of Pi-free value; kactiv in Pi-free and 5 mM Pi were 3.3 s_1 and
3.4 s_1, respectively. E, soleus myofibril at 15 °C: force is decreased to 0.82 of Pi-free value; kactiv, in both Pi-free
and 5 mM Pi was 1.7 s_1. F, soleus myofibril at 15 °C subjected to a ‘Pi -jump’ protocol from Pi -free to 50 mM

Pi. Isometric force dropped to 0.50 of Pi-free value. kactiv in Pi-free conditions was 1.9 s_1; kPi(+), 6.3 s_1; kPi(_), 1.7 s_1.



356 ± 62 mN mm_2 and 6.6 ± 1.5 s_1 (n = 29) at 15 °C and

265 ± 14 mN mm_2 and 1.9 ± 0.1 s_1 (n = 36) at 5 °C. As

previously reported (Brandt et al. 1982; Cooke & Pate,

1985; Millar & Homsher, 1990; Walker et al. 1992), Pi

addition to control solution strongly reduced steady-state

force generated by psoas myofibrils at both 5 and 15 °C

(Fig. 2A) and increased kTR (Table 1). At 5 °C, compared

with Pi-free conditions, 5 mM Pi dropped force by about

50 % and increased kTR by three times (6.4 ± 2.4 s_1, n = 7).

As previously reported (Tesi et al. 2000), the kinetics of the

drop in force induced by a sudden increase in [Pi] (kPi(+);

Fig. 1C, downward arrow) was about three times faster

than kTR at the same final [Pi] (see Table 1) while the

kinetics of the force increase induced by a sudden decrease

in [Pi] (kPi(_); Fig. 1C, upward arrow) was not significantly

different from kTR at the same final [Pi]. The relative force

data were fitted to hyperbolic relations and the maximal

effect of [Pi] on isometric force ([Pi]åW) was estimated

by the apparent asymptote (Asymptoteapp) of the relation

while the Pi sensitivity of isometric force by the [Pi] at

which force depression is half-maximal (Kd,app). At 5 °C,

Asymptoteapp and Kd,app were 0.05 ± 0.02 and 4.15 ±

0.50 mM, respectively. In the temperature range tested, the

Asymptoteapp or Kd,app of the force–[Pi] relations of fast

muscle myofibrils were not different (respectively 0.07 ±

0.02 and 4.33 ± 0.36 mM at 15 °C). At both 5 and 15 °C, the

extrapolated Asymptoteapp is low but significantly different

from zero (P < 0.0001).

Effect of [Pi] on force in maximally activated rabbit
slow skeletal myofibrils at 15 and 20 °C
The effect of [Pi] on maximal isometric force in soleus

myofibrils at 15 and 20 °C was studied using the procedure

described above (Fig. 1D–F). In Pi-free conditions, maximal

isometric force and kTR (Table 1) were respectively

310 ± 40 mN mm_2 and 3.2 ± 0.2 s_1 (n = 28) at 20 °C and

220 ± 30 mN mm_2 and 2.0 ± 0.1 s_1 (n = 36) at 15 °C. At

both temperatures, isometric force in rabbit soleus

myofibrils decreased less with [Pi] than in psoas myofibrils

(Fig. 2B). Moreover, the rate of force generation was not

significantly affected by [Pi], in the range tested. As in

psoas myofibrils, the kinetics of the drop in force induced

by a jump increase in [Pi] at 20 °C (kPi(+)) was about three
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Table 1. Effect of [Pi] on contractile properties of fast (psoas) and slow (soleus) muscle
myofibrils and results of the hyperbolic fitting of force–[Pi] relations at different temperatures

Psoas myofibrils Soleus myofibrils

5 °C 15 °C 15 °C 20 °C

Tension (mN mm_2) Pi-free 265 ± 14 (n = 36) 356 ± 62 (n = 29) 220 ± 30 (n = 36) 310 ± 40 (n = 28)

kTR (s_1) Pi-free 1.9 ± 0.1 (n = 36) 6.6 ± 1.5 (n = 29) 2.0 ± 0.1 (n = 36) 3.2 ± 0.2 (n = 28)
5 mM Pi 6.4 ± 2.4 (n = 7) 10.0 ± 2.1 (n = 5) 2.1 ± 0.3 (n = 5) 3.0 ± 0.4 (n = 5)

kPi(+) (s_1) 5 mM Pi 18.2 ± 2.0 (n = 13) — 3.2 ± 0.7 (n = 6) 11.3 ± 0.7 (n = 12)

Force–[Pi] curve Kd,app (mM) 4.15 ± 0.50 4.33 ± 0.36 4.37 ± 1.85 4.80 ± 1.70
Asymptoteapp 0.05 ± 0.02 0.07 ± 0.02 0.44 ± 0.06 0.46 ± 0.04

Values of tension, kTR and kPi(+) are means ± S.E.M. obtained in psoas and soleus myofibrils. Hyperbolic fitting
of experimental force–[Pi] data: Kd,app and Asymptoteapp obtained from [Pi] giving half the maximal effect and
extrapolated value of relative tension for [Pi]åW, respectively. Asymptoteapp: P < 0.0001 in psoas an soleus
myofibrils at the different temperatures tested. Control Pi-free: [Pi] < 5 µM.

Figure 2. Force–[Pi] relations in fast and slow skeletal muscle at different temperature
Maximal isometric force obtained in the presence of different [Pi] normalized over control force in Pi-free
conditions. A, force–[Pi] relation of psoas myofibrils at 5 °C (0) and 15 °C (1). B, force–[Pi] relation of soleus
myofibrils at 15 °C (0) and 20 °C (1). Continuous lines: hyperbolic fittings of force–[Pi] relations obtained at
15 °C in both muscle types ; dashed lines: asymptotes of force–[Pi] relations. Results of hyperbolic fittings are
reported in Table 1.



times faster than kTR (Table 1). As already observed by

Millar & Homsher (1992), in soleus muscle the difference

between kTR and kPi(+) values tended to disappear on

lowering the temperature to 15 °C (Table 1). At both

temperatures, kPi(_) was very close to kTR. The hyperbolic fit

of the force–[Pi] relation at 15 °C gave an asymptote which

was about six times that observed in psoas myofibrils

(Asymptoteapp = 0.44 ± 0.06). On the other hand, the value

of Kd,app estimated for slow myofibrils was very close to that

obtained in psoas myofibrils at the same temperature

(4.37 ± 1.85 mM). Again, in the 15–20 °C range, tem-

perature did not affect the shape of the force–[Pi] relation

(Asymptoteapp = 0.46 ± 0.04; Kd,app = 4.80 ± 1.70 mM; 20°C).

The results of force–[Pi] experiments in both fast and slow

myofibrils show the presence of a force asymptote

significantly different from zero at infinite [Pi], supporting

the hypothesis that force generation precedes Pi release.

Effect of [BDM] on isometric force and on force
inhibition by [Pi] in maximally activated rabbit fast
and slow skeletal myofibrils
If a two-step model for Pi release and force generation

(Scheme 3) is correct, the Asymptoteapp of the force–[Pi]

relation will be determined by the fraction of cross-bridges

in force-generating states at infinite [Pi], which is set by the

equilibrium constant of the force-generating step (K2,
Scheme 3). In soleus muscle, because the extrapolated
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Figure 3. Effect of BDM on maximal isometric force in rabbit
psoas (5 °C) and soleus (15 °C) myofibrils

A, experimental tracing from a psoas myofibril subjected to exposure to

2 mM BDM by rapid solution change at the plateau of an isometric

contraction. Relative force in the presence of 2 mM BDM: 0.71; kTR in

control conditions and in the presence of 2 mM BDM: 2.3 s_1 and 1.6 s_1,

respectively. Force transients following application and removal of BDM:

rates of force decrease and increase were 1.9 s_1 and 1.8 s_1, respectively.

B, experimental tracing from a soleus myofibril subjected to 10 mM BDM.

Relative force in the presence of 10 mM BDM: 0.74; kactiv in control

conditions 0.8 s_1. Force transients following application and removal of

BDM: rates of force decrease and increase were 0.8 s_1 and 0.7 s_1,

respectively. C, relation between [BDM] and maximal isometric force in

rabbit psoas (5 °C, 0) and soleus myofibrils (15 °C, 1). Hyperbolic fit of

each data set (continuous lines) gave half-maximal effect of force

depression in fast and slow myofibrils at [BDM] of 3.3 ± 2.8 mM and

6.9 ± 4.5 mM, respectively.

Table 2. Equilibrium and individual rate constants
derived from the simulation of force–[Pi]curve in fast and
slow myofibrils by the model illustrated in Scheme 3

Psoas Soleus

5 °C 15 °C 15 °C

K2 0.05 0.09 0.92
K3 (mM) 110 64 10

k+1 5 20 6
k_1 1 5 1 

k+2 8 20 3
k_2 180 250 3.3

k+3 500 1000 40
k_3 (M

_1 s_1) 0.5 w 104 1.5 w 104 0.4 w 104

k+4 1 3 1

Equilibrium constants for Steps 2 and 3 of Scheme 3 (abbreviated
as K2, K3) as derived from hyperbolic fitting of experimental
force–[Pi] curves of fast and slow myofibrils at the different
temperatures (see Methods, eqns (4–5)). Forward and backward
rate constants for all the transitions assumed by the cross-bridge
model of Scheme 3 (abbreviated as k+x and k_x and expressed s_1,
when not otherwise stated) were assigned based on kTR and kPi(+)

measurements in myofibrils (this study and Tesi et al. 2000) or in
skinned fibres from psoas (Millar & Homsher, 1990; Dantzig et al.
1992; Zhao & Kawai, 1994; Regnier et al. 1995) and soleus muscle
(Millar & Homsher, 1992; Wahr et al. 1997; Wang & Kawai, 1997),
in similar experimental conditions. Simulation of soleus myofibrils
at 20 °C not shown.



value for isometric force at infinite [Pi] is almost 0.5, the

equilibrium constant K2 for the force-generating isomeriz-

ation is about 1. BDM is thought to decrease the value of

this equilibrium, probably by decreasing the forward rate

(k+2) of the force-generating isomerization, with little

effect on ATP binding or hydrolysis steps (pooled in Step 4

in Scheme 3; Herrmann et al. 1992; McKillop et al. 1994). If

this is the case, Scheme 3 predicts that the Asymptoteapp

will be reduced by the addition of BDM. Because BDM

depresses force more as temperature is reduced (Fryer et
al. 1988; Horiuti et al. 1988), the effect of BDM on psoas

and soleus myofibrils was tested at the lowest temperature

used for experiments on the Pi effect in the same

preparation (5 °C and 15 °C, respectively).

As seen in Fig. 3, both fast (A) and slow (B) skeletal muscle

myofibrils promptly responded to BDM application. The

extent of force depression by BDM was very dose-

dependent. In both myofibril types, the relations between

[BDM] and relative force were fitted to hyperbolae from

which Kd,app for force depression in psoas and soleus

myofibrils were estimated as 3.3 ± 2.8 mM and 6.9 ± 4.5 mM.

Though other determinants associated with the muscle

type cannot be excluded, the large difference in the

amplitude of the maximal effect of BDM in fast and slow

myofibrils (100 % in psoas myofibrils at 5 °C and 40 % in

soleus myofibrils at 15 °C) is expected from the strong

temperature dependence of the BDM effect. In both

myofibril types, the kinetics of the BDM-jumps were very
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Figure 4. Influence of BDM on the inhibition of isometric force by Pi in maximally activated
psoas and soleus myofibrils
A, experimental tracing from a multiple-jump protocol (1 mM Pi, 2 mM BDM) on a psoas myofibril (5 °C).
1 mM Pi-jump: relative force = 0.75 of maximal Pi-free value; 1 mM Pi + 2 mM BDM jump: relative
force = 0.49. kTR of force development or redevelopment in control conditions: 1.9 s_1 and 2.3 s_1,
respectively. B, experimental tracing from a multiple-jump protocol (50 mM Pi, 10 mM BDM) on a soleus
myofibril (15 °C). 50 mM Pi-jump: relative force = 0.51; 50 mM Pi + 10 mM BDM: relative force = 0.38. kTR of
force development in control conditions: 1.5 s_1. C, force–[Pi] curve obtained in psoas myofibrils at 5 °C
in the presence of 2 mM BDM. Continuous line: hyperbolic fitting of experimental points (Kd,app =
0.77 ± 0.07 mM; Asymptoteapp = 0.08 ± 0.07). Dashed line: hyperbolic fit of the force–[Pi] relation (no
BDM) at the same temperature from Fig. 2A. Dotted line: mean effect of 2 mM BDM alone at the same
temperature (relative force: 0.74 ± 0.02, n = 5). D, force–[Pi] curve obtained in soleus myofibrils at 15 °C
in the presence of 10 mM BDM. Continuous line: hyperbolic fit of experimental points (Kd,app =
1.27 ± 0.01 mM; Asymptoteapp = 0.32 ± 0.01). Dashed line: hyperbolic fit of the force–[Pi] relation (no
BDM) at the same temperature from Fig. 2B. Dotted line: mean effect of 10 mM BDM alone at the same
temperature (0.74 ± 0.05, n = 11).



close to the kinetics of force generation. This shows that

BDM interaction and its force inhibition are fast.

The influence of BDM on the inhibition of isometric force

by Pi in maximally activated psoas and soleus myofibrils

at 5 and 15 °C is shown in Fig. 4. Results were obtained

with a multilpe-jump protocol performed during a single

activation–relaxation cycle, using a four-channel perfusion

pipette. Myofibrils (Fig. 4A and B) were first activated in

control conditions (Pi-free, no BDM). After reaching a

stable plateau, they were submitted first to an increase in

[Pi] producing a sudden drop in force and then exposed to

a solution containing both Pi and BDM (2 and 10 mM in

psoas or soleus myofibrils, respectively), leading to a further

decrease in force. The jumps were then sequentially

reversed. In some experiments, kTR was measured in the

different conditions showing that BDM depresses the rate

of force generation in both muscle types (by 20 % and

14 %, in fast and slow myofibrils, respectively). Usually,

only one activation–relaxation cycle was performed, as the

multilpe-jump protocol induced a strong run-down of

force (especially in slow myofibrils). As already shown

(McKillop et al. 1994), the effect of BDM and Pi on force

was additive: in psoas myofibrils subjected to multilpe-

jump experiments, 1 mM Pi and 2 mM BDM applied alone

decreased force to 0.76 ± 0.02 (n = 5) and to 0.74 ± 0.02

(n = 5), respectively. When applied together, force dropped

to 0.47 ± 0.04. Similar results were obtained in soleus

myofibrils where 50 mM Pi alone decreased the relative

force to 0.51 ± 0.01 (n = 10), 10 mM BDM decreased it to

0.74 ± 0.05 (n = 11) and 50 mM Pi and 10 mM BDM

together decreased it to 0.34 ± 0.02 (n = 6). In both fast

and slow myofibrils, the affinity of the myofibril for Pi was

increased by BDM (Fig. 4C and D). In psoas myofibrils

(5 °C) 2 mM BDM decreased Kd,app to 0.77 ± 0.07 mM; in

soleus myofibrils (15 °C) 10 mM BDM decreased Kd,app to

1.27 ± 0.01 mM. In soleus myofibrils, the presence of a

high asymptote of the force–[Pi] relation permitted the

quantification of the effect of BDM on this parameter. As

shown in Fig. 4D, 10 mM BDM decreased the Asymptoteapp

of the force–[Pi] relation by about 30 %, as expected

from its additive inhibitory effect on isometric force.

Interestingly, also under these condition, the Asymptoteapp

of the force–[Pi] relation of soleus myofibrils remained

significantly different from zero (0.32 ± 0.01).

DISCUSSION
These experiments showed that in both fast and slow

skeletal muscle myofibrils, force depression induced by Pi

approaches an asymptotic value as [Pi]åW which is

significantly different from zero. The results are inconsistent

with a cross-bridge power stroke in which force is produced

only during or subsequent to the release of Pi. The data

support the hypothesis that force is produced in a cross-

bridge isomerization prior to Pi release.

Comparison with previous results in skinned fibres
from fast and slow muscle
There is a good agreement between the results obtained

here for the force–[Pi] relation in psoas and soleus

myofibrils and previous observations in skinned fibres

from the same muscles (Fig. 5). In fast muscle myofibrils

(Fig. 5A), the effect of Pi on isometric force was larger than

previously reported in fibre preparations. This comparison

is complicated by the variability of force produced in

skinned fibres. This variability stems from differences in Pi

contamination and Pi gradients inside fibres of variable

size and ATPase activity. Interestingly, the data that are

closer to myofibrillar data are those obtained with fibre

preparations of reduced size (split fibres; Pate et al. 1998;0) and/or in the presence of an enzymatic Pi-scavenging

system to reduce contamination in control conditions (Pate

et al. 1998; Millar & Homsher, 1990; 1). As previously

observed (Tesi et al. 2000), the large effect of Pi in our

experiments is predicted from the inverse correlation

between the amplitude of force depression by Pi and the

diameter of the preparation (Stienen et al. 1990; Kentish,

1986) and from the use of ‘Pi–Mop’ systems (Pate et al.
1998). Pi contamination of controls has a strong effect on

the shape of the force–[Pi] curve in the sub-millimolar [Pi]
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Figure 5. Depression of isometric force by [Pi] in
myofibrils and skinned fibres from fast and slow muscle
A, force–[Pi] relation obtained in psoas myofibrils at 15 °C
(continuous line; same relation as in Fig. 2A) and data previously
obtained in skinned fibres from the same muscle at 15 °C. 0, Pate et
al. 1998; 1, Millar & Homsher, 1990; 7, Wahr et al. 1997;8, Potma et al. 1995; &, Zhao et al. 1996. B, force–[Pi] relation
obtained in soleus myofibrils at 20 °C (continuous line; same
relation as in Fig. 2B) and data previously obtained in skinned
fibres from the same muscle at 15–20 °C. 6, Potma et al. (1995);1, Millar & Homsher (1992); 9, Wahr et al. (1997); ª, Wang &
Kawai (1997).



range, and on the maximal depression of force by Pi. This is

especially true in psoas fibres at 15 °C, which have a very

fast ATPase activity and high basal Pi contamination

(500–700 mM; Dantzig et al. 1992), producing significant

force inhibition (about 30 %; Pate et al. 1998, Tesi et al.
2000; see also Fig. 6B). Only when starting from essentially

‘Pi-free’ conditions and reduced diffusional barriers can

the entire range of the force–[Pi] relation be resolved.

Allowing for the difference in Pi contamination (i.e. fibre

data in Fig. 5A scaled by about 30 %), the maximal effect of

Pi observed in the fast psoas myofibrils is close to but still

larger than that in skinned fibres. This comparison of

myofibril and fibre force–[Pi] relations has to be taken

with some caveat, as important differences from group to

group in Pi gradients within skinned preparations can be

present under the same experimental conditions.

In soleus myofibrils (Fig. 5B), the correspondence between

our data and previous reports in larger preparation is very

good. This is probably because in slow muscle ATPase at

room temperature is 10 times lower than in fast fibres

(Potma et al. 1995, He et al. 1998), reducing the influence

of Pi gradients during contraction and the resultant scatter

of data.

The depression of force by Pi we observe in myofibrils is

thus reliable and reveals a major difference in the maximal

amplitude of the depressant effect of Pi in psoas and soleus

muscles. This effect might be caused by the different MHC

(myosin heavy chain) isoform expressed in the two muscle

types. SDS gel electrophoresis of myofibrils isolated from

the fast and slow muscles (results not shown) showed that

while psoas myofibrils only expressed MHC-II isoforms

(mostly MHC-2X), soleus myofibrils only expressed MHC-I

isoform (MHCb-slow). This is consistent with recent

estimates of myosin isoform composition obtained in the

same muscles (Tikunov et al. 2001). Myosin heavy chain

isoform composition could modulate the kinetic and

steady-state properties of cross-bridge action (Bottinelli &

Reggiani, 2000) and the responsiveness to Pi.

Simulations of force–[Pi] relation of fast and slow
skeletal muscle
The force–[Pi] relation obtained in both fast and slow

myofibril types (Fig. 2A and B) could be equally well fitted

by exponential or hyperbolic relations. The choice of the

fitting function is determined by analytical expression of

the mechanism. An exponential relation (i.e. force declining

linearly with log[Pi]) is expected if force generation is

directly coupled to a strain-dependent Pi release step, as in

the Pate & Cooke model (1989b). A hyperbolic relation

(i.e. S-shaped force decline on a log plot) is expected if the

force generation event occurs in a step immediately

preceding Pi release (Scheme 3). In the first case, there is

only one force-generating state (AM*.ADP) while in the

second both the isomerized AM*.ADP.Pi and AM*.ADP

states sustain force (in both cases the fraction of the cross-

bridges in AM rigor-like state is very low). Compelling

evidence for a two-step mechanism for Pi release and force

generation came from the saturation kinetics exhibited by

the [Pi] dependence of the rate of: (i) force decline induced

by a sudden increase in [Pi] by photorelease of caged-Pi

(Dantzig et al. 1992); (ii) force increase caused by a sudden

decrease in pressure (Fortune et al. 1991); (iii) the 2pb
component of force transients caused by sinusoidal length

changes (Kawai & Halvorson, 1991). Above, we assume

a two-step model for Pi release and force generation

(Scheme 2) and use the steady-state modulation of isometric

force by [Pi] to test the model and the rates of Pi transients

and kTR (Table 1), obtained in fast and slow myofibril and

fibre studies, to isolate specific rate constants.

Results of the hyperbolic fitting of force–[Pi] relations in

myofibrils (Table 1) showed that the affinity of Pi for binding

to the AM*.ADP state is similar in fast and slow muscle

(Kd,app about 4.5 mM) and independent of temperature.
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Figure 6. Simulations with Scheme 3 of force–[Pi] curves and underlying distributions of
cross-bridges in force-generating states in fast and slow myofibrils
A, simulations (lines) of experimental force–[Pi] data (points) obtained in psoas (0) and soleus (1)
myofibrils at 15 °C. B, simulation of experimental force–log [Pi] data obtained in psoas myofibrils at 5 °C.
C, fractions of cross-bridges in the two states AM*.ADP and AM*.ADP.Pi of Scheme 3 associated with force
generation as a function of [Pi]. Continuous line: psoas myofibrils; dotted line: soleus.



Kd,app estimates in fast and slow myofibrils are similar to

those obtained from skinned psoas and soleus muscle fibres

(see Wilson et al. 1995; Wahr et al. 1997; Wang & Kawai,

1997) and to 18O estimations of Pi incorporation during

contraction (Bowater & Sleep, 1988). On the other hand,

the apparent asymptote of the force–[Pi] relation (i.e. the

amount of residual force at infinite [Pi]) was insensitive to

temperature but very different in the two muscle types:

i.e. it was seven-fold greater in soleus than in psoas

myofibrils (0.44 and 0.07, respectively; Fig. 2; Table 1). The

existence of a force asymptote significantly different from

zero in the force–[Pi] relation is not consistent with

coincident force generation and Pi release (eqn (1)). This is

because at infinite [Pi] all the cross-bridges would exist in

non-force-generating states and force would be zero.

The two-step mechanism assumed in Scheme 3 permits

the existence of a significant fraction of cross-bridges in the

force-generating AM*.ADP.Pi state also at infinite [Pi]. The

size of this fraction is given by the Asymptoteapp and will

depend mainly on the value of the equilibrium constant of

the force isomerization step (K2). When Pi–force curves

experimentally determined in fast and slow myofibrils

are simulated by the simplified steady-state treatment of

Scheme 3 (eqns (3–5)), the equilibrium constants for the

two steps associated with force generation and Pi release

(K2, K3) can be estimated from the parameters of hyperbolic

fitting, with an additional estimate for K1 (the calcium-

controlled step) derived from kTR measurements (Table 2).

Figure 6A and B shows the good agreement between

experimental force–[Pi] curves of fast and slow myofibrils

and the results of the simulation of our data with Scheme 3.

On the basis of these estimations of the equilibrium

constants and of kPi and kTR measurements in myofibrils

(this study; Tesi et al. 2000) and in skinned fibres in similar

conditions, rates for individual cross-bridge transitions

were readily found (Table 2), yielding excellent agreement

with estimations of the associated Pi release rates obtained

in skinned fibres from fast and slow muscle by different

approaches (Millar & Homsher, 1990, 1992; Fortune et al.
1991; Kawai & Halvorson, 1991; Dantzig et al. 1992; Zhao

& Kawai, 1994). The set of rates we used for the different

steps accounts also for the observation of kTR not being

accelerated by an increased release of Pi in slow muscles

(Millar & Homsher, 1992) as ADP release from AM*.ADP,

which limits the cross-bridge cycle (and is the main

determinant of k+4 in Scheme 3), has about the same rate as

the forward rate of the force-generating isomerization. In

this case, simulations of kTR with Scheme 3 show little

dependence on the [Pi] and may even show a slight slowing

of kTR.

Within the model we used, the observed difference in

Asymptoteapp of the force–[Pi] relation of psoas and soleus

myofibrils (15 °C) is matched by a ten times increase (from

0.09 to 0.92) of the equilibrium constant for the force-

generating isomerization K2, and is then associated with a

different shift of cross-bridge fractions in the two

force-generating states at different [Pi]. As shown in

Fig. 6C, in both muscle types, the population of ‘strong’

force-generating AM*.ADP cross-bridges, responsible for

98–100 % of the total developed force in Pi-free conditions,

decreases almost to zero as [Pi] approaches an infinite

value. This decrease is paralleled by an increase in the

fraction of the force-generating AM*.ADP.Pi state, which

in soleus muscle at high [Pi] is important and much larger

than that in psoas muscle. A two-step model for Pi release

and force generation predicts a deviation from linearity of

the force–log[Pi] curve in the range of high (more than

50 mM) and low (less than 200 mM) [Pi]. While the first

condition is problematic to study because of the ionic

strength constraint on the polymerization state of

contractile proteins, the use of myofibrils (in association

with the Pi–Mop system) made possible the resolution of

the S-shaped force–log[Pi] curve in the low [Pi] range.

Figure 6B shows that the simulation with Scheme 3 of

the force–log[Pi] relation of psoas myofibrils at 5 °C was

excellent. An S-shaped force–log[Pi] relation was anticipated

by previous studies in fast and slow muscle (Millar &

Homsher, 1992; Araujo & Walker, 1996) but uncertainty

about the [Pi] within the fibre lattice precluded rigorous

conclusions. In the only other study of the steady-state

effect of [Pi] on force which approaches the resolution

of myofibril studies, Pate & Cooke (1998) obtained a

force–log[Pi] curve in psoas fibres that was very close to

what we observed in myofibrils. Although they favoured a

one-step model for Pi release and force generation, the

simulation of their binding isotherm led them to suggest

that force could be produced by more than one AM.ADP

state and/or by states located before Pi release, sustaining

force in the quaternary form AM*.ADP.Pi. A sigmoidal

force–log[Pi] relation is also expected if AM*ADP.Pi

does not contribute to force but more than one AM*.ADP

force-exerting state is assumed. We excluded this possibility

because the analytical treatment of cross-bridge pathway

locating force-generating transitions after Pi release or

in the Pi release step itself invariantly predicts a zero

asymptote of force at infinite [Pi] (see eqn (1)).

In summary, while we cannot rule out more complicated

mechanism, Scheme 3 is the simplest cross-bridge pathway

accounting for the observed force–[Pi] relations in

myofibrils.

What is the nature of the working stroke and how is the

free energy of Pi release coupled to it? Dantzig et al.
(1992) speculated in a discussion on this point that force is

produced by an isomerization of the complex of actomyosin

and ATPase products, but that Pi release stabilized the

isomerization. Recently, Geeves & Holmes (1999) pointed

out that structural studies indicate that myosin exists as a

‘closed’ (with ATP or ADP.Pi bound in the nucleotide and
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phosphate pocket) and an ‘open’ molecule in which Pi does

not bind and is free to escape as the molecule undergoes

the transition between closed and open state. They also

described a three-step binding process of actin to myosin

in which, after collision (electrostatic interactions) and

isomerization (hydrophobic surfaces interaction, possibly

corresponding to weak–strong transition in Scheme 3),

molecular reorganization of the actomyosin complex and

tight binding are triggered by switch-2 movement which

opens the ‘back door’ of the Pi tube, permitting Pi release.

According to Geeves & Holmes, the transition has an

equilibrium constant < 1 prior to Pi release and >> 1 after

Pi release. This step, fast in solution, is probably very

strain-sensitive so that in the isometric case, the complete

opening of the Pi pocket is prevented by the lack of motion

and the state is trapped between fully open and fully

closed, i.e. between a state with a finite Kd for Pi (which can

enter and exit freely the pocket) or a state in which Pi is

non-exchangeable (as strain closes the pocket again with Pi

in it). Thus the force-generating state is one in which the

cross-bridge oscillates between the open and closed state.

Note that the equilibrium constant for Step 2 that we

derived in our model for fast muscle is 0.09 and 0.05

(similar to the value of 0.2 deduced from caged-Pi studies;

Dantzig et al. 1992). The energy source for this transition is

probably thermal and the release of Pi, whose equilibrium

is far to the right, is what actually couples and pulls the

reaction to the right.

Effect of BDM and temperature on the force–[Pi]
relation
As shown in Fig. 2 and Table 1, temperature had no

significant effect on estimations of Kd,app and Asymptoteapp

of the force–[Pi] curves in psoas and soleus myofibrils.

This result agrees with previous studies reporting minor

effects of temperature on the amplitude of force inhibition

by [Pi] in both fast (Ranatunga, 1999; Chinn et al. 2000;

Coupland et al. 2001) and slow (Millar & Homsher, 1992;

15–20 °C range) muscle fibres.

BDM is a non-competitive inhibitor of actomyosin

ATPase (Herrmann et al. 1992), which implies that BDM

exerts its effects by binding to sites outside the ADP and Pi

binding sites. The effect of BDM on the force–[Pi] curve of

myofibrils (Fig. 3) is consistent with previous skinned

fibre studies, reporting a temperature-dependent, non-

competitive and completely reversible inhibition by

millimolar concentrations of BDM of force production in

both fast (McKillop et al. 1994; Zhao & Kawai, 1994) and

slow (Fryer et al. 1988) muscle types. Effects of BDM were

additive to those of Pi (McKillop et al. 1994). In both fast

and slow muscles, force–[Pi] curves in the presence of

BDM exhibited the same hyperbolic dependence on [Pi] as

controls (Fig. 4), but both Asymptoteapp and Kd,app were

reduced. In soleus myofibrils at 15 °C, the clear resolution

of the Asymptoteapp of the force–[Pi] curve in the presence

of BDM (10 mM) made it possible to simulate the effect of

BDM on the equilibrium constant for Pi release and force

generation steps, assuming the two-step model of Scheme 3

(eqn (3)). Both K2 and K3 were found to be significantly

reduced (K2 = 0.55; K3 = 4 mM). The reduction of K2 is in

agreement with solution (Herrmann et al. 1992) and fibre

studies (McKillop et al. 1994; Zhao & Kawai, 1994; Regnier

et al. 1995), which suggested that the inhibitory effect of

BDM is produced by a concentration-dependent reduction

of the equilibrium constant of the force-generating

isomerization, most likely by a decrease of k+2. In soleus

myofibrils, a good fit of the effect of BDM on force was

obtained by decreasing k+2 from 3 to 1.8 s_1 and leaving k_2

unchanged. Assuming an instantaneous decrease of the

forward rate of the force-generating isomerization, the

model predicts force transients of rate close to kTR, as

observed (Fig. 4). Reductions in the value of k+2 as opposed

to an increase of k_2 were chosen as only by this it is

possible to account for the observed reduction of force, kTR

and kPi in the presence of BDM (Regnier et al. 1995). The

reduction of K3 (related to the observed decrease of Kd,app)

in soleus myofibrils in the presence of BDM can be

explained by an increase in the value of the second-order

rate constant for Pi binding to the AM*.ADP complex (k_3)

from 0.4 w 104 to 1 w 104
M

_1 s_1. The possibility of a minor

effect of BDM on the Pi release step was also suggested by

McKillop et al. (1994) in their simulation of pressure-

induced tension transients in the presence of BDM and Pi.
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