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Muscle Cross-Bridges Bound to Actin Are Disordered in the Presence of
2,3-Butanedione Monoxime

Liang Zhao, Nariman Naber, and Roger Cooke
Department of Biochemistry and Biophysics and the Cardiovascular Research Institute, University of California, San Francisco, San
Francisco, California 94143 USA

ABSTRACT Electron paramagnetic resonance spectroscopy was used to monitor the orientation of muscle cross-bridges
attached to actin in a low force and high stiffness state that may occur before force generation in the actomyosin cycle of
interactions. 2,3-butanedione monoxime (BDM) has been shown to act as an uncompetitive inhibitor of the myosin ATPase that
stabilizes a myosin*ADP-Pi complex. Such a complex is thought to attach to actin at the beginning of the powerstroke. Addition
of 25 mM BDM decreases tension by 90%, although stiffness remains high, 40-50% of control, showing that cross-bridges
are attached to actin but generate little or no force. Active cross-bridge orientation was monitored via electron paramagnetic
resonance spectroscopy of a maleimide spin probe rigidly attached to cys-707 (SH-1) on the myosin head. A new labeling
procedure was used that showed improved specificity of labeling. In 25 mM BDM, the probes have an almost isotropic angular
distribution, indicating that cross-bridges are highly disordered. We conclude that in the pre-powerstroke state stabilized by BDM,
cross-bridges are attached to actin, generating little force, with a large portion of the catalytic domain of the myosin heads
disordered.

INTRODUCTION

Muscle contraction results from a cyclic interaction between
myosin heads (cross-bridges) and actin, coupled with
MgATP hydrolysis. Studies of the interaction of purified pro-
teins and of the mechanics of active fibers have suggested
that a myosin-ADP-Pi complex initially attaches to actin in
a low force, pre-powerstroke state. The release of Pi, or
isomerizations that accompany it, allow the transition to a
force-producing state (reviewed in Cooke, 1986; Goldman,
1987). The atomic level structures of both actin and myosin
have now been determined (Homes et al., 1990; Rayment et
al., 1993a), and these structures have been used to define a
low resolution structure of the actomyosin complex (Ray-
ment et al., 1993b; Schroder et al., 1993). These results have
led to a model for the changes in protein conformation that
result in force generation (Rayment et al., 1993b). The struc-
tural data suggest that, before Pi release, myosin and actin are
attached to each other via the electrostatic interaction of two
opposing regions of their respective polypeptide chains. The
region on myosin is highly disordered in the crystal structure,
suggesting that in this interaction the myosin and actin are
only weakly attached to one another. A tighter and more
specific interaction between the two proteins is prevented by
the conformation of the myosin head. The release of P1 then
permits a deep cleft in the myosin structure to close, relieving
the inhibition. This leads to a tighter bond with actin and to
the working cross-bridge powerstroke. Understanding the
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structure of the actomyosin complex before the release of P1
will provide information on the events that occur within the
powerstroke.
A number of approaches have been employed to define the

structures of various complexes of myosin with actin. The
rigor state is easily achieved by the elimination of substrate
and is generally thought to represent that found at the end of
the working powerstroke. The structures of other states in the
active cycle, such as the pre-powerstroke state(s), have been
more difficult to study, however, because of their transient
nature. One approach to this problem has been to seek in-
hibitors that interact with, and stabilize, specific intermediate
states of the ATPase cycle. One of these inhibitors is a small
molecule, 2,3-butanedione monoxime (BDM), which has
been shown to be an uncompetitive inhibitor of the acto-
myosin ATPase cycle. BDM reversibly suppresses the twitch
and tetanic tension of both intact and skinned muscle (Fryer
et al., 1988; Blanchard et al., 1990; Horiuti et al., 1988; Bagni
et al., 1992; Belknap et al., 1993; Zhao and Kawai, 1994).
BDM decreases the maximal contraction velocity and the
isometric tension but increases the curvature of the force-
velocity relation and the stiffness-to-tension ratio (Bagni et
al., 1992). These investigators concluded that BDM reduces
the attachment rate of cross-bridges to actin and lowers the
force generation per cross-bridge. Biochemical studies in-
dicate that BDM elevates the rate of the ATP hydrolysis step
and stabilizes an intermediate state in the actomyosin cycle
(Higuchi and Takemori, 1989; Herrmann et al., 1992). To-
gether these studies have shown that BDM binds to and sta-
bilizes states in which myosin is bound to the products of
ATP hydrolysis, ADP and Pi, and that this myosin products
complex can bind to actin. As noted, a similar complex is
thought to be a transient intermediate that occurs before force
production in the cycle. In the present work, we shall cor-
relate solution biochemistry, fiber mechanics, and structural
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Cross-Bridge Structure

studies to better define the chemomechanics of weakly
bound, pre-powerstroke states.

Spectroscopic probes provide one tool for investigating
the orientation and mobility of specific sites on the con-
tractile proteins in a muscle fiber. The use of paramag-
netic probes to study cross-bridge energetics has several
advantages over other biological techniques such as x-ray
diffraction and electron microscopy (Barnett et al., 1986;
Thomas, 1987). Previous studies have shown that one can
selectively and rigidly label a reactive sulfhydryl (SH-1,
cys-707) on the cross-bridge with paramagnetic probes
and then use electron paramagnetic resonance (EPR)
spectroscopy to monitor the orientation and rotation of
the cross-bridge. Thomas and Cooke (1980) have shown
that the probes attached to cys-707 are highly oriented
when cross-bridges are tightly bound to actin in the ab-
sence of substrate (rigor) and are disordered when cross-
bridges are detached from actin (relaxation). EPR spectra
of active fibers can be interpreted as a linear combination
of the oriented and disoriented states discussed above
(Cooke et al., 1982). Recently, time-resolved EPR studies
using caged ATP found a smaller ordered fraction, 11-
13% (Fajer et al., 1990). Saturation transfer (ST)-EPR has
also been used to monitor the rotational correlation times
of the probes attached to cross-bridges and has shown that
the correlation times for these bound and detached states
are on the order of milliseconds and microseconds, re-
spectively (Thomas et al., 1980). The ST-EPR spectrum
of the probes in active fibers could again be interpreted
as a linear combination of those seen in rigor and relaxed
fibers, with almost the same fraction obtained in con-
ventional EPR studies (Barnett and Thomas, 1989). In the
original interpretation of the spectra of active fibers, the
disordered probes were thought to be attached to myosin
heads that were not attached to actin. More recently, how-
ever, measurements of probe mobility with ST-EPR have
shown that, in the presence of ATP, myosin can attach to
actin in states in which the probes are mobile on the mi-
crosecond time scale (Berger et al., 1989; Berger and
Thomas, 1993). The observation that mechanical stiffness
is proportionally higher than the ordered fraction also
suggests that myosin heads are attached to actin in dis-
ordered but stiff states (Fajer et al., 1990). Such mobile
or disordered states could precede force generation or
could also be involved in generating force. The present
study was designed to monitor the orientation of possible
pre-powerstroke states, in part to determine whether they
corresponded to the mobile states seen by ST-EPR or to
the disordered states found in active fibers. We find that
the probes are highly disordered in states that are stabi-
lized by BDM. A similar result has also been found for
states stabilized by a phosphate analogue, aluminum fluo-
ride (AlF.) (Raucher and Fajer, 1994). This is in marked
contrast to the pre-powerstroke state stabilized by Pi, in
which the EPR signal in actively contracting fibers does
not show an increasing disordered component with in-

MATERIALS AND METHODS
Thin strips of rabbit psoas muscle, 1-2 mm in diameter, were dissected, tied
to thin wooden rods with surgical thread, chemically skinned, and stored in
a buffer containing 5 mM EGTA, 5 mM magnesium acetate (MgAc2), 0.12
M potassium acetate (KAc), 20 mM N-tris(hydroxymethyl)-methyl-2-
aminoethane sulfonic acid (TES), and 50% glycerol, pH 7.0, as described
by Cooke and Pate (1985). The measurements of fiber mechanics were made
by using the experimental apparatus described by Pate et al. (1994), which
permits transferring mounted fibers between wells containing differing ex-

perimental buffers. Single fibers were dissected from a small bundle of
glycerinated fibers and mounted in a well between a solid-state force trans-
ducer (Akers 801; SensoNor, Horten, Norway) and an arm connected to a

rapid motor (General Scanning, Watertown, MA) for changing muscle
length. Duco cement (Dupont Chemical Co., Wilmington, DE) diluted 1:10
(v/v) in acetone was used as a glue. Buffer was added to the well immersing
the fiber. Temperature was maintained by passing temperature-controlled
water through the aluminum stage surrounding the well and monitored by
a small thermistor adjacent to the force transducer. The length of mounted
fiber was measured at x20 magnification with the graticule of a dissecting
microscope mounted directly over the fiber well. The resonant frequency of
the transducer with mounted fiber was 4 kHz. Fiber tension was monitored
by a 486 personal computer with Tecmar A/D boards (Tecmar Co., Cin-
cinnati, OH). Isometric tension was normalized with respect to fiber area by
measuring the fiber diameter at five to seven locations along the fiber at
X 126 magnification and averaging the values.

Fiber stiffness was determined from a series of rapid extensions of
muscle length of differing magnitudes applied to a fiber. For these mea-

surements, a 1% change in muscle length was 90% complete in 0.5 ms. This
corresponds to a speed of stretch of 2 X 103 nm/half sarcomere/s. Fibers
were typically stretched by 0.3, 0.6, 0.9, and 1.2% of fiber length, and the
peak force was reached after the stretch was determined. The plot of peak
force versus the percent length change was linear to a good approximation,
and a least-squares linear fit was made to the data. The slope was taken as

the fiber stiffness (Pate and Cooke, 1988). Although the stiffness was meas-

ured on single fibers and the spectra on bundles, this should not pose a

problem. Measurements of stiffness on small bundles of fibers (three to five)
provide values that are the same as for single fibers.

For mechanical and EPR experiments, the rigor buffer contained 0.195
M KAc, 3 mM K2HPO4, 5 mM MgAc2, 20 mM MOPS, and 1 mM EGTA,
pH 7.0. The relaxing buffer contained 0.1 M KAc, 5 mM MgAc2, 3 mM
K2HPO4, 20mM MOPS, 25 mM creatine phosphate (CP), 5 mg/ml creatine
phosphokinase (CK), and 5 mM ATP, pH 7.0. All experiments were done
at 24°C. Fibers were activated by addition of -1.1 mM CaC12 (final pCa
-4.5). For all experiments involving activated fibers, after initial activation
by addition of Ca?', small additional aliquots of Ca2 were added to insure
that fibers were fully activated (verified by lack of an effect on either iso-
metric tension or the EPR spectra). Some EPR control experiments required
increased [CP]. In these experiments, constant ionic strength was maintained
by decreasing the [KAc]. The concentrations of the solution ionic species
and ionic strength were calculated by using the computer program described
in Pate et al. (1991). The final calculated MgATP concentration was 3.5 mM,
and ionic strength was 220 mM. BDM (up to 25 mM)was additionally added
as required.

Myosin ATPase activities were determined by measurement of the re-

lease of inorganic phosphate at 25°C with malachite green (Lanzetta et al.,
1979). The K+-EDTAATPase activity was assayed in a solution containing

0.6M KCL, 4mM EDTA, 50mM Tris-HCL, pH 7.9, and 0.1 mg/ml myosin.
The Ca2-ATPase activity was assayed in a solution containing 0.6M KCL,
4 mM CaCl2, 50mM Tris-HCL, pH 7.9, and 0.1 mg/ml myosin. The Mg2+-
ATPase activity was assayed in a solution containing 0.1 M KCL, 4 mM

MgCl2, 50 mM TES, pH 7.0, and 0.5 mg/ml myosin with BDM added as

required. The reaction was started by adding 1-2 mM ATP to the given
solutions, and aliquots were quenched at times from 30 to 120 s (Crowder
and Cooke, 1984).

For EPR experiments, the reactive sulfydryl cys-707 (SH-1) in glycer-
inated rabbit psoas fibers was labeled with N-(1-oxyl-2,2,6,6-tetramethyl-
4-piperdinyl) maleimide (MSL) by the following procedure. All steps were

performed atO°C. Glycerinated fibers were dissected into small bundles ofcreasing concentrations of Pi (Zhao et al., 1995).
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25-50 fibers. These were washed in 20 mM MOPS, 5 mM MgCl2, and 1
mM EGTA, pH 7.0 (buffer A), for 20 min to remove the glycerol. The fibers
were then incubated for 60 min in buffer A to which 60 ,uM 2-2'-dithio-
bis(5-nitropyridine) (NO2SPY) had been added (preblock step). Fibers were
subsequently washed again in buffer A for 10 min, followed by a 10-min
equilibration in 0.18 M KAc, 5 mM MgCl2, 5 mM EGTA, and 20 mM
2-(N-morpholino)ethanesulfonic acid (MES), pH 6.5 (buffer B). Fibers were
then labeled for 20 min in buffer B, with 0.1 mM MSL and 5 mM Na4P207
added (the MSL labeling step). Fibers were subsequently washed for 10 min
in buffer B to remove unreacted MSL labels and then equilibrated for 40
min in the previously described skinning buffer. Fibers were then stored at
-20°C until use. Before experimentation, the fibers were washed with rigor
buffer containing 5 mM dithiothreitol (DTT) for 30 min (the unblocking
step).

The actual MSL-labeling steps above are similar to those described pre-
viously (Thomas and Cooke, 1980). The additional initial preblock step is
motivated by the following observations. Fibers are reacted with NO2SPY
under conditions in which SH-1 is only very weakly reactive (low ionic
strength, physiological pH). NO2SPY reacts other SH groups in the fibers,
forming disulfide bonds and hence blocking these groups from reacting with
MSL during the subsequent steps (high ionic strength, low pH) in which
SH-1 is labeled. After the MSL labeling of SH-1, the disulfide bonds formed
with NO2SPY are then removed by washing with DTT, enhancing me-
chanical function. We note that, in the present protocols, fibers were not
reacted with K3Fe(CN)6 to reduce the EPR signal from nonspecific labeling
as has sometimes been the practice in the past. The degree of SH-1 modi-
fication was determined by the extraction of fiber myosin and the meas-
urement of the K+-EDTA ATPase activity as described in Crowder and
Cooke (1984). The K+-EDTA ATPase activity of fiber myosin was 84 ±
5% (three observations) of control after the preblocking step. Subsequent
labeling with MSL reduced the K+-EDTA ATPase activity further to 48 ±
4% (three observations) of control. After treatment with DTT (unblocking
step), this activity was slightly increased to 55 ± 5% (three observations)
of control. Thus, the labeling procedure resulted in a 40-50% decrease in
the K+-EDTA ATPase activity, indicating that 40-50% of myosin heads
were modified. In the control experiments, the K+-EDTA ATPase activity
of preblocked fibers washed by DTT had recovered to its normal value. In
the unlabeled fibers also treated with DTT, little or no change in the ATPase
activity was found.

MSLprobes were mainly attached to the SH-1 group on myosin, although
they also reacted to a lesser degree with other SH groups such as SH-2
(cys-697) (Thomas and Cooke, 1980; Crowder and Cooke, 1984). The frac-
tion of modification of SH-1 and other SH groups could be estimated by
analyzing the rigor EPR spectrum (Pate and Cooke, 1988). In the EPR rigor
spectrum (see Fig. 4 a), in which fibers were aligned parallel to the magnetic
field, the first and second peaks located at the low field arise from the
disordered and ordered probes, respectively. We found that 80% of the
probes were ordered and 20% were disordered using the formula given by
Pate and Cooke (1988). Assuming that ordered probes were attached to SH-1
and disordered probes were attached to nonspecific groups, the data have
suggested that 80% of the probes were attached to SH-1 and 20% were
located at other groups such as SH-2. Taken with the K+-EDTA ATPase
activity, this leads to the conclusion that our new labeling procedure resulted
in 40-50% of the probes bound to SH-1.

To determine the effect of labeling on the action of BDM, the ATPase
activity was measured for purified SH-1-modified myosin. Myosin was
purified from myofibrils as described previously (Tonomura et al., 1966)
and dissolved in a high salt solution (0.6 M KCL, 50 mM MOPS, pH 6.5).
A small amount of MSL solution (10 mM stock solution in dimethylfor-
mamide) was added to the myosin (5 mg/ml, 20.8 ,uM SH-1) to a final
concentration of 29 ,uM, corresponding to 1.4 probes per SH-1. EPR spectra
were taken for aliquots of the MSL-myosin solution at different time points
to monitor the ratio of the signals from both bound and free MSL probes.
After 1 h of labeling on ice, the myosin solution was diluted by adding 10
volumes ofcold water, and a myosin pellet was collected after centrifugation
at 12,000 g for 10 min. The EPR spectra indicated that there were approxi-

K+-EDTA and Ca2+-K ATPase activities were assayed for the above
MSL-labeled myosin. We found that K+-EDTA activity was decreased by
80 ± 3% (three observations), but Ca2+-K ATPase activity was elevated by
a factor of 5.2 ± 1.2 (three observations). Double integral of the EPR spectra
of labeled myosin showed that the molar ratio of probe to myosin heads was

0.9. Assuming that the probe reacted only with the SH-1 or SH-2 groups on

myosin, the above data suggested that the labeling of purified myosin pro-

cedure resulted in four subpopulations, corresponding to probes attached to
SH-1, SH-2, both, or neither. The fractions of the four populations could be
estimated by using the formula given by Crowder and Cooke (1984). We
found that 50-60% of myosin heads were labeled on SH-1, 5-10% on SH-2,
and 15-20% on both SH-1 and SH-2, and 15-20% were not labeled.

For EPR experiments, MSL-labeled fibers were dissected into small
bundles of approximately 15 fibers. These (6-8 total) were accumulated into
larger bundles of approximately 100 fibers, pulled into a capillary (0.8 mm
inside diameter and 10 mm long), and placed in the center of the TEO,I cavity
(Bruker Instruments, Billerica, MA). The fibers were aligned parallel to the
static magnetic field (Ho). The two ends of the fibers in the capillary were

secured with surgical thread to prevent length changes. The capillary was
attached to a flow system that allowed solutions to flow through and rapidly
diffuse into the fibers. The flow speed was approximately 2 cm/s. The
division of the experimental bundle into smaller bundles was found to pro-
vide better buffer permeation into the larger bundles required for EPR ex-

perimentation. During the EPR experiments, a series of spectra was se-

quentially obtained from each bundle of fibers mounted in the capillary: 1),
rigor; 2), relaxed; 3), activated (with or without added BDM); and finally
4), return to the rigor state. A series was considered to be reliable only when
the final rigor spectrum duplicated the initial rigor spectrum. The capillary
containing the fibers was then removed from the EPR cavity and visually
examined under a dissecting microscope to insure that no fibers had broken
or come loose from the securing surgical silk during the experiment.

EPR measurements were performed with an ER/200D EPR spectrometer
from IBM Instruments (Danbury, CT). X-Band, first derivative absorption
EPR spectra were obtained with the following setting: microwave power,

25 mW; gain, 1.0 X 106; center field, 3475 Gauss; time constant, 100 ms;
frequency, 9.75 GHz; modulation, 0.8-2 Gauss at a frequency of 100 kHz.
Each spectrum used in data analysis represents the average of 20-40 distinct
sweeps from an individual experimental preparation. The sweep time
was 10 s.

Some principal conclusions of this work were based on a comparison of
mechanical measurements with EPR spectroscopy. To minimize differences
between the two measurements, each was done by using the same solution
and using fibers from the same preparation. All data are given as mean

SEM except as noted.

RESULTS

Mechanical measurements

The mechanical behavior of glycerinated rabbit psoas fibers
was examined as a function of BDM concentration, 0-25
mM. The mechanics of both the MSL-labeled and unlabeled
fibers have been measured. For both labeled and unlabeled
fibers, mechanical data obtained in the absence ofBDM are

taken as the control values. Fig. 1 shows a typical time course

for isometric tension. A single, unlabeled, glycerinated psoas
fiber was initially incubated in relaxing solution. At A, the
fiber was activated by adding 1.1 mM CaCl2. At B, the fiber
was rapidly transferred to an identical activating solution,
which additionally contained 5 mM BDM. At C, the fiber
was transferred into another activating solution containing 25
mM BDM. As is evident, the addition of 5 mM and 25 mM
BDM caused reductions of 66 and 89%, respectively, in iso-
metric tension when compared with the initial, control value.

mately 0.9 labels per myosin head after the reaction.
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FIGURE 1 Time course of isometric tension of a single glycerinated
psoas fiber. The fiber was initially mounted and incubated in relaxing so-
lution. At A, the fiber was activated by addition of Ca"~. At B, after tension
stabilized, the fiber was rapidly transferred to an activating solution addi-
tionally containing 5 mM BDM and tension decreased by approximately
60%. At C, the fiber was transfeffed to another experimental well containing
an activating solution with 25 mM added BDM and tension again decreased.
At D, the fiber was transfeffed back to the initial (no BDM) activating
solution. Tension increased to the control value. Temperature was 24'C.

activating solution. Isometric tension returned to the original
level obtained at A, showing that the effects of BDM on
mechanics are reversible.

Fig. 2 a shows the decrease in isometric tension as a func-
tion of increasing BDM concentration for unlabeled psoas
fibers and MSL-labeled fibers. Fig. 2 b gives mechanical
stiffness as determined by rapid length extensions of fibers
under identical conditions to Fig. 2 a. As is evident from Fig.
2, an approximately 50% reduction in force is obtained at 5
mM BDM; at 25 mM BDM, isometric force is almost com-
pletely eliminated (-10% of control). Stiffness does not de-
crease as rapidly as tension with increasing [BDM], as shown
in greater detail in Fig. 3. Here stiffness is plotted as a func-
tion of tension for increasing concentrations of BDM from
Fig. 2 (both quantities normalized relative to the value ob-
tained for no added BDM). Triangles and circles represent
labeled and unlabeled fibers, respectively. For reference, the
line of unitary slope, which would occur if tension and stiff-
ness decreased in equal proportion, is also included. For both
labeled and MSL-labeled fibers, the data clearly are above
the line, showing that stiffness decreases to a lesser extent
than tension. The sarcomere length has not been measured
in these experiments; thus, the values of stiffness are lower
than the true cross-bridge stiffness because of the end com-
pliance of the fiber. However the presence of end compli-
ance, which has been shown to be nonlinear, will act to de-
crease the apparent stiffness as fiber force is decreased; e.g.,
the apparent stiffness of rigor fibers increases as the tension
increases. Thus, if anything, the stiffness measurements will
underestimate the fraction of attached cross-bridges as the
concentration of BDM is raised.
Comparing unlabeled fibers and MSL-labeled fibers in the

absence of added BDM, isometric tension and mechanical
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FIGURE 2 (a)lIsometric tension and (b) isometric stiffness as afunction
of BDM concentration obtained from fully activated single psoas fibers. 0,
unlabeled fibers;E0, MSL-labeled fibers, with the fibers taken from the same
preparation of chemically skinned fibers represented by open circles. Fiber
stiffness was determined by using a series of rapid extensions of fiber length.
Each data point represents an average of 7-10 fibers. Errors are SEM.

stiffness are lower in the MSL-labeled fibers. Mean values
are reduced by 24 and 14%, respectively. For 10 mM BDM,
however, no statistically significant difference in tension or
stiffness is observed when MSL-labeled and unlabeled, con-
trol fibers are compared. The degradation of mechanical
function in the SH-1-labeled fibers in the absence of BDM
is comparable with that observed previously for psoas fibers
with a comparable degree (50-60%) of SH-1 modification
(Crowder and Cooke, 1984).

EPR spectroscopy
A series of conventional EPR spectra from a bundle of MSL-
labeled fibers held isometrically in a capillary and oriented
parallel to the magnetic field are shown in Fig. 4. Fig. 4 a
is for rigor conditions, in which cross-bridges are tightly
bound to actin. The three sharp central peaks indicate a
highly ordered component arising from the MSL probes at-
tached to cys-707. It implies that rigor cross-bridges, or at
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FIGURE 3 Normalized tension versus normalized stiffness as a function
of BDM concentration. The tension and stiffness are normalized to those
obtained in the absence of BDM for labeled (A) and unlabeled (0) fibers,
respectively. The solid line is that to be expected if tension and stiffness
decrease by equivalent amounts. The plot shows that isometric tension de-
creases more rapidly than mechanical stiffness as BDM concentration
increases.

least that portion near cys-707, are highly ordered with re-

spect to the magnetic field. The orientation distribution of
these probes can be described by a Gaussian distribution at
an angle of 820 from the fiber axis, with a full width at half
maximum of 12-15°. Similar results for MSL-labeled fibers
have been previously reported (Thomas and Cooke, 1980).
The spectrum shown in Fig. 4 a contains an additional

small peak at low field (shoulder at left of first peak), cor-

responding to an isotropic distribution of probes. These cor-

respond to nonspecific labeling of other sites in the filament
array (Thomas and Cooke, 1980). An important observation
is that the magnitude of this peak is significantly reduced
when compared with that produced by previously employed
MSL labeling protocols. These protocols generally required
the additional incubation of fibers in a buffer containing
K3Fe(CN)6. This had proven necessary to reduce sufficiently
the nonspecific signal to obtain resolution in the low field,
ordered peak. We can now obtain this specificity via the
preblocking step, with the added advantage that the preblock
can be removed by mild treatment with DTT after MSL la-
beling. The treatment of fibers with K3Fe(CN)6 is known to
be deleterious to fiber mechanics, resulting in up to a 40%
reduction in isometric tension when compared with unla-
beled control fibers (Fajer et al., 1988). In contrast, the 1-h
preblock step followed by DTT treatment yields fibers that
produce 96 ± 5% (10 observations) of the isometric tension
generated by untreated, control fibers.
When relaxing buffer is flowed through the fibers, cross-

bridges detach from actin, undergoing rapid, random Brown-
ian motions. The EPR spectrum from relaxed fibers (Fig. 4
b) shows that the angular distribution of probes is isotropic
(Thomas and Cooke, 1980; Barnett et al., 1986). The EPR
spectrum obtained from the MSL-labeled fibers during ac-

c Active

d
Active -BDM

FIGURE 4 EPR spectra from rabbit psoas fibers with the MSL probe
covalently attached to cys-707 (SH-1) of the myosin cross-bridges. The
derivative of absorption is plotted as a function of magnetic field. Approxi-
mately 100 labeled fibers were located in a capillary that was aligned parallel
to the magnetic field. The baseline for each spectrum is 100 Gauss wide.
The EPR spectra were obtained in the following conditions: (a) rigor, (b)
relaxation, (c) isometric contraction in the absence of added BDM, and (d)
isometric contraction in the presence of 25 mM BDM. The temperature
was 24°C.

tive, isometric contraction (no added BDM) is shown in Fig.
4 c. Interpreting the active spectrum as a linear combination
of the rigor and relaxed spectra, least-squares fits show that
the fraction of oriented probes (rigor spectrum component)
is 17 ± 1.5% (eight observations) that of the total active,
isometric signal. The residual of this fit was flat to within
experimental error. The ordered fraction is slightly less than
the value of 20% reported previously by this lab with other
labeling protocols and is a little greater than the 11-13%
fraction found by Fajer et al. (1990). Fig. 5 a shows the
correspondence between the rigor spectrum and the ordered
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a

b

FIGURE 5 Difference spectra from Fig. 4. (a) The solid line is the dif-
ference spectrum calculated as active contraction (Fig. 4 c) minus 0.82 times
relaxed spectrum (Fig. 4 b). The dashed line is calculated as 0.18 times rigor
spectrum (Fig. 4 a). (b)A similar difference spectrum calculated from active
contraction in the presence of 25 mM BDM (Fig. 4 c) minus relaxed spec-
trum (Fig. 4 b). No ordered component is seen in Fig. 4 b, showing that the
probes were completely disordered in 25 mM BDM.

component of active spectra in greater detail. The solid line
is 0.18 times the rigor spectrum (Fig. 4 a); the dashed line
is the difference spectrum obtained by subtracting 0.82 times
the relaxed spectrum (Fig. 4 b) from the active spectrum (Fig.
4 c). The correspondence between the two spectra shown
indicates that, for active contraction with no added BDM,
approximately 82% of the cross-bridges are disordered and
18% are ordered. The spectral shape of the ordered compo-
nent of the active fibers is statistically indistinguishable from
the ordered component of rigor fibers. For these particular
spectra, the fractional values are close to the mean fractional
values obtained over the entire set of eight experiments. With
the improved labeling protocols, we also see the same an-
gular orientation in active fibers as is seen in rigor; i.e., no
new angular cross-bridge orientations at the SH-1 site are
introduced during isometric contraction as has been observed
previously (Cooke et al., 1982).
When 25 mM BDM was included in the activating so-

lution, the peaks associated with ordered probes disap-
peared, and the spectrum returned to one that resembled
that seen in relaxed fibers. Addition of 25 mM BDM to
relaxed fibers also caused no change in the relaxed spec-
trum. Thus, in the presence of BDM and ATP, the probes
were disordered in both the presence and absence of Ca2 .
Addition of 25 mM BDM to rigor fibers caused no change
in the rigor EPR spectrum, indicating that this EPR spec-
tral change requires the presence of myosin-bound nucle-
otides or these nucleotides plus calcium. When the spec-
tra of active fibers in 25 mM BDM were analyzed as a
combination of the spectra obtained in rigor and relax-
ation, we obtained an ordered component of 1.1 ± 1.6%
(eight observations). Thus, the ordered fraction obtained
in active fibers with 25 mM BDM is not statistically dif-
ferent from that obtained during relaxation. It is likewise
not different from the 1.7% that would be expected from
the 10% residual isometric tension at 25 mM BDM (Fig.
2), assuming that the ordered component scaled linearly
with the tension. Fig. 5 b shows the difference spectrum
obtained by subtracting the active spectrum obtained in

25 mM BDM (Fig. 4 d) from the relaxed spectrum (Fig.
4 b). The resultant difference spectrum is flat to within
our experimental error in agreement with the above least-
squares analysis.

In active fibers, the ATPase rate is significantly increased
relative to the relaxed state. Thus,the possibility exists that
some fraction of the ordered component of the active fiber
spectrum results from inadequate buffering of internal
MgATP concentrations and the formation of a rigor core in
the fiber bundles. The ATP, CP, and CK levels used in these
experiments have been shown previously to be sufficient to
buffer substrate concentrations in single fiber mechanics ex-
periments (Cooke and Bialek, 1979) at a lower temperature,
10°C. In the present experiments, however, an aggregate
bundle of '-100 fibers, itself composed of individual smaller
bundles of '-15 fibers, is being used. Our conclusions rest on
the verification of adequate internal buffering of MgATP.
This question has been addressed by examining the ordered
component of the active spectrum as a function of [CP],
holding [ATP] at 5 mM. We note that CP has a diffusion
coefficient in muscle fibers that is approximately twice that
of ATP (Meyer et al., 1984) and, thus, in the presence of
adequate concentrations of CK can be a more effective
method for delivering high energy phosphate to the center of
a fiber bundle (via rephosphorylation of ADP generated by
the actomyosin ATPase internal to the fiber bundle) than is
the alternative method of increasing the concentration of sub-
strate, ATP. Fig. 6 shows the mean ordered fractions in active
fibers as a function of [CP + ATP] at constant ionic strength
and a piece-wise linear fit to the data. As discussed later, the
data in Fig. 6 are expected to be piece-wise linear from theo-
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FIGURE 6 The mean ordered EPR fraction seen in active fibers as a
function of [CP + ATP]. [ATP] was 5 mM for all data points. Data are mean
± SEM for three to eight observations per point. Ionic strength was held
constant at 220mM by varying KAc concentration. Least-squares linear fits
show a biphasic ordered fraction, linearly decreasing as [CP + ATP] in-
creases to approximately 20 mM and constant for concentrations greater
than 20 mM. The slope of the least-squares fit for [CP + ATP] > 25 mM
is not statistically different from zero, indicating that in this region there is
no rigor core in the fiber bundles. The data in Fig. 4 are for 30 mM [CP +
ATP], on the flat portion of the plot.
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retical considerations (see Appendix). The mean ordered
fraction decreases linearly for [CP + ATP], increasing up to
approximately 20 mM. For 25 mM [CP + ATP], the decrease
in the ordered fraction levels off as [CP + ATP] increases.
Indeed, the slope of the least-squares, linear fit to the data for
[CP + ATP] in the range 25-55 mM has a slope of -5.2 X
10-3 ± 6.0 X 10-3 mM-1. Thus, the ordered fraction is not
statistically different from uniform in this region. The spectra
presented in Fig. 4 were obtained in the saturated regime
([CP + ATP] = 30 mM).

Mg2+-ATPase activity of MSL-labeled myosin
Previous biochemical studies have shown that, at high levels
ofBDM (> 20 mM), the Mg2+-ATPase activity is decreased
by approximately 70-80% (Herrmann et al., 1992; Higuchi
and Takemori, 1989). However, the effect of BDM on the
Mg2+-ATPase activity of MSL-labeled myosin has not been
determined previously. Thus, we examined the Mg2+-
ATPase activity of MSL-labeled myosin in the absence and
the presence of BDM at 24°C. In the absence of BDM, the
activity was 0.48 ± 0.10 s-1, which is approximately 10 times
larger than that of normal myosin in agreement with previous
results (Sleep et al., 1981). Upon addition of 25 mM BDM,
this activity was decreased to 0.12 ± 0.06 s-1, approximately
25% from control. Thus, the inhibition of the Mg2+-ATPase
activity is almost the same in control and labeled samples.
Although the labeled myosin is heterogeneous, the results
still lead to the conclusion that the action of BDM is not
altered by labels at the SH-1. The double integral of the EPR
signal showed that there were 0.9 labels attached per myosin
head. Although some myosin heads will have labels at both
SH-1 and SH-2, their Mg2+-ATPase activity will be com-
pletely inhibited in both the presence and absence of BDM.
Because the Mg2+-ATPase activity of SH-1-labeled myosin
is 10 times larger than that of unlabeled myosin, and the
majority of the myosins are labeled at the SH-1, our mea-
surements are dominated by the activity of SH-1-labeled
myosin. The observation that the effect ofBDM is similar for
unlabeled and labeled myosin thus leads to the conclusion
that labels at the SH-1 have little effect on the action ofBDM.

DISCUSSION

The generation of force and motion by motor proteins must
of necessity involve large changes in their conformation. A
complete understanding of the nature of these conforma-
tional changes would require resolution of at least two dif-
ferent structures, the structure at the beginning of the pow-
erstroke and that at its end. One of these structures, the
structure of the rigor actomyosin complex, which occurs at
the end of the powerstroke, is now relatively well established.
In the absence of ATP, actin and myosin form a very tight
complex, and a variety of kinetic and chemical experiments
have suggested that this complex occurs at the end of the
powerstroke.

Although the rigor complex has been relatively easy to
study, the structures of other acto-Sl complexes have pre-

sented more problems. A major difficulty is that many of
these states can be observed only as transient intermediates
in the cycle of interactions. An approach to this problem is
to use conditions that increase the population of one of these
states. In this paper, we have used a small molecule, BDM,
to selectively stabilize one putative pre-powerstroke state.
Binding of the molecule to the myosin head has been shown
to inhibit the rate of Pi release and to accelerate the rate of
ATP hydrolysis (Herrmann et al., 1992), thus stabilizing a
myosin ADP Pi complex. We have monitored the orientation
of cross-bridges in this complex bound to actin by paramag-
netic probes attached to a reactive sulfhydryl, cys-707. This
residue is located in the catalytic domain on the side opposite
from the nucleotide site.
Does BDM have similar effects on labeled and unlabeled

heads? Fig. 2 shows that BDM suppresses the mechanical
function for both unlabeled and MSL-labeled fibers by simi-
lar amounts. However, because MSL-labeled fiber contains
both labeled and unlabeled myosin heads, it is not clear that
the suppression of mechanics of MSL-labeled fiber is caused
by the effects of BDM on unlabeled heads only or on both
unlabeled and labeled heads. Fig. 2 a shows that, in the ab-
sence of added BDM, the isometric tension of MSL-labeled
fibers is 0.17 N/mm2, which is 25% lower than the 0.22
N/mm2 measured for unlabeled fibers. Because the MSL-
labeled fiber contains approximately 50% unlabeled myosin
heads that should generate 0.11 N/mm2 tension, the MSL-
labeled myosin will produce 0.06 N/mm2. Thus, the tension
generated by a labeled head is approximately one-half that
of an unlabeled head. At 25 mM BDM, the tension of an
unlabeled fiber is 0.033 N/mm2, 15% of the tension in the
absence of BDM. Assuming the same amount of suppression
by BDM for the tension generated by unlabeled heads in
MSL-labeled fibers, the 50% of unlabeled heads should pro-
duce 0.017 N/mm2 in the MSL-labeled fiber at 25 mM BDM.
Together with the 0.035 N/mm2 observed in the MSL-labled
fiber at 25 mM BDM, one can calculate that the MSL-labeled
myosin will generate 0.018 N/mm2. Therefore, 25 mM BDM
has decreased the tension of the labeled heads from 0.06 to
0.018 N/mm2, a 70% decrease that is similar to the 85%
inhibition seen for unlabeled heads. A similar result is ob-
tained from the analysis of the stiffness data. We find that
addition of 25 mM BDM reduces stiffness by 30 and 57%
for labeled and unlabeled heads, respectively. The conclu-
sion that the effect ofBDM is not greatly altered by labeling
is supported by the observation that the effect ofBDM on the
Mg2+-ATPase activity of purified myosin is similar for la-
beled and unlabeled myosin. The effect of BDM on myosin
kinetics may explain why BDM has similar actions on la-
beled and unlabeled fibers. Binding of BDM to unlabeled
myosin has been shown to elevate the rate of the ATP hy-
drolysis step and to inhibit the subsequent release of Pi. This
faster rate of hydrolysis will counteract the inhibition of this
step by labeling, producing cross-bridge populations that are
more similar to unlabeled fibers.
The observation that stiffness is inhibited to a significantly

more reduced extent than is isometric tension suggests that
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the myosin ADP-Pi complex does attach to the actin fila-
ment. The fraction of myosin heads that are attached to actin
in the presence ofBDM is not known exactly. However, one
can make some estimates from the value of stiffness. In 25
mM BDM, the fiber stiffness is about one-half that observed
in the absence of BDM. As it is unlikely that the pre-
powerstroke state is more stiff than states later in the pow-
erstroke, one can assume from the stiffness measurements
that at least one-half of the cross-bridges that were attached
in the absence of BDM remain attached in the presence of
25 mM BDM. It is clear from the spectra shown in Figs. 4
and 5, however, that one-half of the 17% ordered fraction
seen in active fibers in the absence of BDM is not observed
in the presence of BDM. From this one can conclude that, in
the presence of BDM, the cross-bridges are attached to actin
but that the paramagnetic probes attached to cys-707 are
highly disordered.
Does probe disorder imply that the whole of the catalytic

domain is also disordered, or could it arise from disorder of
the probe relative to the protein? We know that the probe is
ordered relative to the protein in the rigor state. A previous
investigation showed that the mobility of the probe was not
changed when ATP was added to immobilized myosin heads,
suggesting that the interaction between protein and probe
was not changed (Thomas et al., 1980). The observation that
BDM caused no change in the spectrum of relaxed fibers
likewise suggests that it has not altered this interaction either.
However, the region that contains cys-707 must undergo sig-
nificant structural changes to allow cross-linking to occur
between cys-707 and cys-697 (Rayment et al., 1993a). Thus,
we conclude that the most probable interpretation of the data
is that the catalytic domain is itself disordered in the presence
of BDM. However, the possibility that some of the disorder
arises from disorder of the probe relative to the protein cannot
be completely excluded.

Studies of spectroscopic probes have previously shown
that myosin heads can be attached to actin in states that dis-
play microsecond mobility. Berger and Thomas (1993)
measured the rotational mobility of myosin heads in myo-
fibrils using the same paramagnetic probe as studied here.
Previous work had shown that myosin heads in rigor fibers
are immobile, with correlation times longer than 100 ,usec
but that they are mobile with correlation times on the order
of 1-10 ,usec in relaxed fibers and myofibrils (see Thomas,
1987, for review). Berger and Thomas (1993) found that, in
myofibrils undergoing isometric contractions, the probes dis-
played a large degree of rotational mobility. As an indepen-
dent measure of the fraction of heads attached to actin, they
determined the proteolytic susceptibility of the 20-50Kjunc-
tion. This is a flexible region of polypeptide chain thought
to be involved in the formation of the actomyosin bond and
protected from proteolysis when myosin is bound to actin
(Chen and Reisler, 1984). They found that the immobile frac-
tion of myosin heads was smaller than the fraction bound to
actin as determined by proteolysis. This result then agreed
with earlier results obtained with purified actin and S1. These
studies also found that the fraction of myosin heads shown

to be attached to actin via sedimentation was larger than the
fraction of myosin heads that was immobilized by its inter-
action with actin (Berger and Thomas, 1989). Together these
results suggested that myosin could attach to actin in states
that were mobile, and presumably disordered, although dis-
order was not measured in these experimental preparations.
The present results show that myosin can also attach to actin
in states that are highly disordered. Although Thomas and
co-workers measured probe mobility, the degree of disorder
engendered by this mobility was not known, nor could it be
determined which states in the cycle were disordered and
mobile and which states were ordered and presumably im-
mobile. The present work suggests that the mobility observed
by Thomas and co-workers was that of states that were early
in the powerstroke or were pre-powerstroke states and that
the degree of disorder in these states was very high.
The structures of several cross-bridge states that are likely

to occur before the powerstroke have been studied by various
approaches. These states fall into three rough groups. Nu-
cleotide analogues have been used to stabilize states resem-
bling actin-myosin-ATP. Phosphate analogues and BDM
have been used to stabilize states resembling actin-
myosin-ADP-P1, and relaxed fibers at low ionic strength sta-
bilize weakly bound states in which a stronger actomyosin
interaction is prevented by the regulatory proteins. Results
obtained from these states have varied, as discussed below.
One possible pre-powerstroke state is that obtained in re-

laxed fibers at low temperatures and low ionic strengths
(Brenner et al., 1982; Yanagida et al., 1982; Brenner, 1987).
X-ray diffraction has shown that the structure of this state is
different from that obtained in rigor (Yu and Brenner, 1989).
Paramagnetic probes attached to cys-707 display some de-
gree of order in these fibers, with an angular distribution that
is centered at the same angle as that in rigor but that has a
wider spread of angles, up to 400, as compared with the 120
spread seen in rigor fibers (Fajer et al., 1991). The nucleotide
bound to myosin in these states is likely to be a mixture of
ATP and ADP1Pip
A state with bound triphosphates can be obtained using

ATP analogues. Two nucleotides, ATPyS and GTP, are hy-
drolyzed very slowly, and both may arrest the cross-bridges
in states that would resemble the myosin triphosphate state
(Dantzig et al., 1988; Pate et al., 1993). In the absence of
Ca2+, both of these nucleotides relax fibers. However, in the
presence of Ca2 , the fibers generate little or no tension,
whereas fiber stiffness increases to values similar to those
obtained in fibers activated in the presence ofATP. This state
differs from the low ionic strength relaxed state, in that it is
obtained in the presence of Ca21 instead of in its absence, and
the frequency dependency of stiffness shows that equilibrium
between attached and detached states occurs on a slower time
scale (Dantzig et al., 1988). Paramagnetic probes attached to
cys-707 in fibers activated in the presence of GTP resemble
those activated in the presence of ATP (Pate et al., 1992).
That is to say, there is an approximately 20% rigor-like com-
ponent that appears in the spectrum upon activation. A simi-
lar result is also obtained in the presence ofATPyS (P. Fajer,
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unpublished). Thus, it would appear that in these states the
catalytic domain of myosin is bound to actin at the same
orientation as that found in rigor.

In the presence of AlF., ATP, and Ca2", the cross-bridges
are trapped in a pre-powerstroke state in which AIFX has
replaced Pi (Chase et al., 1993). Under this condition, a fiber
displays 40% of control stiffness without generating force
(Chase et al., 1993). EPR spectroscopy showed that cross-
bridges in the pre-powerstroke state trapped by AlF. are
highly disordered but that they are also immobile (Raucher
and Fajer, 1994). The disorder is equivalent to that seen in
the present study in the presence of BDM. Similar disorder
in the presence ofBDM was observed with x-ray diffraction
from living frog fibers by Yagi et al. (1992). Together these
three results could lead one to the conclusion that states in-
volving actin myosin ADP Pi are disordered. However, this
state can also be achieved in the presence of high levels of
Pi, which rebinds to the nucleotide site on the cross-bridge,
reversing the powerstroke (Hibberd et al., 1985; Hibberd et
al., 1986). In contrast to the results from AlF, and BDM (this
work), however, probes attached to cys-707 show that cross-
bridges in the pre-powerstroke state achieved by high [Pi], at
both high and low pH, are ordered, with the same orientation
seen in rigor (Zhao et al., 1995). Thus, it appears that the
states involving bound Pi, or Pi analogues, can exhibit dif-
ferent degrees of order at cys-707, depending on how the
state is attained. Why are the states stabilized by the ana-
logues different from those stabilized in high Pi? One ex-
planation is that they are intermediates that are only briefly
populated in the native cycle.
The observation of almost isotropic disorder in a myosin

head that is bound to actin, as we see in the presence ofBDM,
requires that the bond between actin and myosin be excep-
tionally flexible. The proposal of Rayment et al. (1993b) that
a weak bond can occur via the electrostatic attraction be-
tween two stretches of peptide chain, one of which is so
disordered that it is not observed in the crystal, could provide
for such flexibility. Such states may explain the mobile heads
found attached to actin during steady-state cycling (Berger
and Thomas, 1993).
Two questions remain unanswered concerning the disor-

dered heads attached to actin. What is their population in
normal active fibers, and what role do they play in force
generation? The exact fraction of myosin heads bound to
actin in active fibers remains controversial. The stiffness of
an active fiber, which is one measure of cross-bridge at-
tachment, is 75% of that of a rigor fiber (Goldman and Sim-
mons, 1984). Although stiffness has often been used as a
measure of cross-bridge attachment, and the high stiffness
observed in the fibers in the presence of BDM certainly in-
dicates that a considerable fraction of cross-bridges are at-
tached to actin, stiffness is unlikely to be linearly related to
the fraction of myosin heads attached to actin (Pate and
Cooke, 1988). Previous work has shown that a myosin mol-
ecule attached by one head to actin is probably as stiff as one
attached by both heads, suggesting that the fraction of at-

to 37% (Pate and Cooke, 1988; Fajer et al., 1988). This num-
ber, however, is still larger than the 15-20% of myosin heads
that have ordered probes at cys-707 or the 25% of myosin
heads that are protected from proteolysis (Dong and Reisler,
1989). The observation of disordered, attached heads that are

contributing to fiber stiffness as observed in the present work
and by Roucher and Fajer (1994) provides an explanation for
why the estimate of the fraction of attached heads obtained
from measurements of fiber stiffness is higher than that ob-
tained from probe order. The comparison of these two mea-
surements would suggest that the fraction of attached but
disordered heads in active fibers is considerable, of the order
of 20% for the labeled heads observed in these experiments.
Do any of these disordered states generate force? In the

model proposed by Rayment, Holmes, and their co-workers,
the large distal catalytic domain of the myosin head binds
rigidly to the actin filament during the force-generating steps.
Conformational changes within the nucleotide pocket are hy-
pothesized to subsequently drive the rotation of the neck
region of myosin (Rayment et al., 1993b). This suggests that
the force-generating heads would have ordered probes at-
tached to cys-707. The population of such probes is small in
active fibers; however, recent mechanical measurements
have also suggested that the population of force-generating
heads may be small. The force generated by a single myosin
molecule has been estimated to be 3.5-5 pN (Finer et al.,
1994). The average force per myosin head in an active fiber
can be estimated to be approximately 1.2 pN, suggesting that
as few as 25% of the heads may be generating tension at any
given time. This estimate is compatible with the concept that
all of the force-generating heads have ordered probes on

cys-707. In addition, none of the disordered states observed
to date appear to be force generating. Although a number of
arguments suggest that force is generated only by the heads
with ordered probes, the uncertainties in the estimates dis-
cussed above leave room for some force generation by dis-
ordered heads as well.

In summary, an understanding of the nature of the initial
pre-powerstroke state(s) remains a crucial, unresolved ques-

tion in our analysis of the actomyosin, chemomechanical
interaction. In the present study, we have used BDM, an

uncompetitive inhibitor of the actomyosin ATPase. The
binding of BDM is thought to stabilize a pre-powerstroke
actin myosin ADP-Pi state. We found that, in the presence of
25 mM BDM, isometric tension is almost totally abolished
although mechanical stiffness remained high. This indicates
that, in the presence of BDM, myosin heads remained at-
tached to actin but did not generate force. Concurrent ap-

plication ofEPR spectroscopy was used to monitor the struc-
ture of the myosin head in the vicinity of SH-1 for this pre-

powerstroke state. In active contraction, the EPR spectra
indicate an ordered fraction of cross-bridges, presumably
from powerstroke states. In the presence of 25 mM BDM, the
EPR probes become as disordered as is observed in relaxed
fibers in the absence of BDM. Thus, we conclude that the
portion of the myosin cross-bridge in the vicinity of SH-1 is

tached heads that contribute to fiber stiffness may be closer
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pre-powerstroke state. Such a state most probably is
an intermediate in which myosin attaches weakly to actin
before forming a more rigid attachment in which force is
produced.

APPENDIX

To determine whether the fibers were adequately supplied with substrate,
we measured the ordered fraction as we varied [CP + ATP]. The data, shown
in Fig. 6, demonstrated that the ordered fraction in the EPR spectra of active
fibers can be approximated in a piece-wise linear fashion. When the con-
centration of ATP plus CP is less than approximately 20 mM, the ordered
fraction decreases in an approximately linear fashion as [ATP + CP] is
increased. But for 25 mM [ATP + CP], the ordered fraction remains con-
stant. This Appendix is to demonstrate that the observed piece-wise linear
fitting of the ordered fraction in Fig. 6 is actually to be expected and can
be explained as follows. A rigor core (and thus an artificially large ordered
component to the EPR spectra) occurs in the center of a fiber bundle when
there is inadequate diffusion ofATP (orATP plus CP in the presence of CK)
into the center of the fiber bundle. This process can be simulated by using
a simple model of diffusion. Assume an external buffer [ATP + CP] equal
to C0. Then, at steady-state, the concentration C(r) of high energy phos-
phates internal to the fiber bundle can be expressed as (Cooke and Pate,
1985):

C(r) = Co - k(a2 -r2)/4D, (1)

where a is the fiber bundle diameter, r ' a is the radial distance from the
center (r = 0) of the fiber bundle, D is the diffusion coefficient of high
energy phosphates, and k is the fiber ATPase rate. C(r) is equal to C0 at
r = a, and it decreases as r decreases. If C0 is sufficiently small relative to
kO2/4D, the value of C(r) becomes zero at some value of r. We shall take
this to define the radius of the rigor core. (The fiber ATPase rate is actually
a function of substrate at extremely low levels of [MgATP], but for math-
ematical simplicity it is taken here to be a constant. For physically realistic
parameters, the negative concentrations permitted by Eq. 1 within this region
imply that C(r) is actually very small and do not change our conclusions).
Thus, to a first approximation, Eq. 1 implies that, if the external concen-
tration, C0, is sufficiently small, C(r) will be approximately zero (i.e., a rigor
core) for r ' R, where:

R2 = a2 - 4DCo/k. (2)

This result is obtained by solving Eq. 1 for C(r) = 0.
For the cylindrical geometry of the fibers in the capillary, the volume of

the rigor core is 7rR2L, where L is the length of fiber. The component of the
ordered fraction in Fig. 6 resulting from the rigor core will be proportional
to the volume of the rigor core. Hence, it will be proportional to R2 and, via
Eq. 2, it will also be proportional to a2 - 4DCJk. Consider a fixed fiber
bundle (i.e., a fixed radius a), under conditions in which C0 is sufficiently
small for there to be a rigor core. In this case, as the external concentration
C0 decreases, R2, and hence the volume of the rigor core increase linearly
with C0. If, however, C0 is sufficiently large, C(r) > 0 for all r, and there
is no rigor core. In this regime, increasing C0 does not affect the ordered
fraction.

From Eq. 1, the break point between these two distinct regimes occurs
when C0 = ka2/4D. This external concentration can be estimated from lit-
erature values. We take k = 5/s/myosin head (Wilson et al., 1995), a fiber
myosin head concentration of 220 ,M, and D = 3 x 10-6 cm2/s (Meyer et
al., 1984). We also take a = 0.13 mm, the approximate radius of the fiber
bundles inserted into the cavity. The value for a can also be established from
the fact that, in our experiments, the 0.4-mm radius capillary is filled with
a- pproximately seven smaller fiber bundles. It is a well known geometrical
property that seven circles (e.g., coins) of radius a form an approximate
circle of radius 3a when arranged with one of the seven circles in the center,
surrounded by the remaining six. Substituting, we calculate C0 = 15 mM.
This value is close to the value of 20 mM observed in Fig. 6. Obviously,
simplifying assumptions have been made in the mathematical analysis of the

biphasic nature of the ordered component of the active spectra. Nonetheless,
theory and experiment appear to be in both qualitative and quantitative
agreement.
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