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ABSTRACT The relation between the chemical and mechanical steps of the myosin-actin ATPase reaction that leads to
generation of isometric force in fast skeletal muscle was investigated in demembranated fibers of rabbit psoas muscle by
determining the effect of the concentration of inorganic phosphate (Pi) on the stiffness of the half-sarcomere (hs) during
transient and steady-state conditions of the isometric contraction (temperature 12�C, sarcomere length 2.5 mm). Changes in the
hs strain were measured by imposing length steps or small 4 kHz oscillations on the fibers in control solution (without added Pi)
and in solution with 3–20 mM added Pi. At the plateau of the isometric contraction in control solution, the hs stiffness is 22.8 6
1.1 kPa nm�1. Taking the filament compliance into account, the total stiffness of the array of myosin cross-bridges in the hs (e)
is 40.7 6 3.7 kPa nm�1. An increase in [Pi] decreases the stiffness of the cross-bridge array in proportion to the isometric force,
indicating that the force of the cross-bridge remains constant independently of [Pi]. The rate constant of isometric force
development after a period of unloaded shortening (rF) is 23.5 6 1.0 s�1 in control solution and increases monotonically with
[Pi], attaining a maximum value of 48.6 6 0.9 s�1 at 20 mM [Pi], in agreement with the idea that Pi release is a relatively fast
step after force generation by the myosin cross-bridge. During isometric force development at any [Pi], e and thus the number of
attached cross-bridges increase in proportion to the force, indicating that, independently of the speed of the process that leads
to myosin attachment to actin, there is no significant (.1 ms) delay between generation of stiffness and generation of force by
the cross-bridges.

INTRODUCTION

Force and shortening in striated muscle are generated by the

myosin II molecular motors working in parallel in each half

of the thick filament. The globular S1 portion of the myosin

molecule, the myosin head (M), cyclically attaches to an

actin site (A) on the thin filament and undergoes a structural

working stroke based on the energy released by the hydro-

lysis of one ATP molecule (1). The currently available de-

scription of the coupling between biochemical and structural

changes in the myosin cross-bridge from skeletal muscle

(2,3) provides that the structural changes during the working

stroke that is responsible for the 10 nm reciprocal sliding

between the myosin and actin filaments consists of a 70�
tilting of the light chain domain (LCD) of the myosin head

about a fulcrum in the catalytic domain (CD). The working

stroke is associated with the release of the hydrolysis product

orthophosphate (Pi) and a further contribution is provided by

the subsequent release of ADP (4).

In Ca21-activated skinned muscle fibers, the addition of Pi

has been found to reduce the isometric force (T0) (5–14) and
increase the kinetics of cross-bridge interactions after pho-

tolysis of caged ATP starting from rigor (7). Accordingly, the

rate constant of isometric force development increases at

higher [Pi] (12,15,16). Also, the rate constant of the force

transient elicited by a jump in [Pi] superimposed on steady

isometric force increases with [Pi] (12,14,15,17–20). With

one exception (21), all previous studies reported that fiber

stiffness is reduced in the presence of Pi to a lesser extent than

isometric force (8,14,15,17–20). In view of the fact that fiber

stiffness can be used to estimate the number of attached

cross-bridges, these results were interpreted as showing that

the Pi release step is associated with the transition to higher

force generating states of the attached cross-bridges. Under

this hypothesis, the increase of the apparent reverse rate

constant of the transition on increase of [Pi] shifts the dis-

tribution toward a cross-bridge state that exerts low or no

force (8,14,15). At the same time, the finding that 1), the re-

duction in isometric force; 2), the increase of the rate constant

of force development; and 3), the increase of the rate constant

of the force transient elicited by Pi jump all saturate at high

[Pi] suggests that the force in the attached myosin head is

generated before Pi release (14,15,18,19,21,22). All of these

results are accounted for by a six-step reaction pathway for

the myosin-actin ATPase cycle (15) (see Scheme 1).

According to this scheme, the weakly bound A-M.ADP.Pi

cross-bridge isomerizes to form an AM*.ADP.Pi cross-

bridge bearing stiffness but no force (step 3), before the

transition to the force bearing AM’.ADP.Pi cross-bridge

(step 4). Pi is rapidly released afterward (step 5)without further

enhancement of force generation. A chemomechanical cycle,

including an actin-attached zero force state of the cross-bridge

with the hydrolysis products still bound in the catalytic site,

was also used to explain that the rate constant of the force
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development after unloaded shortening is lower than the

rate constant of the force transient elicited by a Pi jump

(12,15,17–19). In fact, according to the scheme assumed by

Regnier et al. (15), although the rate of the force transient

after a Pi jump is kinetically controlled by step 4, the rate of

force development is kinetically controlled by steps 3 and 4.

However, the slower rate of the de novo force generation

could equally be accounted for by assuming, in agreement

with solution kinetic measurements, a lower rate for the

ATP hydrolysis (step 2) (23).

The growing evidence that a substantial fraction of the

elasticity present in the half-sarcomere (hs) is due to the com-

pliance of the myofilaments (24–30) implies that the reduction

of the number of attached cross-bridges byPi is underestimated

by the change of the fiber stiffness, and that the stoichiometry

and kinetics of the reaction cycle may need revision. A precise

estimate of the occupancy of the relevant states of the cross-

bridges, with definitions of their chemical and mechanical

identities, is indispensable to describe in detail the reaction

kinetics of the myosin cross-bridge with actin in situ in the

isometric contraction. By applying fast-sarcomere-level me-

chanics to demembranated fibers from rabbit psoas (31,32), we

recently demonstrated that the cross-bridges responsible for the

isometric force at saturating pCa are;1/3 of the total present in

each hs (30).

In the work presented here, we reinvestigate the effects of

Pi on the distribution of myosin cross-bridges through the

various states of the reaction cycle and on their mechanical

characteristics during transient and steady-state conditions

imposed on isometric contractions. The results show that the

mass action of [Pi] reduces the number of actin-attached

cross-bridges responsible for stiffness and the force by the

same amount, so that the average force per cross-bridge is not

altered by the level of Pi. Thus the kinetic relevance of the

AM*.ADP.Pi state (15) is negligible and force generation

by the cross-bridges is synchronous with the transition from

the weakly bound to the strongly attached state (e.g., step 3 in

the scheme above).

MATERIALS AND METHODS

Experiments were initiated at the University of Pennsylvania and completed

at the University of Florence. Except where indicated, the methods described

below refer to experiments or procedures used at both locations.

Experimentswere done on glycerinated skinnedfiber segments frompsoas

muscles of adult male New Zealand white rabbits (3–5 kg). The rabbits were

killed in accordancewith the official regulations of the community council on

the use of laboratory animals, and the study was approved by the ethics

committee for animal experiments. Single fibers were prepared as previously

described (30,33). A fiber segment, 5–6 mm long, was cut from the fiber and

T-shaped aluminum clips were mounted at its extremities for attachment to

transducer hooks. To minimize the shortening of the fiber segment by ex-

tension of the damaged extremities and the development of inhomogeneity in

sarcomere length across the fiber, the two ends of the fiber were fixed with

glutaraldehyde in rigor solution before they were clamped by the aluminum

clips. At the University of Florence, the glutaraldehyde-fixed ends of the fiber

segment were also glued to the clips with shellac dissolved in ethanol (29).

Experimental setup

The fiber was mounted in a drop of relaxing solution between the lever arms

of a loudspeaker motor, in a manner similar to that described by Lombardi

and Piazzesi (34), and a force transducer. The force transducers were either

a strain gauge transducer (AE801 (SensoNor, Horten, Norway), sensitivity

10–20 VN�1 and resonant frequency 2.3–11.3 kHz) or a capacitance trans-

ducer (sensitivity 80–200 VN�1, resonant frequency 40–50 kHz (35)). The

capacitance force transducer was used for experiments in which 4 kHz

oscillations were imposed on the fiber for stiffness measurements.

At the University of Pennsylvania, an assembly with six troughs was used

for rapid exchange of solutions (33). During activation the striation spacing

of a central region of the fiber (;1.8 mm) was monitored at high resolution

using a white-light diffractometry system that avoids the Bragg-angle artifact

observed in laser diffraction experiments (36). At the University of Florence,

the solution exchange system allowed continuous recording of length

changes of a selected population of sarcomeres (500–1200) by a striation

follower (37). In this system, most of the force develops in the activating

solution after a rapid rise in temperature (T-jump) from 1�C to the test

temperature (29,30). In the fibers selected for this work, the amount of

shortening per hs to attain the isometric force was ,35 nm.

Experimental protocol

After the fiber was mounted on the transducer levers, the sarcomere length

(sl), width (w), and height (h) were measured at 0.5 mm intervals in the 3–4

mm central segment of the relaxed fiber with a 403 dry objective (Zeiss, NA

0.60) and a 253 eyepiece. The fiber length (L0) was set so that slwas 2.486
0.05 mm (mean 6 SD). The fiber cross-sectional area (CSA), determined as-

suming the fiber cross-section is elliptical, was (p/4�w�h¼) 43006 1300mm2.

Experiments were performed at 10–12�C. The experimental protocols

described below were used to investigate the effect of Pi on the kinetics and

mechanics of the myosin-actin interaction.

Stiffness measurements during the isometric contraction at
different [Pi] values

Step releases and stretches (rise time;110ms, amplitude range63 nm) were

applied during the isometric contraction of fibers activated with saturating

Ca21 both in control solution (without added Pi) and in test solution (range of

[Pi] 3–25 mM). The stiffness of the hs was estimated by the slope of the

relation between tension attained at the end of the step and the size of the step

in hs length (T1 relation (38)). In five of the nine fibers used, measurements

were done only with 0 and 10 mM added Pi. These experiments used the

more recent activation technique developed at the University of Florence,

and the isometric force and stiffness values at the same [Pi] were slightly

higher than those of fibers from the earlier experiments made at the

University of Pennsylvania (see Table 2). However, the analysis of the hs

sarcomere elasticity to identify the contribution of the myofilaments and

the cross-bridges gave similar results, and the data from the two sets of

experiments were merged.

Scheme 1
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Development of isometric force and stiffness after
unloaded shortening

The time course of development of force and hs stiffness was measured after

a period of unloaded shortening, obtained by imposing a fast shortening ramp

(amplitude ;5% of the fiber length, duration 3 ms) on the isometrically

activated fibers. The hs stiffness was determined by imposing 4 kHz length

oscillations (amplitude peak-to-peak #0.2% L0) both on the plateau of the

isometric force (T0) just before the period of unloaded shortening and during

force development between 0.25 and 0.9 T0. The stiffness was estimated by

the ratio of the force change to the change in hs length recorded from a fiber

segment, the average position of which was 1.2–1.4 mm from the force

transducer end. In this way, the propagation time of the mechanical pertur-

bation and thus the lag between length and force signals were minimized and

there was no significant contribution from out-of-phase stiffness. The anal-

ysis was done on 80 cycles every 20 ms by means of a fast Fourier transform

routine (LabVIEW software, National Instruments, Austin, TX) to estimate

the in-phase and out-of-phase stiffness. The maximum force increase in the

20ms periodwas;0.1 T0 at the start of the oscillation period. The analysis of

the rate of force development was executed in eight fibers both in the absence

of added Pi and in test solution ([Pi] 10 mM). In three of the eight fibers the

range of [Pi] was extended from 3 to 20 mM. The analysis of the stiffness

change during force development at 0 and 10 mM added Pi was executed in

three fibers.

Data collection and analysis

Force, motor position, and sarcomere length signals were recorded with a

multifunction I/O board (PCI-6110E, National Instruments), and a dedicated

program written in LabVIEW (National Instruments) was used for signal

recording and analysis. Data are expressed as mean6 SE except for the CSA

and sl (mean 6 SD).

Analysis of force development

The time course of force development after unloaded shortening was quan-

tified by fitting with the biexponential equation:

Tr ¼ TFð1� expð�rFtÞÞ1 TSð1� expð�rStÞÞ; (1)

where t is the time elapsed from the start of force development after the end of

shortening estimated by back-extrapolation of the force response; Tr is the

force response; TF and TS are the amplitudes of the fast and slow exponen-

tials, respectively; and rF and rS are the rate constants of the fast and slow

exponentials, respectively.

The set of coefficients that best fit the trace by least-squared residuals was

determined by means of the Levenberg-Marquardt algorithm running in

LabVIEW. The quality of the fit did not improve by increasing the number of

exponentials in Eq. 1; adding a third exponential reduced the residuals by

,0.1%. In the fibers selected for this work, under all conditions, the am-

plitude of the slow exponential component is always,40% of the amplitude

of the fast exponential component. The origin of the slow component is not

clear; it may depend on the creep in force due to residual inhomogeneity

developing among sarcomeres with the rise of force. Whatever its origin, its

extent does not vary with the protocols used, so the slow component does not

influence the kinetic analysis of the main component.

Solutions and Pi concentration

The composition of the solutions (Table 1 A) was determined with the use of

a program similar to those previously described (33,39). The starting Pi

concentration was adjusted by adding KH2PO4 and reducing the concen-

tration of Na2CP and EGTA/CaEGTA to achieve the same ionic strength as

the control solution (no added Pi) (Table 1 B). As previously reported (11),

the control solution without added Pi should contain ;1 mM Pi from two

sources: Pi contamination in the experimental buffer and accumulation of

Pi inside the fiber during contraction.

RESULTS

Half-sarcomere stiffness and cross-bridge
stiffness in isometric contraction at different
Pi concentrations

In Fig. 1 are shown the force responses to step changes in hs

length (range6 3 nm) superimposed on the plateau force (T0)
of Ca21 -activated isometric contractions (pCa 4.5, temper-

ature 12�C) in control solution (without added Pi; Fig. 1 A)
and in solution with 10 mM Pi (Fig. 1 B). The hs stiffness (k0)
was estimated by the slope of the relation between the force

attained at the end of the step and the change in hs length (T1
relation (38)) (Fig. 1 C). The linear fit to the T1 points shows
that k0 decreases with the [Pi]-dependent decrease in T0, but
less than in proportion to T0. The abscissa intercept of the

regression lines, Y0 (¼ T0/k0), measures the strain in the hs

during the isometric contraction preceding the step. Y0 de-

creases with the Pi-dependent reduction in T0 and k0 (Table
2 A) from 6.8 nm in the solution without added Pi (T0,
156 kPa and k0, 23 kPa nm�1) to 5.6 nm in 10 mM Pi (T0,
90 kPa and k0, 16 kPa nm

�1). The set of experiments done at

TABLE 1 Composition of solutions

(A) Solutions used in control (0 added Pi)

Na2ATP MgCl2 EGTA HDTA CaEGTA TES Na2CP GSH

Relaxing 5.4 7.7 25 — — 100 19.1 10

Preactivating 5.5 6.9 0.1 24.9 — 100 19.5 10

Activating 5.5 6.8 — — 25 100 19.5 10

(B) Activating solutions at different [Pi]

Added [Pi] Na2ATP MgCl2 CaEGTA TES Na2CP GSH

0 5.49 6.8 25 100 19.5 10

3 5.49 6.8 23 100 20.5 10

5 5.49 6.9 20 100 21.4 10

10 5.49 6.9 15 100 23.3 10

15 5.49 7.0 10 100 26.7 10

20 5.49 7.0 5 100 27.0 10

25 5.49 6.9 4 100 26.0 10

(A) Composition of all solutions in control (no added Pi). (B) Activating

solutions containing different Pi concentrations. The composition of relaxing

and preactivating solutions with different Pi concentrations was changed

accordingly and is not reported in the table. All concentrations are in mM.

ATP, adenosine 59-triphosphate; EGTA, ethylene glycol-bis-(b-aminoethyl

ether)-N,N,N9,N9-tetraacetic acid; HDTA, 1,6 diaminohexane-N,N,N9,N9-
tetraacetic acid; TES, N-tris[hydroxymethyl]methyl-2-aminoethanesulphonic

acid; CP, N-[Imino(phosphonoamino) methyl]-N-methylglycine; GSH, glu-

tathione. 1 mg ml�1 creatine phosphokinase, 10 mM trans-epoxysuccinyl-

L-leucylamido-(4-guanidino)butane (E-64) and 20 mg ml�1 leupeptin, were

added to all solutions. In all solutions, ionic strength ranged between 188 and

195 mM, free Mg21 was 1.3 mM and MgATP was 5 mM. In activating

solutions pCa ranged between 4.8 and 4.4. pH (adjusted with KOH) was 7.1

at 12�C. HDTA was obtained from Fluka (Buchs, Switzerland); all other

chemicals were obtained from Sigma (St. Louis, MO).
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the University of Pennsylvania, where the range of [Pi] was

3–25 mM, yielded similar results, though the values of force

and stiffness for the same [Pi] were slightly lower (Table 2 B).

The two sets of experiments are merged in Fig. 1D, where Y0
is plotted versus T0 for the whole range of [Pi] used (open

circles: five experiments from the University of Florence;

solid circles: four experiments from the University of

Pennsylvania). The regression line fitted to the pooled data

(solid line in Fig. 1 D) has a slope of 18.9 6 1.7 nm MPa�1

and an ordinate intercept of 4.02 6 0.18 nm. The slope and

the ordinate intercept of the relation do not differ significantly

(p . 0.1, Student’s t-test) from the values reported in a

previous study (30) as estimates of the compliance of myo-

filaments (Cf, 21.0 6 3.3 nm MPa�1) and the average strain

of the myosin cross-bridges during the isometric contraction

(s, 4.03 6 0.38 nm), respectively.

This analysis, which was previously explained in detail by

Linari et al. (29), is based on a simplification of Eqs. A10 of

Ford et al. (40) and A1 of Linari et al. (28) that gives:

Y0 ¼ Cf � T0 1 T0=ðb � e0Þ:

In this relation the hs strain is expressed as the sum of the

strain of myofilaments, Cf �T0, and that of the cross-bridges,

T0/(b�e0), where b�e0 is the stiffness of cross-bridges, given
by the product of the stiffness of myosin heads if all heads are

attached (e0) and the fraction of myosin heads that are

attached (b). If T0 changes in proportion to b, then the strain
of cross-bridges s (¼T0/(b�e0)) remains constant and the

change in strain of the hs is explained by the compliance of

the myofilaments, as observed in Fig. 1D. At any T0, and thus
at any [Pi], s can be defined by subtracting the strain in the

myofilaments (Cf �T0) from the strain in the hs (Y0) (triangles
in Fig. 1 D). Conversely, the stiffness of the cross-bridges

working in parallel in each hs, e (¼ b�e0¼ T0/s), decreases in
proportion to the decrease of T0 by increasing [Pi] (Fig. 1 E).
In the control solution, e is 40.76 3.7 kPa nm�1(Table 2 A),
which is not significantly different from the value reported in

a previous study under the same conditions (30). These

results indicate that the Pi-dependent reduction in T0 is due to

FIGURE 1 Effect of Pi on the hs stiffness. (A and B)
Superimposed force responses (middle traces) to step

change in hs length (upper traces) imposed on an activated

fiber (pCa, 4.50) in control solution (A) and 10 mM Pi (B).

The lower trace in each panel is zero force. Fiber length,

4.71 mm; segment length under the striation follower, 1.17

mm; sarcomere length, 2.47 mm; CSA, 3700 mm2; temper-

ature, 12.4�C. (C) T1 relations in control solution (circles)

and at 10 mM Pi (squares). The relations are obtained by

plotting the extreme force attained at the end of the length

step, T1, versus the step size. The lines are the linear

regression equations fitted to the experimental points. (D)
Mean values (6 SE) of strain in the hs (Y0, circles) and of

the myosin cross-bridges (s0, triangles) plotted against

force; data from nine fibers. Pi concentration: solid sym-

bols, 0, 3, 10, and 25 mM added Pi, four fibers from the

University of Pennsylvania; open symbols, 0 and 10 mM

added Pi, five fibers from the University of Florence. The

solid line is fitted by linear regression to the circles, and the

dotted line is the linear regression from Fig. 3 C in Linari

et al. (30). The dashed line is fitted by linear regression to

the triangles. (E) Relation between the total stiffness of the

cross-bridge array in each hs and the steady force modu-

lated by [Pi]. The solid line is a linear regression forced

through the origin; solid and open circles as in D. (F) Pi

dependence of isometric force (circles), hs stiffness (trian-

gles), and stiffness of the cross-bridge array (squares),
calculated as described in the text. Solid and open symbols

as in D. Values are plotted relative to their values in control

solution. Lines are drawn to join the points (dashed through

triangles and squares, dotted through circles).
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a proportional reduction in the number of myosin cross-

bridges working in parallel in each hs, without any change in

the force per cross-bridge. In Fig. 1 F T0 (circles), k0
(triangles), and the number of cross-bridges working in

each hs n0 (squares) relative to their values in control solution
are plotted as a function of [Pi]. Note that the relative value of

n0 corresponds to the relative stiffness of the array of cross-

bridges per hs under the assumption that the unitary stiffness

of the attached cross-bridge (e) is constant independently of

the Pi concentration. k0 (triangles) decreases less than T0
(circles) with the increase in Pi (in agreement with previous

reports (8,14,15,20)), whereas n0 (squares) reduces with Pi

almost exactly as T0, indicating that the reduction in number

of cross-bridges fully accounts for the reduction in the

macroscopic isometric force, and the fact that the force per

cross-bridge is not affected by changes in [Pi].

Rise of isometric force and stiffness after a
period of unloaded shortening

Fig. 2 A shows the force development (lower trace) after the

end of a period of unloaded shortening in control solution,

together with the change in length of the hs (upper trace). The

sarcomere length of the fiber in relaxing solution was 2.47

mm. The hs shortening during the 15 ms of unloaded short-

ening was 60 nm, and during the 500 ms of force develop-

ment to T0 it was ;10 nm due to end compliance. On

average, in the eight fibers used for this protocol, the short-

ening during the force development was 16.9 6 2.5 nm. In

Fig. 2 B, the time course of force development (gray) is fitted
by means of a biexponential equation (solid line; see Mate-

rials and Methods). The amplitudes of the two exponentials,

relative to the isometric force (T0), are TF ¼ 0.72 6 0.01 for

the fast component (dot-dashed line) and TS ¼ 0.28 6 0.01

for the slow component (dashed line); the rate constants are
rF ¼ 23.5 6 1.7 s�1 and rS ¼ 5.4 6 0.5 s�1, respectively.

To measure the change in stiffness of the hs during force

development, 4 kHz oscillations were applied either on the

isometric force plateau preceding the unloaded shortening or

during the period of force development between 0.25 T0 and
0.9 T0 (Fig. 3, A and B) (see Materials and Methods). As

shown in Fig. 3 C, the rise in hs stiffness (kd, solid squares)
precedes that of force (Td, circles). At Td ¼ 0.5 T0, kd is 0.65
k0, so the time to attain one-half of the isometric plateau value

is 25 ms shorter for hs stiffness than for force. In the three

fibers used for this protocol, kd/k0 rises from 0.44 6 0.02 at

Td ¼ 0.25 T0 to 0.93 6 0.01 at 0.84 T0. The time course of

stiffness during force development can also be fitted by

means of a biexponential equation. The amplitudes of the two

exponentials, relative to the value at the isometric plateau

(k0), are 0.73 6 0.13 and 0.27 6 0.12 for the fast and slow

components, respectively; the rate constants are rkF¼ 36.26
7.2 s�1 and rkS ¼ 5.9 6 3.5 s�1.

The strain in the hs during force development (Yd), cal-
culated by the ratio Td/kd, is plotted as a function of Td in Fig.
3 D for the fiber of Fig. 3 C, and in Fig. 4 A for the mean

values from the three fibers used in these experiments (open
circles). The relation in Fig. 3 D is fitted with a linear re-

gression equation that yields a slope of 22.26 1.6 nmMPa�1

and an ordinate intercept of 3.80 6 0.23 nm. The linear fit

(solid line in Fig. 4 A) on the relation obtained from the open
circles in Fig. 4 A yields a slope of 20.56 1.0 nmMPa�1 and

an ordinate intercept of 3.806 0.23 nm. Both values are not

TABLE 2 Dependence on Pi of isometric force (T0), hs

stiffness (k0), hs strain (Y0), cross-bridge stiffness (e), and

cross-bridge strain (s)

Added

Pi (mM) T0 (kPa) k0 (kPa nm�1) Y0 (nm hs�1) e (kPa nm�1) s (nm)

A
0 156 6 11 22.8 6 1.1 6.83 6 0.27 40.7 6 3.7 3.87 6 0.18

10 89 6 9 15.7 6 1.0 5.61 6 0.27 22.6 6 2.1 3.93 6 0.14

B

0 131 6 9 19.6 6 1.8 6.71 6 0.25 31.9 6 4.8 4.24 6 0.36

3 99 6 19 17.0 6 4.0 5.88 6 0.29 26.1 6 8.8 4.01 6 0.64

10 68 6 7 12.7 6 1.7 5.39 6 0.20 17.2 6 2.9 4.11 6 0.32

25 46 6 12 9.8 6 3.2 4.83 6 0.36 12.4 6 4.9 3.96 6 0.59

Data are the mean 6 SE from five fibers (A) and four fibers (B), as

explained in the text.

FIGURE 2 Development of force after a period of unloaded shortening.

(A) Force response (middle trace) and corresponding change in length of the
hs (upper trace). Lower trace is the force baseline. (B) Biexponential fit

(solid line) of force development (gray); the fast exponential component is

the dot-dashed line, and the slow exponential component is the dashed line.

Fiber length, 5.40 mm; average sarcomere length, 2.47 mm; CSA, 6300

mm2; temperature, 12.3�C.
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significantly different (p . 0.1, Student’s t-test) from those

reported as estimates of the compliance of myofilaments (Cf,

21.0 6 3.3 nm MPa�1) and the average strain of the myosin

cross-bridges at the plateau of the isometric contraction (s,
4.03 6 0.38 nm) in the same conditions of temperature and

activation (30). sd, the strain of the cross-bridges at any time

during force development, can be obtained by subtracting the

filament strain (Cf � Td) from the hs strain (Yd) (open triangles
in Figs. 3 D and 4 A). sd is independent of the time and the

level of force. Consequently, i, the ratio Td/sd, that expresses
the total stiffness of myosin cross-bridges in the hs during

force development (ed), rises in proportion to Td, and ii, the rise
in the number of cross-bridges attached to actin relative to

the number attached at the plateau of the isometric contraction

(nd/n0) measured by the rise of the ratio ed/e, practically su-

perimposes on the rise of isometric force (open squares in Figs.

3 C and 4 B). From this analysis we conclude that the average

force per cross-bridge is the same at any time during the force

development and we exclude the possibility that generation of

force lags behind stiff attachment of the cross-bridges by more

than a millisecond (see also Brunello et al. (41)).

Effect of Pi on the rise of isometric force
and stiffness

The effect of 10 mM Pi on the time course of force devel-

opment after a period of unloaded shortening is shown in Fig.

5. The reduction of isometric force by Pi (Figs. 5 A and 6 A) is
accompanied by an increase in the rate constant of force

development (Fig. 5 B). As in control solution, the time

course of force development could be fitted with a biexpo-

nential equation. The dependence on [Pi] of the amplitudes

and the rate constants of the fast and slow exponential

components is shown in Fig. 6, B and C, respectively. The
relative amplitudes of the two components are not sig-

nificantly affected by Pi in the range of concentrations used

(0–20mM added Pi, eight fibers). The rate constant of the fast

component rF (circles in Fig. 6 C) increases monotonically

with [Pi], whereas the rate constant of the slow component rS
(triangles) decreases with [Pi]. This is reminiscent of the

dependence on Pi of the two phases of force recovery after a

pressure jump (22). The effect of change in [Pi] on rF de-

creases at higher Pi concentrations: at 10 mM Pi, rF is 70%
larger than the control value and it increases further by only

30% between 10 and 20 mM Pi. A limit in the Pi-dependent

enhancement of rF is expected according to the idea that force
generation is a relatively slow process that occurs before a

relatively fast Pi release (7,12,14,21,22). According to this

mechanism, the zero-force state AM-ADP-Pi, in rapid equi-

librium with the detached state M-ADP-Pi, is followed by

two strongly bound force-generating states, AM’-ADP-Pi

and AM’-ADP, according to Scheme 2:

where ka and kb are the forward and backward rate constants

for the force-generating transition, and KC is the equilibrium

FIGURE 3 Stiffness of the hs during force development.

(A) Time course of force (middle trace) and hs shortening

(upper trace) during development of force after a period of

unloaded shortening. Lower trace is zero force. A 4 kHz

sinusoidal length change (6 1.3 nm per hs) is imposed on

the fiber when the force trace appears thicker, to estimate

the hs stiffness. (B) Force and length traces plotted at high

speed during the isometric period (T0, upper frame) pre-

ceding the unloaded shortening, at 25 ms (0.3 T0, middle

frame) and at 120 ms (0.75 T0, lower frame) after the end of

unloaded shortening. (C) Time course of force (open

circles), hs stiffness (solid squares), and stiffness of the

cross-bridge array (open squares) during the force devel-

opment after unloaded shortening. Time zero is the start of

shortening. Values are relative to the isometric values

before the unloaded shortening. Solid lines are drawn to

join the points. (D) Strain of the hs (Yd, circles) and cross-

bridges (sd, triangles) versus force (Td) during force devel-

opment after unloaded shortening. The solid and dashed

lines are fitted by linear regression to the circles and

triangles, respectively. Fiber length, 3.97 mm; average

sarcomere length, 2.53 mm; CSA, 5100 mm2; temperature,

12.4�C.

Effect of Phosphate on Isometric Force 5803

Biophysical Journal 95(12) 5798–5808



constant that defines the rapid Pi release step. With this

scheme the Pi dependence of rF can be described by the

following equation (14):

rF ¼ ka 1 kb½Pi�=ðKC 1 ½Pi�Þ: (2)

Fitting Eq. 2 to the rF data (dashed line in Fig. 6C), we obtain
ka¼ 21.26 0.96 s�1; kb¼ 66.46 12.6 s�1; andKC¼ 28.96
9.8 mM.

The effect of [Pi] on the rise of stiffness during force de-

velopment after unloaded shortening was investigated by

repeating the 4 kHz oscillation protocol in test solution with

10 mM Pi. The dependence of the hs strain Yd on the force Td
is shown by solid circles in Fig. 4 A (means from the same

three fibers as open circles). The linear fit to the points yields
a slope of 24.56 4.5 nm MPa�1 and an ordinate intercept of

3.86 6 0.30 nm. The two estimates are not significantly

different (p . 0.1, Student’s t-test) from the estimates of the

compliance of myofilaments (Cf, 21.06 3.3 nm MPa�1) and

the average strain of the myosin cross-bridges at the plateau

of the isometric contraction (s, 4.03 6 0.38 nm) (30), re-

spectively. Consequently, during force development in 10

mM Pi, the strain of the cross-bridges (sd, solid triangles in
Fig. 4 A) does not change with force and the increase in the

number of actin attached cross-bridges relative to those at T0
(squares in Fig. 4 C) has the same time course as the rise in

the isometric force, even though the rate constant of the

process leading to force development is increased by 70%.

DISCUSSION

In this work, we investigated the relation between chemical

and mechanical steps of the cyclic reaction of skeletal muscle

myosin with actin that leads to isometric force generation

and ATP splitting in situ. For this we used fast-sarcomere-

level mechanics on demembranated fibers of rabbit psoas

to determine how [Pi] modulates the number and force of

actin-attached myosin cross-bridges during transient and

steady-state conditions of isometric contraction.

Effect of Pi on the force and number of myosin
cross-bridges during steady
isometric contraction

At the plateau of isometric contraction in control solution, the

hs stiffness is 22.86 1.1 kPa nm�1 (Table 2 A) and that of the
array of myosin cross-bridges in the hs (e) is 40.76 3.7 kPa

nm�1 (Table 2 A). Increasing [Pi] decreases e in proportion to
the isometric force (Fig. 1 E). Thus the mass action of [Pi]

decreases the macroscopic force and the number of cross-

bridges rigidly attached to actin by the same amount, so that

the force of the cross-bridge is not altered by [Pi]. It must be

noted here that the same conclusion was drawn by Kawai and

Halvorson (21) based on their result that, in contrast to all the

other studies, the force and the fiber stiffness are reduced in

proportion by increasing [Pi]. However, their result is con-

tradicted by the finding here that it is the stiffness of the motor

array that is decreased in proportion to force when [Pi] is

increased. Their result was probably obtained because they

used sinusoidal length changes at frequencies up to 350 Hz

(more than 10-fold lower than that used here) and extrapo-

FIGURE 4 Effect of Pi on the stiffness during force development. (A)

Strain of the hs (circles) and cross-bridges (triangles) versus force in control

solution (open symbols) and in solution with 10 mM Pi (solid symbols).

Lines are fitted to the open circles (solid line), solid circles (dotted line),
open triangles (dashed line), and solid triangles (dot-dashed line). (B and C)

Time course of force (trace) and stiffness of the cross-bridge array (open

squares) in control solution (B) and at 10 mM Pi (C). Values are relative to

the isometric values before the unloaded shortening. Time zero is the start of

shortening. Mean values (6 SE) from three fibers.
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lated to infinite frequency. Based on the known rate of quick

recovery and experimentally determined mechanical com-

pliances, this procedure would greatly underestimate the

stiffness at high [Pi].

Our study allows us to conclude that the effect of in-

creasing [Pi] on the force and number of cross-bridges is

similar to that of decreasing [Ca21] (30). The difference

between increasing in [Pi] and decreasing [Ca21] observed

by Regnier et al. (15) appears to be related to a stiffness-force

relation at different [Ca21] that is much closer to the line of

identity (see Fig. 1 B of Regnier et al. (15)). A similar result

was also found by Kagawa et al. (42), but it is questionable

because myofilament compliance was not taken into account.

Moreover, we exclude the kinetic relevance of a stiff, zero-

force AM*.ADP.Pi cross-bridge (see Introduction) (15) gen-

erated by the isomerization of the weakly bound A-M.ADP.Pi

cross-bridge. Thus the six-step reaction scheme of Regnier

et al. (15) is reduced to a five-step reaction scheme similar to

that of Kawai and Halvorson (21) and Dantzig et al. (14):

where the strongly bound AM’.ADP.Pi cross-bridge formed

via step 3 from the weakly bound A-M.ADP.Pi state is also

able to generate force directly or after no more than 1 ms or

so. Rapid force generation after cross-bridge attachment is

expected based on the theory of Huxley and Simmons (38),

which postulates that force is the result of the rapid equilib-

rium (1000 s�1) between different force generating states of

the attached cross-bridges, and in agreement with previous

findings in intact fibers from frog skeletal muscle (41). Note

that the assumption of the Huxley and Simmons model for

force generation implies the presence of several (mechan-

ically relevant) states not shown on the biochemical schemes.

This is because the biochemical schemes only show the

states between which the rate transitions are relevant for the

kinetics studied in this work. Our simplification implies that

AM’.ADP.Pi and AM’.ADP states are composed of several

mechanical states in rapid equilibrium.

The idea of a rapid attainment of the equilibrium distri-

bution between force-generating states of the cross-bridges is

also supported by the finding that, during isometric force

development, the rise in the number of myosin cross-bridges

attached to actin and the force (Td) have the same time course

(Figs. 3 C and 4 B). This result implies that the average force

per cross-bridge is the same at any time during the rise of Td,
excluding a significant delay (.1 ms) between generation of

stiffness and generation of force by the cross-bridge.

Note that this conclusion is not contradicted by the finding

that alterations of temperature change the isometric force by

changing the equilibrium distribution of cross-bridges be-

tween low-force and high-force states (30,43,44). From

the temperature experiments in rabbit psoas fibers (30), we

concluded that the isometric force at 12�C (the temperature of

the experiments presented here) is ;75% of the maximum

force attained when all cross-bridges are in the high-force

state. In terms of kinetics Scheme 3, this means that both

AM’.ADP.Pi and AM’.ADP represent a similar proportion of

low- (25%) and high- (75%) force states in rapid equilibrium.

The partition between low- and high-force states is altered by

changes in temperature but not by changes in [Pi].

Effect of Pi on the rise of isometric force and
identification of the rate-limiting step for
force generation

The number of attached cross-bridges is proportional to force

(Fig. 4, B and C). Thus the rate constants for the development

of isometric force and the rise in the number of attached

cross-bridges are the same. It follows that the increase of rate

constant for rise of force with increase of [Pi] (Fig. 6 C)
applies equally to the rate constant for number of attached

cross-bridges. The effect reduces at high [Pi] (Fig. 6 C).
These effects, reported previously for the isometric force

(15,17–19,21,22), are explained by the mass action of Pi on

the equilibrium distribution among the various states of the

cross-bridge and by the assumption that generation of force in

the cross-bridge precedes Pi release (14,21,22). A similar

kinetic effect of Pi was reported for the rate constant of force

transient (rPi) after a jump in [Pi] (12,14,15,17–19). How-

ever, for the same [Pi], the value of rF is lower than that of rPi
(15). Accordingly, the values of rF reported here for force

development after shortening at [Pi] larger than 5 mM are

;1/2 the values of rPi previously found for Pi transients by

FIGURE 5 Effect of Pi on the time course of force development after a

period of unloaded shortening. (A) Superimposed force responses in control

solution (thick trace) and at 10 mM Pi (thin trace). (B) Superimposed force

responses as in A after normalization for their respective isometric plateau

force. Same fiber as in Fig. 2.

Scheme 3

Effect of Phosphate on Isometric Force 5805

Biophysical Journal 95(12) 5798–5808



two of the authors (14). We propose that the difference be-

tween the two rate constants is due to the lag introduced in the

rate of force development after unloaded shortening by a

relatively slow transition occurring before the step leading to

the stiff force-generating state of the cross-bridge. In agree-

ment with this view, Eq. 2, fitted to the rF-Pi relation in Fig.

6 C, provides a value for the rate constant of the force-

generating step at saturating Pi (ka 1 kb) of (21.2 1 66.4 ¼)

87.6 s�1 and aKC;30mM, whereas in Dantzig et al. (14) the

same equation, fitted to the rPi-Pi relation, provides an estimate

of (ka 1 kb) of (21.11 102.3 ¼) 123.4 s�1 and KC ;10 mM.

This difference can be explained in the six-step reaction

scheme (Scheme 1) of Regnier et al. (15) by assuming that

whereas the Pi transient is rate limited only by step 4, de novo

force generation is rate limited by two sequential steps: step

3, leading to a strongly bound state generating stiffness but

no force, and step 4, leading to the force generating state.

Our finding that there is no lag between the formation of

strongly bound cross-bridges and generation of force reduced

Scheme 1 to Scheme 3, where the lag that explains why de

novo force generation is slower than the Pi transient must

be assigned to the ATP hydrolysis step or other transitions

included in step 2. This conclusion supports the five-step

kinetic scheme of Sleep et al. (23), in which, taking into

account measurements in solution and in myofibrils (45,46),

the rate of the hydrolysis step (step 2) is assumed to be slower

than in the kinetic scheme of Regnier et al. (15). Using the

Q10 (5.5) calculated from the rate constants reported by Sleep

et al. (23) at 20�C and 5�C, the rate constants of the hy-

drolysis step at the temperature of our experiments (11�C)
should be ;25/s (forward) and;15/s (backward), which is a

factor of 2 smaller than the values assumed by Regnier et al.

(15) and adequate to explain the difference between rF and rPi.
The kinetic reaction scheme presented by Sleep and co-

workers (23,47) also implies that, according to solution

measurements (48) and fiber measurements (49), the Pi re-

lease step (step 4 in Scheme 3) is a relatively slow process

that follows the fast force-generating transition (step 3 in

Scheme 3). This conclusion seems inconsistent with the re-

sults of this work because if Pi release is rate limiting, the

progressive reduction of the Pi effect on the rate of force de-

velopment at high [Pi] would occur with much higher values

of rF than observed. Moreover, a relatively slow Pi release step

after a fast force-generation step is inconsistent with the

asymptotic shape of the relation between rPi and [Pi] (14).

Effect of Pi on the ATPase rate in the
isometric contraction

In fibers from fast skeletal muscle, the ATPase rate is reduced

by Pi less than in proportion to the reduction of isometric

force (8,10,50–53). This is not expected because the shift

of the equilibrium of step 4 in Scheme 3 toward the

AM’.ADP.Pi state by mass action of [Pi] reduces the flux

through the whole cycle. To resolve the discrepancy, it was

hypothesized (54) that the effect of Pi on the reverse rate

constant of Pi release depends on the strain in the cross-

bridge, and thus the rate would be higher at larger strain. In

this way an increase in [Pi] would produce a greater effect on

the total force than on the number of cross-bridges and thus

on the ATPase rate. This idea is contradicted by the evidence

presented here that the reduction of macroscopic force by Pi

is proportional to the reduction in the number of cross-

FIGURE 6 Effect of Pi on the rate of force development after unloaded

shortening. (A) Pi dependence of isometric force. (B) Relative amplitudes of

the slow (triangles) and fast (circles) exponential components. The lines are

the mean values of the relative amplitudes for the slow (dashed) and fast

(solid) components. (C) Pi-dependence of the rate constants of the slow

(triangles) and fast (circles) exponential components. The ordinate scale is

split to clarify the changes of rF and rS. The dashed line is the fit of Eq. 2 to

the data (see text). In all graphs, values are mean (6 SE): open symbols,

from eight fibers; solid symbols, from three fibers. Absence of bars indicates

an error smaller than the symbol.
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bridges, without change in the force per cross-bridge. Thus

the increase in [Pi] reduces the number of stiffness- and force-

generating cross-bridges more than the ATPase rate. This

conclusion implies, as a corollary, that the ATP splitting rate

per attached cross-bridge is elevated by the increase in [Pi].
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