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Inhibition of Muscle Force by Vanadate
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ABSTRACT Vanadate (V1), an analogue of inorganic phosphate (Pi), is known to bind tightly with a long half life to the myosin
MgATPase site, producing a complex which inhibits force. Both of these ligands bind to an actin*myosin*ADP state that follows
the release of Pi in the enzymatic cycle, and their effects on muscle fibers and on proteins in solution provide information on
the properties of this state. The inhibition of active force generation began to occur at a [Vi] of 5 pM and was 90% complete
at a [Vi] of 1 mM. Hill plots of the inhibition of force by Vi approximated that expected for a simple binding isotherm. Similar plots
were obtained at both 250C and 50C. A simple binding isotherm is not expected to occur in a muscle fiber where steric constraints
imposed by the intact filaments should introduce more complexity into the energetics of ligand binding. The inhibition of MgAT-
Pase activity for acto-subfragment-1 to 50% of controls occurred at a [Vi] which was only 20-fold higher than that required to
inhibit force generation in fibers to the same level. Some models of actomyosin interactions would predict that the range of [Vi]
required for complete force inhibition in fibers and the difference in the [V1] required for inhibition in fibers and of myosin in solution
would both be much larger.

INTRODUCTION

Generation of force in active muscle fibers results from the
cyclic interaction between actin, myosin, and MgATP. This
interaction has been extensively studied, both in solution
using purified proteins and in muscle fibers (for reviews see
Taylor, 1979; Sleep and Smith, 1981; Cooke, 1986; Hibberd
and Trentham, 1986; Goldman and Brenner, 1987; Geeves,
1991). Studies performed in solution have identified a num-
ber of the states involved in the cycle, their energetics, and
the kinetics of the rates which connect them. These studies
have shown that ATP enters the cycle by binding to a strong
actomyosin rigor complex, dissociating myosin from actin
(Lymn and Taylor, 1971). ATP is subsequently cleaved
while myosin is either dissociated from or weakly bound to
the actin filament. Release of phosphate (Pi) results in the
transition to a more strongly bound actinmyosin-ADP state,
which is thought to be the state that is responsible for a
majority of the force produced or work performed in active
muscle fibers. A similar cycle is presumed to occur in fibers.
However, the energetics of the states and the rates between
them are thought to be altered by the fact that the proteins
are sterically constrained by the filament lattice of the muscle
fiber (for reviews see Hibberd and Trentham, 1986; Goldman
and Brenner, 1987).
One method of studying the energetics of the actomyosin

interaction is to observe the perturbations in this interaction
caused by raising the concentration of Pi, one of the products
released during ATP hydrolysis. An increased [PJ] lowers the
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free energy of those states that precede Pi release relative to
those states that follow (Pate and Cooke, 1989a, b). Subse-
quent perturbations observed upon raising [Pi] depend
strongly on the properties of the actin-myosin-ADP state to
which Pi is binding. The energetics of this state (or states) is
of particular interest because of its proposed role in the gen-
eration of force. Additional information on the steric con-
straints imposed by the filament lattice can be obtained by
comparing the results obtained in solution with those ob-
tained in fibers.
The effects upon force generation of both P1 and vanadate

(V), an analogue of Pi, have been previously studied. White
and Thorson (1972) were the first to show that Pi had a pro-
found influence on the oscillatory behavior of fibers from
insect flight muscles. Subsequent work by a number of labo-
ratories with vertebrate striated muscle showed that Pi de-
creased tension while having little effect on the fiber con-
traction velocity (Pate and Cooke, 1989b). The decrease in
tension was proposed to result from the reversal from a
strongly bound, force-producing actin-myosin-ADP state to
a weakly bound, non-force-producing actin-myosin-ADP Pi
state (Hibberd et al., 1985). Mathematical models of muscle
cross-bridge function based on this kinetic scheme predicted
that tension should depend linearly on the log10[Pi] and this
was in fact observed (Pate and Cooke, 1989a, b; Millar and
Homsher, 1990). Vi was found to inhibit the MgATPase ac-
tivity of myosin (Goodno, 1982). It also inhibited force gen-
eration in skinned muscle fibers (Goody et al., 1980; Herzig
et al., 1981; Dantzig and Goldman, 1985; Fuchs, 1985; Chase
et al., 1993; Pate et al., 1994). Since Vi has a significantly
higher affinity for myosin than does Pi, tension can be titrated
to near 0 with concentrations of Vi that have little effect on
ionic strength, allowing a more accurate determination of the
dependence of force upon the ligand concentration. Vi has
been shown to bind specifically in a stable complex at the
myosin active site by photocleavage studies of the myosin
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active site in the presence ofVi (Cremo et al., 1989; Grammer
and Yount, 1994), by trapping of fluorescently or paramag-
netically labeled nucleotide analogues to myosin or fibers
(Mihashi et al., 1990; Wilson et al., 1990, 1991), and by
studies of the competition between Vi and the y-Pi of ATP
for binding to myosin (Werber et al., 1992).
We find rather surprisingly that the inhibition of fiber ten-

sion by increased [Vi] follows approximately the behavior
expected for the binding of a ligand to a single enzyme site.
Full inhibition of the activity is achieved over a range of [Vi]
spanning approximately 1028_ to 103°-fold. The same be-
havior is found at two different temperatures, at two different
concentrations of Pi, and at a concentration of AlFx that in-
hibits force by 75%; yet both temperature and the two ligands
should affect the energetics of the actin-myosin interaction,
and change the interaction with Vi. Thus, none of the com-
plexity that might be thought to be introduced by the inter-
play between the steric constraints of the fiber lattice and the
energetics for the actomyosin states is evident in the inhi-
bition of force by Vi. This suggests that the binding of Vi
involves transitions between states whose relative free en-
ergy is independent of the steric constraints imposed by the
filament lattice. It appears that the inhibition of force by Pi
may follow a similar dependence upon concentration range
as that observed for Vi (although the data are not as complete
because of constraints brought about by large increases in
ionic strength at high [Pi] and because of the difficulties with
obtaining very low [Pi] in fibers during the generation of Pi
from MgATP hydrolysis). These data thus suggest that the
release of Pi is also not directly coupled to the transition to
a force-producing state. The transition from low-force to
high-force states must be a protein isomerization that occurs
before or subsequent to Pi release. An isomerization was also
invoked to explain the tension transients that follow the re-
lease of caged phosphate in muscle fibers (Dantzig et al.,
1992; Walker et al., 1992). A second observation also sug-
gests the presence of a low-force state following Pi release.
Steric constraints of the fiber lattice only alter the [Vi] re-
quired to inhibit the actomyosin interaction by a factor of 20
compared with that needed for contractile proteins in solu-
tion, suggesting the presence of a weakly bound, non-force-
producing actin-myosin' ADP state. A similar state was also
proposed earlier to explain the incorporation of labeled Pi
into ATP during the hydrolysis cycle (Sleep and Hutton,
1980; Sleep and Smith, 1981; Bowater and Sleep, 1988), and
to explain the kinetics of the actomyosin interaction observed
in solution (Geeves, 1991; Taylor, 1991). Together the re-
sults suggest that the energetics of the transition involved in
the binding of V1 are not very sensitive to the constraints
generated by the geometry of the filament array.

MATERIALS AND METHODS

Muscle fibers were obtained from rabbit psoas (fast-twitch) muscles. The
fibers were then chemically skinned by glycerination as described previ-
ously (Cooke et al., 1988; Pate et al., 1994).

Fiber mechanical measurements

The mechanical properties of muscle fibers were measured similarly to
previously described methods (Cooke et al., 1988; Pate and Cooke, 1989b;
Stephenson et al., 1989; Pate et al., 1994). A sensitive solid state force
transducer detected force generation (AME 801, Aksjelskapet, Horten,
Norway). Force was monitored using an IBM PC/AT interfaced to the trans-
ducer by an analog/digital board (Tecmar, OH). The force baseline was
maintained by a feedback loop and the program used to collect data was
written in PC/FORTH (Version 3.2, Laboratory Microsystems, CA), as pre-
viously described (Cooke et al., 1988), with some modifications. The system
was capable of taking data at 4 kHz frequency. Fibers were mounted at one
end to a glass hook fixed to the transducer and at the other end to a stainless
steel peg attached to the beam of a fast motor (General Scanning, MA). For
some of the fibers investigated the ends were fixed using gluteraldehyde
(Chase and Kushmerick, 1988). This procedure improved the stability of
fibers activated at 25°C, allowing more data to be collected from each fiber.
The results obtained from these fibers were, however, not significantly dif-
ferent from unfixed fibers, and the data obtained from the two populations
has been pooled. Fibers were mounted within a well in which the tempera-
ture was regulated by a water jacket and were activated and relaxed by the
addition to the well of appropriate solutions. The resonant frequency of
the transducer with fibers mounted and immersed in solution was 2.7 kHz.
Fiber dimensions were determined using a dissecting microscope (Wild,
Heerbrugg, Netherlands). Initial sarcomere lengths were determined by
He-Ne laser diffraction to be between 2.4 and 2.6 ,um (Cooke et al., 1988;
Stephenson et al., 1989; Pate et al., 1994).

Fiber MgATPase activity
Skinned fibers were activated in solutions similar to those used during ten-
siometer experiments except that no additional Pi was added (see following
section). The MgATPase activity of the skinned fibers activated in the pres-
ence and absence of V1 was determined using a modified malachite green
assay for Pi generation (Kodama et al., 1986). Bundles containing about 4
fibers were isometrically mounted between two stainless steel pegs and
immersed in activating and relaxing solutions of different composition in
wells containing 25 ,ul of solution at 23°C. During activation in the presence
of V;, sufficient time (30 s) was always allowed for the formation of the
myosin-ADP-V; complex to reach a steady state, as determined from force
measurements (Fig. 1). The fibers were activated in individual wells and
then after 1 min were rapidly transferred to a new well for a total cumulative
duration of activation of 3 min. The solutions were then assayed for Pi
content. The spectrophotometer standards contained the same [V;] as the
experimental solution samples, to account for the fact that V;, being a Pi
analogue, may affect the assay. Controls for baseline MgATPase activity
were performed by incubating relaxed fibers, with no added Ca2", in the
absence of V;. The cumulative results for the amount of P1 produced were
plotted against time and the slope of linear regression fits were taken as the
rate of Pi production.

To calculate the absolute MgATPase activity of fibers used in the assay
(in molecules of MgATP hydrolyzed s-' per myosin head), the protein
content of the fibers was determined. Fibers were sonicated after each ex-
periment in a solution of urea (6 M) and the protein content was determined
using a Coomassie Brilliant Blue G assay (Sigma, St. Louis, MO). Myosin
content was assumed to be 45% of the total fiber protein content (Cooke and
Franks, 1978).

Actin-activated MgATPase activity of myosin
subfragment-1 (S1)
Actin-activated MgATPase activity of myosin S1 (Taylor, 1979; Margos-
sian and Lowey, 1982) was also determined by a modified malachite green
assay (Kodama et al., 1986). The assay was carried out in solutions con-
taining TES (100 mM, pH 7.0, 23°C), ATP (1 mM), MgCl2 (2 mM), with
variable concentrations of KCl. In maximally actin-activated controls, KCl
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FIGURE 1 Trace showing the protocol used to relax and maximally Ca2"-
activate skinned rabbit psoas muscle fibers in the presence of inorganic
phosphate (Pi, 5 mM) and vanadate (V1, 1 mM). The fiber was first relaxed

(R) to obtain a baseline. It was then activated by the addition of Ca2" stock
solution (C) to give a [free Ca2"] 2 0.03 mM. V1 stock solution was then
added and force generation was allowed to decline to a steady state. The fiber
was subsequently relaxed, washed again in relaxing solution, and reacti-
vated. Force generation was again allowed to reach a steady state before the
fiber was finally relaxed. The marks along the horizontal axis indicate in-
tervals of 1 min and those along the vertical axis each represent 5 N/cm-2
of fiber tension. Data were sampled at the rate of one point every 3 s. Fiber
diameter = 65 ,um.

(100 mM) was added. Stock Vi solutions were made from NaVO3. There-
fore, when Vi was added to the assay solutions to inhibit MgATPase activity,
the [KCI] was lowered such that the total ionic strength remained constant.
F-actin was prepared from acetone powder (Spudich and Watt, 1971) and
was included in the assay at a concentration of 1 mg ml-'. Myosin S1 was

prepared from myosin either by papain digestion (Cooke, 1972) or chy-
motryptic digestion (Weeds and Taylor, 1975) and was included in the assay
at a concentration of 18 Ag ml-'.

Fiber activation

The composition, pH and ionic strength of the solutions used during fiber
relaxation and activation were determined from standard binding constants
using a Fortran computer program (Pate and Cooke, 1989b). The solution
used for relaxing (and activating) muscle fibers comprised MgOAc2 (5 mM),
TES (100 mM), ATP (4 mM total), EGTA (1 mM) and K2HPO4 (5 or 50
mM). Experiments were performed at either 50C or 25°C, and the above
buffer was set to pH 7.0 at the appropriate temperature (Pate et al., 1994).
An ATP regenerating system was used which consisted of creatine phos-
phate (20 mM) and creatine phosphokinase (1 mg ml-'). Sufficient KOAc
was added to bring the ionic strength to 210 mM. To make an activating
solution, calcium ions were added to the relaxing solution as CaCl2 from a
stock solution so that the final [free Ca2"] of the activating solutions was
20.03 mM. Care was taken to ensure that all fibers were fully activated.

Vanadate solutions

Stock solutions of sodium metavanadate (NaVO3, Vi) (EM Science, NJ) of
-100 mM were made. The [V1] of the stock solution was determined by
measuring the absorption at 265 nm, assuming an extinction coefficient of
2925 M 1cm-' (Goodno, 1982). The chemistry of vanadium in aqueous
solution is complex (Rubinson, 1981; Penningroth, 1986; Gresser et al.,

1986). Therefore consideration must be given to the nature of the vanadium
compounds present during these experiments.

Vanadium was present mostly in the V oxidation state. Therefore the
predominant ionic vanadium species present at pH 7, our experimental pH,
would have been the metavanadate ion, V03-. There will also be a small
amount of pyrovanadate, HV042- (Rubinson, 1981). At concentrations of
greater than 1 mM in the pH range 4-8, the vv form of vanadium forms
polymers. This process is very slow and can be observed by the appearance
of a yellow or orange color in the solution (Rubinson, 1981; Goodno, 1982;
Penningroth, 1986). For this reason, references in the text to the concen-

tration of Vi can more accurately be interpreted as the total concentration
of vanadium atoms.

Stock vanadate solutions were raised to pH 10 to reduce the extent of
polymerization during storage. To hydrolyze polymerized species, the so-

lution was always boiled before being used. This procedure eliminated any
yellow or orange color caused by polymerization (Rubinson, 1981; Goodno,
1982; Penningroth, 1986). Since it was necessary to store Vi stock solutions
at pH 10, high concentrations of pH buffer were needed to compensate for
pH changes when V1 was added to the fiber activating solutions. For this
reason the [TES] was 100mM in all activating solutions. When V1 was added
to fiber activating solutions in concentrations up to 15 mM from stock V1
solutions at pH 10, increases of not more than 0.1 pH unit were observed.
No yellow coloration was observed within the course of the experiments.
Since physiological processes were found to be linear over a wide range of
[VJ] (Figs. 2-6), this suggests that only one active form of V1 was present
in a stable concentration.

P1 and V1 are thought to bind to the same site on the myosin head (Goodno,
1982; Dantzig and Goldman, 1985; Cremo et al., 1989; Wilson et al., 1990;
Grammer and Yount, 1994). The concentration of P1 is difficult to regulate
within fibers because of diffusional constraints and the constant generation
of P1 from myosin MgATPase activity (Kentish, 1986; Pate and Cooke,
1989b; Millar and Homsher, 1990). We therefore included Pi (5 mM) in the
activating solutions so that any increase in [PJ] due to MgATPase activity
would be small in proportion to the total [Pj]. Therefore changes in fiber
mechanics due to Vi would not be masked by changes in the [PJ] within the
fibers. However, it is likely that in the presence of P1 some of the active form
of Vi was in equilibrium with a covalently bound phosphate/vanadate an-
hydride (Gresser et al., 1986). Therefore the concentration of the active form
of Vi would be altered when the [PJ] is altered, as was the case for the
experiments in which we investigated the competition between Pi and V1 for
the myosin active site shown in Fig. 2. Therefore, using equilibrium con-
stants for the formation of the phosphate/vanadate anhydride at pH 7
(Gresser et al., 1986), adjustments were made for the concentrations of the
active form of Vi present in the activating solutions containing different [Pi]
during these experiments. This shifted the curve for the inhibition of force
in the presence of 5 mM P1 by 0.04 loglo[Vi] units to the left and that for
the inhibition of force in the presence of 50 mM P1 by 0.30 log1O[VJ] units
to the left.

RESULTS

Effects of vanadate upon maximally
Ca2l-activated force

Vanadate inhibited the ability of skinned rabbit fast-twitch
skeletal muscle fibers to generate force. A typical protocol
for trapping Vi on the myosin heads of a single fast-twitch
muscle fiber and inhibiting force is illustrated in Fig. 1.
Fibers were first maximally Ca2"-activated by adding suf-
ficient Ca2" to the relaxing solution bathing the fiber to give
a free [Ca2"] ' 0.03 mM. When force generation had reached
a steady state, Vi from the stock solution was added to the
fiber solutions in various concentrations. Force generation
was then allowed to decline to a steady state. The half time
(t.12) to steady state inhibition was -5 s for the fiber in
Fig.1, where trapping occurred in the presence of a [V11
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log1O[Vj] (Fig. 2). The [Vi] at which maxir
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Fuchs (1985) give values of -94 and -60 ,uM, r
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The value of this parameter varied from 2.5 to 3.0 loglo[Vi]
units for three different preparations with a mean of 2.8 +
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When 50 mM Pi was included in the activating solution,

maximal force, which was initially -75% of that obtained
in 5 mM Pi, remained constant until the free [Vi] reached -9
,uM, at which point it began to decline linearly with the
loglo[Vi] (Fig. 2). The force did not decline in parallel with
the decline caused by V1 in 5 mM Pi, as might be expected
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1992; Chase et al., 1993). Tension could be completely in-
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relation, the experiment discussed above (Fig. 1) was re-
peated at 5°C. As shown in Fig. 4, the inhibition of force by
V1 follows the same dependence upon concentration as ob-
served at the higher temperature (Fig. 2).
A commonly used method of analyzing a ligand-binding

reaction, such as that between the myosin heads in the fibers
and V1, is to replot the data using a Hill plot (Fersht, 1985).
Fig. 5 shows a Hill plot of isometric tension at 25°C as a
function of [Vi]. The data were for fibers activated in the
presence of 5 mM Pi, similarly to those shown in Fig. 2. The
line fitted to the points by linear regression had a slope, equal
to the Hill coefficient, of 0.99 (range, 0.88-1.31, 95% con-
fidence limits). A Hill coefficient of 1.0 indicates that the

7 -6 -5 -4 3 -2 ligand binds to a single type of site, all of which have the
log10[v.] (M) same free energy change upon binding. Thus the data indi-

cate that there was no cooperativity between the heads for the

.ompetition between V and AIF during inhibition of force trapping of the V1 ligand on myosin heads in fast-twitch
by both ligands. Plot shows maximally Ca2+-activated iso- skinned fibers. A similar plot was obtained in the presence
Iog1O[Vi] in the presence of 10 mM NaF and 50 ,uM AlCl3 of 50 mM Pi with a Hill coefficient of 0.81 (range, 0.68-0.93,
is normalized to that obtained in the presence of AlF. and 95% confidence limits). A Hill plot of the data shown in
f Vi. The bars represent the SEM (3 s n ' 6 fibers for each Fig. 4 obtained at 5°C had a Hill coefficient of 0.82, (range,
two straight lines are those that were fit to the data obtained F.7 4,o 5 C ade aHill coeff
of 5 mM P,, shown in Fig. 2. 0.70-0.94, 95% confidence limits). Although the Hill coef-

ficients obtained under the different conditions were slightly
different, statistically the curves were not significantly dif-

hat is involved in the tzeneration of force then ferent from each other at the 95% confidence level."W. o .-- ...-.... _-----------
altering the strength of this interaction by lowering the tem-
perature should change the relationship between force and
[Vi]. To determine whether temperature would influence this

MgATPase activity

It was expected that the MgATPase activities of Ca2+-
activated muscle fibers and actin-activated myosin would
differ, since isolated contractile proteins are not subject to
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FIGURE 4 Data points show relative maximally Ca2"-activated isometric
force vs. log1O[Vj] in the presence of Pi (5 mM) similar to that shown in Fig. 2
with the exception that the temperature was lowered to 5°C. Relative force
was determined by comparing the force obtained during activation in the
presence of Vi and P1 (5 mM) to that obtained either before or after this when
fibers were activated in the absence of Vi and in the presence of Pi (5 mM).
Bars represent SEM (3 ' n ' 5 fibers for each data point). The curve is
that for a simple binding isotherm with a Hill coefficient of 1, where P/Po
= 100(1 - ([Vi]/Kd + [Vi])), in which P/Po is the relative force (%) and the
dissociation constant, Kd, was determined from a regression line (fitted to
the data at [Vj] 2 10-5.- M) to be 10-3-9 M [V1]. The binding isotherm was

not fit to the data but rather was calculated to show that the data do not

deviate significantly from this curve.
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FIGURE 5 Hill plot of data obtained from the inhibition of force in fast-
twitch fibers in the presence of various concentrations of Vi. Data points are

taken from skinned fibers activated under similar conditions to those shown
in Fig. 2 in the presence of P1 (5 mM). Data were calculated using the
equation Y = loglo(R/100 - R) for the ordinate, where R is the proportion
(%) of heads trapped by Vi (100 minus the proportion generating force). This
was plotted against the logjO[Vj]. The correlation coefficient for the line of
best fit was r = 0.99. Values obtained using [V*] that were below the thresh-
old for force inhibition were not included because inaccuracies in these
values often distort Hill plots (Fersht, 1985).
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steric constraints as are the proteins in the intact contractile
apparatus. We were therefore interested to compare the ef-
fects of Vi upon the MgATPase activity in intact Ca2+-
activated fast-twitch fibers and in an actin-activated
myosin-Sl system, since Si is the myosin species least likely
to be affected by steric constraints. Such data would give
information about the energetics of different cross-bridge
states.

Results in Fig. 6 show that the MgATPase activity of fast-
twitch fibers was inhibited with a similar dependence upon
[Vi] as was force generation. The rate of Pi production was
determined by sampling fiber-activating solutions at 1,2, and
3 min following Ca2+-activation. Pi production by fibers was
linear, with 21.5 ± 4.0 nmol Pi produced per mg of myosin
per second (mean ± SEM, n = 6 fiber bundles) in the ab-
sence of Vi. Tension measurements made in parallel with
fibers from the same fiber bundle under similar conditions
(omitting added Pi) showed that tension remained high dur-
ing the measurement with relative maximally Ca2+-activated
force levels of (P/PO) = 99 ± 2%, 97 ± 2% and 91 ± 4%
(mean ± SEM, n = 3) at 1, 2, and 3 min, respectively, after
maximal Ca2' activation. The fibers produced a maximum
tension of 23 ± 12 N/cm2 (mean ± SEM, n = 3). Although
some sarcomere inheterogeneity appears in this preparation
over this length of time, it is unlikely that it would alter the
basic conclusion drawn below, that MgATPase activity is
inhibited in parallel with tension. The maximal rate of fiber
MgATPase activity at 25°C was 4.95 ± 0.90 mol of ATP
hydrolyzed s-1 per mole of myosin heads (mean ± SEM,
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FIGURE 6 The effects of Vi upon relative MgATPase activity for rabbit
fast skeletal muscle myosin Si (18 gg ml-1) activated in the presence of
F-actin (1 mg ml-1) (-, each data point 2 ' n ' 4 observations, from a total
of 6 acto-Sl preparations), and upon relative maximally Ca2+-activated
MgATPase activity for rabbit fast-twitch muscle fibers (0, each data point
3 ' n ' 5 observations from a total of 5 fiber bundles). Results are means

+ SEM. MgATPase activity was measured using a malachite green method
for the determination over time of Pi production from the hydrolysis of
MgATP. The solid line is the curve fitted to the data for the decline of force
in fast-twitch fibers due to increasing [Vi] in the presence of 5 mM Pi taken
from Fig. 2, and is included here for easy comparison.

n = 6 fiber bundles). Values obtained in other laboratories
under similar conditions have been close to this. Webb et al.
(1986) and Kawai et al. (1987) obtained values for MgATP
hydrolysis of 3.2 and 3.0 s-1 per myosin head, respectively,
in skinned rabbit fast-twitch fibers. A value of 3.82 s-5 per
myosin head was obtained for skinned rat skeletal muscle
fibers at 21-22°C (Stephenson et al., 1989). At a temperature
of 5°C, at which sarcomere heterogeneity is better main-
tained, an activity of 0.98 s-1 was found for rabbit fast-twitch
fibers by Brenner (1988). This value also agrees well with
ours if one assumes a Qlo for MgATPase activity of 2.1,
which was that determined for the maximum velocity of rab-
bit psoas fiber shortening over a similar temperature range
(Pate et al., 1994).
The maximal MgATPase activity remained fairly stable

until [Vj] reached -1 ,uM and then declined linearly with
the loglo[Vi] from its maximal to its minimal levels with an
_1024-fold increase in [Vi]. The MgATPase activity in the
presence of 10 mM Vi, a [Vi] at which force was not de-
tectable, remained at 0.17 ± 0.05 s-' per myosin head (mean
± SEM, n = 5). This indicates that there was a Ca21_
activated rate of MgATPase activity of 12% of maximal
which could not be abolished by Vi. This rate is limited by
the rate of release of Vi from an actomyosin complex.

Since the MgATPase activity of fast-twitch fibers was not
completely inhibited even by concentrations of Vi that abol-
ished force generation, this indicates that although trapping
the myosin heads using Vi prevents force generation, the
cross-bridge cycle continues due to the release of Vi. Thus
during Ca2' activation in the presence of V1 the trapped heads
are in a steady state. The rate of cross-bridge cycling,
0.17 s-1, should be similar to the rate of Vi release measured
by the recovery of tension following activation in MgATP
(Fig. 1). Tension recovers with a first order rate of -0.08 s
These two rates differ by only a factor of two.
The maximal MgATPase activity of acto-Sl in the pres-

ence of an F-actin concentration of 1 mg ml-1 was 0.36 ±
0.07 mol Pi generated per mol S1 s-1 (mean + SEM, n = 6).
The MgATPase activity of the fibers was 20-fold more sen-
sitive to Vi trapping than the MgATPase activity of acto-Sl.
Therefore, the steric constraints imposed by the intact con-
tractile apparatus alter the Vi trapping reaction. However, the
effect is not as great as might be expected for some models
of this interaction (see Discussion).

DISCUSSION

The dependence of force on V1 concentration

We have measured the dependence of force upon vanadate
concentration in the presence of two well defined concen-
trations of inorganic phosphate. We found that force declined
linearly with log1O[Vi], as has been found previously for Pi
by Pate and Cooke (1989b) and by Millar and Homsher
(1990). However, unlike the case for Pi, the force did not
continue to increase as [Vi] decreased. In addition, the high
affinity of V1 for the active site of myosin (Goodno, 1982)
allowed the tension to be titrated to 0, thereby defining the
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entire curve. Although the decline in tension shown in
Fig. 2 can be fitted well by straight lines, the data are not
statistically significantly different from the behavior ex-
pected for a simple binding isotherm. In particular, an in-
crease in [Vi] of about 1028-fold to 103°-fold is required to
reduce the force from 100% to 0%. Similar values were ob-
tained in the presence of 5 mM Pi, 50 mM Pi, or 50 ,M AlFX,
and at two temperatures (5 and 25°C) (Figs. 2-4). The data,
when analyzed in a Hill plot, display a slope that is close to
unity, characteristic of the binding of a ligand to a simple
non-cooperative site on a protein (Fig. 5). This observation
has several implications for models of cross-bridge energet-
ics, discussed below.

MeADPoPi

A-M*ADP*Pi

PiA
|A*M'*ADP|

V, as a probe of force generating states

The dependence of tension upon [Vi] provides information
on the energetics of the transition involving Vi binding. The
analysis is analogous to the case for the binding of Pi, pre-
viously discussed by Pate and Cooke (1989a). The main dif-
ferences are that force can be titrated to very low levels and
variation in [Vi] does not alter the free energy change ofATP
hydrolysis.
As the concentration of Vi increases, the free energies of

the actinwmyosin-ADP Vi and myosin ADPNVi states de-
crease relative to the corresponding actin myosin ADP Pi
and myosin-ADP-Pi states. For example, for myosin heads
near the beginning of the power stroke the free energy
would be high, similar to that of the actin-myosin' ADP
state depicted in Fig. 7. For the free energy depicted in
Fig.7 for the actin myosin*ADP*Vi state, corresponding
to a moderate concentration of Vi, the binding of Vi to the
actinmyosin-ADP state would be favorable. However, for
those states that have a lower free energy, such as that of the
actin-myosin-ADP state shown in Fig. 7, a much larger con-
centration of Vi is required before the binding of Vi would
be favorable. Thus the range of concentrations of Vi required
to titrate force to 0 provides a measure of the range of free
energies of the states to which the Vi is binding.
The classical method for analyzing the energetics of the

binding of a ligand to a protein is the Hill equation (Fersht,
1985). The Hill plot of the decrease in tension shown in
Fig. 5 has a slope close to 1.0, and thus follows the be-
havior expected for a simple isotherm obtained from the
binding of a ligand non-cooperatively to a protein. That is to
say, the protein sites to which the ligand Vi is binding all have
the same free energy. The slopes of the Hill plots ranged from
1.0 to 0.8 under a variety of conditions. A value of 0.8 sug-
gests that the free energies of the actinlmyosin' ADP states
are distributed over a modest range. To investigate how the
relationship between force and log10[Vi] depends on the free
energies of the actinmyosin' ADP states, the data expected
for several cases were plotted in Fig. 8. The free energies of
the theoretical actin-myosin' ADP states are distributed
evenly over four different ranges, with the widths of the
ranges being 0, 4.6, 9.2, and 15.0 kT(where k is Boltzmann's
constant, T is the temperature, and kT is the thermal energy,

WORK-)

I

A*M*ADP

A-M

vi
M*ADP*Vi
A*M*ADP*Vi

ACi

FIGURE 7 Model showing structural states of the cross-bridge cycle in-
volved in binding of Pi and Vi. The vertical position of the states in the
diagram represents their approximate free energies. The release of P1 from
A-M-ADP-P1 leads to a state A-M'-ADP. This transition is thought to occur
near the beginning of the power stroke where the free energy of the
A-M'-ADP state is high. Subsequent isomerizations result in a large drop
in free energy, which is converted to mechanical work in a contracting fiber,
leading to the state A-M-ADP. This state has a low free energy, represented
by a lower vertical position in the diagram, and it represents the confor-
mation at the end of the power stroke. Vi also binds to A-M'-ADP leading
to A-M-ADP-Vi which dissociates rapidly to M-ADP-Vi. The free energy
of the vanadate states is shown such that binding of Vi would be favorable
to A-M'-ADP, but would not be favorable to A-M-ADP, which has a much
lower free energy.

equal to -2.5 kJ/mol at 283 K). As the free energies of these
states are distributed over an increasing range, the slope of
the force vs. loglo[Vi] plot becomes more shallow. The data
from Fig. 4 obtained at 5°C, with a Hill coefficient of 0.82,
are also plotted in Fig. 8 for comparison. These data are best
fit by a model in which the free energies of the
actin-myosin'*ADP states are distributed over -3.5 kT.
However, at the 90% confidence level, the data are not sta-
tistically significantly different from the curve for binding to
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FIGURE 8 The effect of distributing the free energies of the A-M'-ADP
states through a range of values. The tension expected for the binding of Vi
to a series ofA-M'-ADP states was simulated using a variation of the model
shown in Fig. 7. The A-M'-ADP state could bind Vi to form a non-force
AMADP-Vi state (as shown by the double arrows connecting these states).
Those states that did not bind V1 continued through the cycle to force-
producing states, A-M-ADP in Fig. 7, and tension was taken as proportional
to the population of these states. These force-producing states were assumed
to not bind to Vi, omitting the transitions shown by the lower double arrows
connecting these states. The transitions between the A-M'-ADP and
A-M-ADP-Vi were assumed to occur faster than steady state cycling. How-
ever, the results were not altered greatly when the rate of cycling through
the states was assumed to be equivalent to the rate ofbinding of Vi. A higher
cycling rate required a higher concentration of Vi in order to affect tension,
but it did not change the shape of the relation between force and [Vi]. The
curve with the steepest slope (solid line) was simulated assuming that the
free energy ofA-M'-ADP was a single value. This curve is the same as that
shown in Fig. 4, representing a simple binding isotherm with the single value
of Kd defined in Fig. 4 (10 9 M V.). The curve with the next steepest slope
(dashed line) was simulated assuming that the A-M'*ADP states were dis-
tributed across a range of 4.6 kT, with Kd distributed across 2 loglo[Vi] units.
The curve with the dotted line was for a range of 9.2 kT with Kd distributed
across 4 loglo[Vi] units, and the shallowest curve (dashes and dots) was for
a range of 15 kT with Kd distributed across 6.5 loglo[V1] units. This curve
is that expected if the A-M'-ADP state was the major force-generating state,
and it is similar to that calculated by Pate and Cooke (1989) using a more
complex model.

a single site. The data shown would allow at most a distri-
bution over 5 kT.

Models of force generation

Many models of cross-bridge function predict that the
state(s) involved in the power stroke would have free ener-
gies that would be distributed over a considerable range.
These states are thought to involve the ternary complex,
actin-myosin-ADP. In the discussion below we show that if
Vi inhibits tension by binding to these force producing states
the slope of the force vs. logl0[Vi] plot would be more shal-
low than the one we obtained (Fig. 8). In contrast our data
suggest a simple transition between two states separated by
a single value of free energy (or at most a small range of free
energies).

The kinetics and energetics of the interactions between
actomyosin and nucleotides have been studied extensively
both using purified proteins in solution and using muscle
fibers (for reviews see Taylor, 1979; Sleep and Smith, 1981;
Cooke, 1986; Hibberd and Trentham, 1986; Goldman and
Brenner, 1987; Geeves, 1991). These studies have suggested
that myosin ADP-Pi forms a weak bond with actin at the
beginning of the power stroke. The resulting state,
actin-myosin-ADP-Pi, generates little force and thus has a
free energy that is not strongly dependent on the position of
actin (Fig. 7). Following the release of Pi from the
actinwmyosin ADP Pi complex, force is developed by a state
in which the free energy depends strongly on the position of
the actin relative to the myosin to which it is attached. The
transition to the force generating state occurs at the beginning
of the power stroke to a state in which the actin-myosin ADP
bond is still weak, denoted by actinmyosin' ADP in Fig. 7.
Further transitions result in a large drop in free energy, lead-
ing to states in which the myosin is bound strongly to actin
at the end of the power stroke, denoted by actin myosin ADP
in Fig. 7. In the filament array of the fiber, steric constraints
will dictate that myosin interacts with actin in a variety of
relative positions. Thus one would expect the force produc-
ing actin-myosinADP states in active fibers to be separated
by different amounts of free energy for different myosin
heads. One can estimate the drop in free energy between the
beginning and end of the power stroke to be of the order of
15 kT, -60% of the energy available from one ATP. We
show that Vi does not bind to states that have such a large
spread in free energies, and thus it does not bind directly to
the force-generating states.
The dependence of force upon [Vi] provides a probe of the

energetics of the cross-bridge states to which Vi binds. As
[Vi] increases, the free energies of the states with bound Vi
decrease, allowing Vi to bind to actinwmyosin-ADP states
with increasingly negative free energies (Fig. 7). If Vi binds
directly to force-producing states, the change in the [Vi] re-
quired to bind to all of these states would be large, as dis-
cussed by Pate and Cooke (1989a, b) for the binding of Pi.
The inhibition of force by Vi would begin to occur when the
free energy of the Vi states reached that of the
actin-myosin'-ADP state at the top of the power stroke but
inhibition would not be complete until the free energy of the
Vi states reached that of the actin-myosin-ADP states at the
end of the power stroke. To move through 15 kT in free
energy the concentration of [Vi] would have to increase by
more than 6 orders of magnitude (shallowest curve in Fig. 8),
rather than the 2.8-3.0 orders of magnitude observed (data
points in Fig. 8).

In view of the expected complexity of the actomyosin and
nucleotide binding interactions, it is unexpected that the Hill
plot has a slope close to 1.0 (Fig. 5), that expected for a
simple transition between two states separated by a single
value of free energy. If the binding of Vi to myosin involved
a transition that was strongly influenced by myofilament lat-
tice constraints, such a simple isotherm would not result. In
addition, if the actin-myosin-ADP states were distributed
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over a range of free energies we would also expect the com-
petition of V1 with other ligands, Pi or AlF., to alter the slope
of the force vs. logjO[Vi] relation. As the concentration of the
competing ligand is raised it will bind first to the
actinmyosin-ADP states with higher free energies, leaving
only those with lower free energies available for binding of
V1. Thus in the presence of a competing ligand the slope of
the force vs. logjO[Vi] relation would be steeper. In contrast
we find that the slope is unchanged, even in the presence of
ligands that have lowered force by 25-75%.
We conclude that the actin-myosin-ADP states to which

V1 binds are distributed over a modest range of free energies,
0-5 kT. Two models could fit this data. In one model, the
actin myosin' *ADP state to which Vi binds is a weakly bound
state, with a free energy profile that is similar to the
actin'myosinwADP Pi or actin-myosin ADP Vi states. In the
second model the actin-myosin'-ADP is a force- generating
state. However, the cross-bridges would all be distributed
near the beginning of the power stroke. The data in Fig. 6,
as well as a number of results obtained by other investigators,
all support the first of the two models, as discussed below.
However, the exact constraints placed on cross-bridge mod-
els by the observation of a single isotherm will require a more
detailed analysis.

Inhibition of acto-Si MgATPase

The magnitude of the difference in concentrations of Vi re-
quired to inhibit the MgATPase activities of fibers and of
contractile proteins in solution (Fig. 6) is also not easily ex-
plained by models in which the transition to force generation
is directly coupled to the release of P1. The concentration of
Vi required to produce one-half inhibition is directly related
to the concentration of the actin-myosin' ADP state(s) to
which it binds. The concentration of this state is expected
to be much higher in fibers, where steric constraints will
prevent the head from rotating. Head rotation is required
to reach the states of lower free energy nearer the end of
the power stroke. In contrast, the concentration of the
actin-myosin' ADP state(s) are expected to be lower dur-
ing steady state hydrolysis by acto-Sl, because there are no
steric constraints to retain the head in a highly strained po-
sition. If the actin*myosin'-ADP state is a highly strained,
force-producing state, the release of Pi from an acto-Sl
complex in solution would involve almost immediate rota-
tion of the myosin head to its free energy minimum
(actin-myosin.ADP in Fig. 7). The observation that the con-
centration of Vi required to inhibit the acto-Sl ATPase is
only 20 times greater than required to inhibit fibers shows
that the concentration of the actin-myosin'-ADP state(s) is
appreciable. An appreciable population can only occur if this
state is not highly strained leading to a rapid transition to the
end of the power stroke. Thus the data require that the
actin-myosin'-ADP state to which Vi binds is not highly
strained. A similar phenomenon is seen for the binding of Pi.
The rate of P1 exchange into ATP in fibers is -500 times
faster than that for acto-Sl (Bowater and Sleep, 1988), a

result that was also explained by the existence of an un-
strained actin-myosin'-ADP state with a high free energy
relative to the actinwmyosin-ADP state.

Inhibition of force by Pi
Fiber tension can also be inhibited by addition of Pi, although
complete inhibition of tension cannot be achieved at con-
centrations of P1 which maintain physiological ionic strength.
To compare the inhibition of force by Pi with the inhibition
by Vi, data from a number of studies were pooled and are
plotted in Fig. 9 along with a curve fit to the data for the
inhibition of force by Vi in the presence of 5 mM Pi. Plotted
in this way, the slope of the line through the P1 data (-41.4,
spanning 2.42 loglo[P1] units from 100% to 0% force) is a
little steeper than the one through the Vi data (a slope of -36
to -33, spanning 2.8-3.0 loglo[Vi]). A major difference be-
tween Vi and Pi is the weaker binding of Pi, evidenced by a
shift of the curve to the right. The data suggest that the Kd
for Vi binding (Fig. 4) is about 127-fold higher than the
Kd for Pi binding, which is why it is possible to titrate force
to 0 at physiological ionic strength using Vi. A second major
differences between Vi and Pi is the fact that tension con-
tinues to rise as the concentration of Pi is lowered below
5 mM. The continued rise in tension may reflect the increased
free energy available from ATP at the lower concentrations
of Pi. However, if Pi inhibits tension by binding to the same
actin-myosin' ADP state as does Vi, then one would expect
the same dependence of force upon ligand concentration, and
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FIGURE 9 The inhibition of force by Pi in fast-twitch skeletal muscle
fibers is compared to inhibition by V1. The circles represent data for inhi-
bition by Pi taken from several sources (Altringham and Johnston, 1985
(Antarctic fish); Kawai et al., 1987 (rabbit psoas); Pate and Cooke, 1989b
(rabbit psoas, pH 7.0,5mM ATP); Millar and Homsher, 1990 (rabbit psoas);
Kawai and Halvorson, 1991 (rabbit psoas); Dantzig et al., 1992 (rabbit
psoas, 12°C); Martyn and Gordon, 1992 (rabbit psoas)). Each set of data was
normalized by setting the tension obtained in the presence of 5 mM Pi to
100%. The dashed line was fit by linear regression (r = 0.96). The solid
line is the fit to the data in Fig. 2 of this manuscript for inhibition by V; in
the presence of 5 mM Pi.
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the drop in force should occur over a range of about 3 log10-
[Pi] units. A fit of a straight line to the Pi inhibition data
shown in Fig. 9 intercepts the abscissa at +0.13 (100.13 M Pt),
suggesting that force should reach a plateau as [Pj] decreases
below 1 mM (10-3.0 M Pi). Although no strong tendency to
plateau is evident in the data, there are only three data points
below 1 mM [Pi], and these are difficult points to obtain
because they require the use of the Pi scavenger sucrose phos-
phorylase to lower [Pi] (Pate and Cooke, 1989b; Millar and
Homsher, 1990; Martyn and Gordon, 1992). If the data were
to reach a plateau at [Pi]<0.2 mM, the lowest [Pi] shown in
Fig. 9, then the inhibition of force by Pi would follow ap-
proximately the same concentration dependence as observed
for Vi with a midpoint at -16 mM Pi. This midpoint defines
a dissociation constant, Kd, for Pi in active fast-twitch fibers
of - 16 mM. This value is similar to the value of 6-12 mM
determined from studies of the force transients observed fol-
lowing release of caged Pi at 12-15°C (Dantzig et al., 1992;
Walker et al., 1992), and it is not far from the Km of 3 mM
found for the exchange of Pi into ATP (Bowater and Sleep,
1988).
We conclude that the data are consistent with Pi binding

to an actin-myosin' ADP state that is not force-producing.
The data suggest that the free energy of this state is approxi-
mately that of the actinwmyosin ADP Pi state at 16 mM [Pi].
Thus this transition is almost isoenergetic at physiological
[Pi] in active fibers, leading to efficient energy transduction.
As [Pi] rises during fatigue, the actin myosin-ADP Pi state
would decrease in free energy, and fewer cross-bridges
would make the transition to the actin-myosin' ADP state.
However, those that did would generate the same mechanical
work, helping to preserve efficiency as [Pi] increases. A test
of this hypothesis could be made by measuring tension at
concentrations of Pi below 0.2 mM using more efficient Pi
scavengers to determine whether force does reach a plateau.

The transition to a force-generating state

The data discussed above suggest that the actin-
myosin' ADP states to which Vi binds do not have the en-
ergetics expected for highly strained, force-producing states.
The data are more easily explained by assuming a model in
which the preferred orientation of myosin is not tightly
coupled to the state of the nucleotide. Thus the transition
between actin-myosin' ADP and actin myosin' ADP*Vi
does not involve conformational changes that are linked to
force generation. Force is generated after an isomerization
between unstrained (actin-myosin' ADP) and highly
strained (actin.myosin.ADP) states and is not coupled di-
rectly to the state of the nucleotide. A similar uncoupling of
nucleotide state and force generation has been proposed to
explain the tension transients which follow photolytic release
of Pi in isometrically contracting Ca2"-activated fibers
(Millar and Homsher, 1990; Dantzig et al., 1992; Walker
et al., 1992). The data of Dantzig and co-workers was best
explained by an isomerization that preceded P1 release, while
Walker and co-workers concluded that the isomerization

could also follow Pi release. The observation of a simple
isotherm for force inhibition is compatible with isomeriza-
tions that precede or follow Pi release. The data of Fig. 6
would suggest that an isomerization should follow Pi release.
Geeves (1991) has also invoked multiple structural states of
the contractile proteins for each state of the bound nucleotide
to explain the kinetics of the acto-Sl interaction in solution.
A more extensive set of simulations for the two cases is now
under way to determine more precisely which models can
best fit the data.
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