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Rigor-Force Producing Cross-Bridges in Skeletal Muscle Fibers
Activated by a Substoichiometric Amount of ATP
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ABSTRACT Isometric skinned muscle fibers were activated by the photogeneration of a substoichiometric amount of ATP and
their cross-bridge configurations examined during the development of the rigor force by x-ray diffraction and electron
microscopy. By the photogeneration of ~100 uM ATP, ~2/3 of the concentration of the myosin heads in a muscle fiber, muscle
fibers originally in the rigor state showed a transient drop of the force and then produced a long-lasting rigor force (~50% of the
maximal active force), which gradually recovered to the original force level with a time constant of ~4 s. Associated with the
photoactivation, muscle fibers revealed small but distinct changes in the equatorial x-ray diffraction that run ahead of the
development of force. After reaching a plateau of force, long-lasting intensity changes in the x-ray diffraction pattern developed
in parallel with the force decline. Two-dimensional x-ray diffraction patterns and electron micrographs of the sectioned muscle
fibers taken during the period of 1-1.9 s after the photoactivation were basically similar to those from rigor preparations but also
contained features characteristic of fully activated fibers. In photoactivated muscle fibers, some cross-bridges bound
photogenerated ATP and underwent an ATP hydrolysis cycle whereas a significant population of the cross-bridges remained
attached to the thin actin filaments with no available ATP to bind. Analysis of the results obtained indicates that, during the ATP
hydrolysis reaction, the cross-bridges detached from actin filaments and reattached either to the same original actin monomers
or to neighboring actin monomers. The latter cross-bridges contribute to produce the rigor force by interacting with the actin
filaments, first producing the active force and then being locked in a noncycling state(s), transforming their configuration on the

actin filaments to stably sustain the produced force as a passive rigor force.

INTRODUCTION

The contraction of muscle fibers takes place by relative
sliding motions between thin and thick filaments utilizing the
chemical energy of ATP hydrolysis. The most popular model
assumes that the force for the sliding motion is produced
when the attached myosin heads alter their conformation
over the thin actin filaments (Huxley, 1969).

To experimentally detect the configurational changes of
a myosin cross-bridge responsible for the force production,
extensive studies have been made on contracting muscle
fibers (Irving et al., 1992; Hirose et al., 1993; Yagi et al.,
1996; Allen et al., 1996; Lenart et al., 1996; Katayama, 1998;
Dobbie et al., 1998; Corrie et al., 1999). On the other hand,
x-ray solution scattering studies (Wakabayashi et al., 1992;
Sugimoto et al., 1995; Mendelson et al., 1996), x-ray
crystallographic studies (Fisher et al., 1995; Houdusse et al.,
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2000), and fluorescent energy transfer studies (Suzuki et al.,
1998; Shih et al., 2000) of the myosin heads with various
nucleotides have shown several distinct different conforma-
tions, implicating that the myosin heads change their con-
formation depending upon bound nucleotide. Analysis of x-
ray solution scattering (Sugimoto et al., 1995; Mendelson et
al., 1996) and spectroscopic data (Highsmith and Eden,
1993) of isolated myosin heads indicated that the long a-
helical regulatory domain deformed globally relative to its
catalytic domain during the ATPase cycle. The superposition
of the atomic structure of the myosin head and the actin
molecules elucidated by x-ray crystallography (Rayment
et al., 1993a; Kabsch et al., 1990) upon the reconstructed
image of the electron micrograph of the actin filament
decorated with myosin heads suggested that the myosin
heads could bind to the actin filaments and make a tilting
motion over the actin filaments without steric hindrance
(Rayment et al., 1993b; Taylor et al., 1999). Based on these
studies, the “‘lever-arm” hypothesis has been proposed and
discussed for the molecular mechanism of muscle contrac-
tion in which the intramolecular domains of the myosin head
alter their configuration(s) in a lever-like fashion to generate
the contractile force (Irving et al., 1992; Fisher et al., 1995;
Yagi et al., 1996; Cooke, 1997; Dobbie et al., 1998; Corrie
et al., 1999; Linari et al., 2000).

On the other hand, it is well known that muscle fibers
produce a force (the so-called rigor force) at the terminal
point of contractile activities. Although the rigor force is
considered to be a passively produced force, it is generated
after the active force production when cross-bridges hydro-
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lyzing the last stock of ATP finally attach to the thin actin
filaments, forming rigor complexes. Therefore it could be
argued whether the cross-bridges producing the rigor force
are in the rigor configuration(s) or in the active force-
generating configuration(s). As far as we know, however, no
studies have been made on the configurational changes of
cross-bridges associated with the production of rigor force in
muscle fibers. In the present studies, therefore, the cross-
bridge configurations in muscle fibers during the rigor force
production were investigated by x-ray diffraction and
electron microscopy. Such work will provide some help
for understanding the force generation mechanism by acto-
myosin cross-bridge interaction in actively contracting
muscle. The rigor force can conventionally be produced in
muscle fibers by immersing skinned relaxed fibers in bathing
solutions containing no ATP (Kawai and Brandt, 1976).
However, in such muscle fibers, the rigor force may be
produced by cross-bridges with configurations broadly
distributed over various intermediate states in the ATPase
cycle. That will make the analysis of the results so obtained
be complicated. Previously Yamada et al. (1993) reported
that muscle fibers could synchronously be activated by the
photolysis of caged ATP and that unloaded muscle fibers
uniformly shortened the distances determined by the amount
of photogenerated ATP. Here, under isometric conditions,
we similarly photoactivated muscle fibers with a substoichio-
metric amount of ATP and examined their cross-bridge
configurations during the development of the rigor force by
x-ray diffraction using intense synchrotron radiation and
quick-freeze electron microscopic techniques.

Preliminary results were published in an abstract form
(Yamada et al., 1994a,b).

MATERIALS AND METHODS
Muscle fiber preparation

Muscle strips (~1 mm in diameter, 20-30 mm in length) were dissected
from the psoas muscle of a New Zealand white rabbit stunned and killed by
exsanguination. The muscle strips were fixed on a silicone-covered trough
by pinning both ends of the fiber strips at slightly stretched lengths (~1.2
times slack length) and skinned in a relaxing solution (see Table 1 for
composition) containing 0.5% Triton X-100 for 30 min at 0°C. Then the
fiber strips were washed several times with a fresh relaxing solution. The
bathing solution was exchanged with a 50% glycerol solution containing 50

TABLE 1 Compositions of experimental solutions
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mM K*—propionate, 4 mM MgCl,, 4 mM EGTA, 5 mM ATP, and 20 mM
imidazole (pH 7.0) and kept in this solution at 0°C overnight. After an
exchange of solution, the fiber strips were stored at —20°C for several weeks
before use.

Experimental apparatus

A portable experimental assembly composed of compartments for
mechanical measurements and for light-flash irradiation was built in-house
(by H. Iwamoto). A muscle preparation was mounted in a mechanical
compartment. It had a linear series of four chambers, each of which was
filled with an appropriate solution (~0.1 ml in volume). By moving the
chambers in vertical and horizontal directions by using a mechanical
controller, the muscle preparation was immersed in a solution in one or
another of the chambers. The fiber preparation could be lifted in air for
exposure to UV light as well as x-ray irradiation. In a light-flash com-
partment, an Xe-flash lamp system (SA-200E, Eagle, Tokyo, Japan)
produced light flashes (duration of 100 us; wavelength, 300400 nm;
intensity, up to 100 mJ). The emitted light was collimated with an elliptical
mirror and led through a liquid optical fiber to the muscle preparation
mounted in the mechanical compartment. The emitted light beam had
a circular cross section (~7 mm in diameter) with a uniform intensity over
the entire spot area. This light-flash photolyzed caged ATP to release free
ATP in the myofibrillar space.

Estimation of the amount of photogenerated
ATP in muscle fibers

In all the following photoactivation experiments, a certain stoichiometric
amount of free ATP, ~100 uM, was photogenerated in muscle fibers
containing caged ATP by adjusting the intensity of light flashes illuminating
the muscle fibers. The amount of ATP photogenerated from caged ATP in
muscle preparations was estimated as described by Yamada et al. (1993). A
caged-ATP solution (5 ul) containing 1 mM caged ATP was put into a small
circular plastic trough (~4 mm in diameter) and it was placed in the
mechanical compartment of the experimental assembly so that the entire
surface of the solution was irradiated with the light flash at the same location
where muscle fibers were mounted. The irradiated solutions were recovered
from the trough, and applied to a high-performance liquid chromatography
system (L-6200, Hitachi, Tokyo, Japan). The column (4.6 mm in diameter)
packed with 5-um beads was a C-18 type (ODS-H-1251, Senshu Scientific,
Tokyo, Japan). An eluting solution contained 10 mM KH,PO, (pH 5.5) and
methanol (85:15 (v/v)), and the eluent was monitored at a wavelength of 260
nm. The amount of ATP photogenerated in the irradiated solutions was
determined based on the peak area for ATP relative to that for caged ATP.
The concentration of free ATP photogenerated in muscle preparations
equilibrated with a caged-ATP solution was thus estimated to be 103 = 5
uM (n = 25), which is about two-thirds of the concentration of myosin
heads in a muscle fiber, 154 uM (Ferenczi et al., 1984).

Solution K*-propionate MgCl, CaCl, EGTA Imidazole ATP Caged ATP GSH*
Contracting solu.’ 80 5 2 4 20 4 0 0
Relaxing solu. 80 5 0 10 20 4 0 0
Rigor solu. 80 5 0 4 20 0 0 0
Caged-ATP solu. 80 5 2.1 2 20 0 1 30

Concentration of each chemical is given in mM.
*GSH, glutathione (reduced form).

This solution contained 20 mM of phosphocreatine and 125 units/ml of creatine kinase.
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Force and stiffness measurements

A bundle composed of 5-7 single muscle fibers was carefully dissected from
glycerinated muscle strips. Each end of the fiber bundle was clamped with an
aluminum T-clip. The muscle fiber bundle (~2 mm in length) was mounted
horizontally in the mechanical compartment of the above experimental
assembly by fixing it between the extensions from a force transducer and
from an actuator with the aluminum T-clips. The fiber bundle was immersed
in a relaxing solution, and the sarcomere length was adjusted to 2.4-2.5 um
by the optical diffraction of a He-Ne laser light. To determine the maximum
active force, the muscle fiber bundle was transferred to a contracting solution
and the developed force was measured as below.

The force transducer was of a semiconductor type (AE801, SensoNor,
Horten, Norway) (elastic modulus, 2 N/mm; resonance frequency, 2 kHz),
and the actuator was a servomotor equipped with a controller (G100PD/
JCCX-101, General Scanning, Watertown, MA USA). The sinusoidal
voltages produced with a waveform generator (Type 1930, NF Electronic
Instruments, Tokyo, Japan) were applied to the servomotor. The movement
of the servomotor arm was detected by the use of a displacement transducer
(differential-transformer type), which was incorporated into the servomotor.
The stiffness of muscle fibers was estimated by continuously applying small
sinusoidal length changes (0.3% muscle length, 1 kHz) to muscle fibers with
the servomotor and measuring the amplitude of resulting force changes. The
force and length changes of muscle fibers were simultaneously recorded on
a digital oscilloscope (Model 3091, Nicolet, Madison, WI USA) and stored
into the memory. The stored data were transferred into a computer (PC98RL,
NEC, Tokyo, Japan) for processing and analysis.

Synchrotron x-ray diffraction measurements

X-ray diffraction experiments of muscle fibers using synchrotron radiation
were made essentially as described by Wakabayashi and Amemiya (1991)
and Takezawa et al. (1999). The x-ray source was a monochromatized beam
(~0.5 mm (V) X 1.5 mm (H); wavelength of 0.15 nm) selected and
collimated from synchrotron radiation emitted from the beam line 15A port
of the positron storage ring at the Photon Factory, KEK (Tsukuba, Japan).
After mounting a muscle fiber bundle in the mechanical compartment of the
portable experimental assembly as described above, the whole experimental
assembly was installed on the x-ray beam line. The position of the assembly
was adjusted so that the x-ray beam hit the muscle preparation properly. The
muscle preparations were exposed to x-rays by opening a mechanical shutter
placed in front of the specimen. One-dimensional equatorial and two-
dimensional x-ray diffraction patterns from muscle fibers were recorded
respectively with a linear position-sensitive proportional detector (1D-PSD,
Rigaku Denki, Tokyo, Japan) and a storage-phosphor area detector (an
image plate, BAS-III type, Fuji Photo Film, Tokyo, Japan). The sample-to-
detector distance was ~2.3 m for the equatorial diffraction measurements
and ~1.3 m for the two-dimensional diffraction measurements. The force
exerted by muscle fibers was continuously monitored on a computer display
during x-ray experiments.

X-ray diffraction measurements of photoactivated muscle fibers were
made under isometric conditions as follows. A muscle fiber bundle mounted
as above was first immersed in a relaxing solution and then transferred into
arigor solution. After muscle fibers fully developed a rigor force, the muscle
preparation was dipped in a caged-ATP solution for 30 s. Then it was lifted
in air and irradiated with a light flash to generate ATP. Shortly after the light
flash, it was immersed in the relaxing solution again. While the muscle
preparation was lifted in air, it was exposed to x-ray beams for appropriate
time periods to obtain x-ray diffraction data. The above procedure was
repeated 3—4 times for each muscle preparation and all the data were
accumulated. X-ray measurements were conducted for 6—7 separate muscle
preparations, and the obtained data were summed up for the analysis.

X-ray diffraction measurements of relaxed muscle fibers were performed
by lifting in air a muscle preparation dipped in a relaxing solution and
exposing it to x-ray beams for 1 s. To obtain x-ray diffraction patterns of
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rigor muscle fibers, a muscle preparation in a relaxing solution was
transferred into a rigor solution. After muscle fibers fully developed the rigor
force, the muscle preparation was lifted in air and exposed to x-ray beams for
1 s. X-ray diffraction measurements of fully Ca®"-activated muscle fibers
under isometric conditions were similarly made after muscle preparations
developed full force by dipping them into a contracting solution containing
a backup system for ATP regeneration (see Table 1). In these experiments,
x-ray diffraction measurements were made for 3-5 separate muscle
preparations except for Ca*-activation, and the obtained data were
accumulated for the analysis.

All x-ray diffraction measurements were performed at room temperature
(22-24°C).

Measurement of intensity of x-ray reflections

The integrated intensities of the 1,0 and 1,1 equatorial reflections in the static
x-ray diffraction patterns and in the time-resolved x-ray diffraction patterns
with 256 time frames taken with the 1D-PSD were obtained by integrating
the areas under the reflection peaks. The background under each peak was
drawn by a second-order polynomial fit. The intensities of these reflections
were adopted as the mean value of those on the left and right sides of the
diffraction pattern.

The intensity data from the image plates were digitally read out with an
image reader (BAS 2000 scanner, Fuji Photo Film) and analyzed as detailed
by Takezawa et al. (1999). The four quadrants of the x-ray diffraction
images were folded and averaged. The intensity distributions of the layer-
line reflections were measured by scanning the data along rows of pixels
perpendicular to the layer lines and expressed as a function of the reciprocal
radial coordinate (R). The integrated intensity of each peak on the layer-line
reflections was obtained by integrating the intensities of the peak over
a polynomial background line that was drawn by smoothly connecting the
data points of each side of the peak in the axial direction. For the 7.1-nm and
36.7-nm actin-based layer lines, the intensities were integrated in the radial
range of 0.030 < R < 0.136 nm~ ', and for the 5.1-nm and 5.9-nm actin-
based layer lines, the intensities were integrated in the range of 0 < R <
0.130 nm ™" and 0 < R < 0.142 nm™", respectively. For the 2.7-nm actin-
based meridional reflection, the intensity was integrated in the range of
0 <R <0.130nm™". For the 14.4-nm and 7.2-nm myosin-based meridional
reflections, the intensities were integrated in the range of 0 < R < 0.035
nm ' and 0 < R < 0.059 nm ™', respectively.

Axial spacing measurements were made as follows (for detail, see
Wakabayashi et al. (1994) and Takezawa et al. (1999)). For the 5.1-nm and
5.9-nm layer lines, the intensities were integrated in the radial range of 0 < R
< 0.094 nmfl, and for the 2.7-nm meridional reflection and the 14.4-nm
myosin-based meridional reflections, the intensities were integrated in the
range of 0 < R < 0.030 nm™'. They were traced along the axial direction.
The centroid of each axial reflection profile was determined by assuming
a Gaussian model for the peak over a polynomial background.

Quick-freeze electron microscopy

For quick-freeze electron microscopic observations of muscle fibers, muscle
preparations were frozen and treated as described by Suzuki and Sugi (1983)
and Suzuki et al. (1993). A muscle preparation was mounted under isometric
conditions in a mechanical apparatus having long beams (~30 mm in
length) extending from the force transducer and from the actuator and it was
photoactivated as for the x-ray diffraction measurements. The force exerted
by muscle fibers was continuously monitored during the freezing procedure.
Photoactivated muscle fibers were frozen by quickly dipping a muscle fiber
preparation into preevacuated liquid N, at an appropriate time after an Xe-
light flash illumination of muscle fibers equilibrated with a caged-ATP
solution. Rigor muscle fibers were similarly frozen by quickly dipping
a muscle fiber preparation into preevacuated liquid N, when the muscle
preparation fully developed the rigor force after transferring it from
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a relaxing solution into a rigor solution. Frozen muscle fibers were freeze-
substituted with 2% OsO, in acetone at —80°C for two days, warmed to
—20°C, transferred into fresh OsOg/acetone, and kept in it for ~2 h. Then
they were warmed gradually to room temperature, rinsed with acetone, and
stained en bloc with uranyl acetate. They were rinsed with a series of
increased concentrations of ethanol to get dehydrated. The dehydrated
samples were embedded in Epon 812 resin and sliced into ultrathin sections
(~30 nm in thickness) with a Porter-Blum ultramicrotome (DEMT-2,
DuPont Instruments Sorvell, DuPont, Wilmington, DE USA). The thin
sections of muscle fibers were doubly stained with uranyl acetate and lead
citrate and examined with a transmission electron microscope (JEM 100CX,
JOEL, Tokyo, Japan).

Analysis of cross-bridge angles in
electron micrographs

The myosin cross-bridge angle to the thick filament axis in the electron
micrographs of sectioned muscle fibers was determined by the use of a digital
image processor (Tospix II, Toshiba, Tokyo, Japan) as detailed by Suzuki
et al. (1993). In the electron micrographs (~300,000X in magnification) of
muscle preparations cut along the (110) lattice plane of a hexagonal
myofilament array, the overlap regions of thick and thin filaments were first
processed to produce contour images of filaments and cross-bridges. The
contour images were converted into short-rod images running through the
center of the contours. By referring to the original electron micrographs, the
rod images representing cross-bridges, thick filaments, and thin filaments
were specified by eye. Finally the cross-bridge angle to the thick filament
axis was determined by measuring the angle of the rod images from cross-
bridges to those from thick filaments.

Optical diffraction patterns of a He-Ne laser light from the negative
electron micrographs of sectioned muscle fibers were obtained by the use of
an optical diffractometer (Sigma-Koki, Saitama, Japan).

Solutions

Composition of bathing solutions used in the experiments is listed in Table 1.
The pH of each solution was adjusted to 7.0. ATP and glutathione (GSH,
reduced form) were purchased from Sigma Chemical (St. Louis, MO).
Caged ATP of highly purified grade was purchased from Dojindo
Laboratories (Kumamoto, Japan) and used without further purification. All
other chemicals were of analytical grade and purchased from Wako Pure
Chemical (Osaka, Japan).
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RESULTS
Force production in photoactivated muscle fibers

The isometric force production of muscle fibers was
examined when ~100 uM ATP was photogenerated in
rabbit psoas muscle fibers. A bundle of skinned single
muscle fibers was mounted in the experimental apparatus,
and immersed in a relaxing solution under isometric con-
ditions. When the fiber bundle was transferred into a rigor
solution, muscle fibers developed a force, the so-called rigor
force (cf. Fig. 1 A). When muscle fibers fully exerted the
rigor force, the muscle preparation was transferred into
a caged-ATP solution. After muscle fibers were equilibrated
with caged ATP, the muscle preparation was lifted in air and
illuminated with an Xe-light flash so as to produce ATP.
After the photoactivation, muscle fibers developed a long-
lasting rigor force, in the early plateau phase of which the
force level increased by ~60% over the original rigor force
to ~50% of the maximal active force in magnitude sep-
arately measured. The produced rigor force eventually
declined very gradually to the original force level with a time
constant of ~4 s (e.g., see Fig. 2 B). Then the muscle fibers
were put into the relaxing solution, which caused the force
level to quickly drop to naught. In some experiments, the
changes of the stiffness of muscle fibers were simultaneously
examined during the force measurements. In the enlarged
traces of the force and stiffness changes shown in Fig. 1 B,
muscle fibers transiently caused a small decrease in the force
level immediately after the photoactivation and then de-
veloped a stable force with a half-time of ~55 ms. The
stiffness of muscle fibers transiently decreased by ~25% in
~70 ms after the photoactivation and quickly returned to
the original level as the force developed. Muscle fibers
immersed in a caged-ATP solution were in the rigor state
before illumination of the light flash, as the stiffness of
muscle fibers in this solution was comparable in magnitude
to that of rigor muscle fibers, and muscle fibers did not
shorten at all in this solution (Yamada et al., 1993).

FIGURE 1 (A) Force trace showing how a bundle of
glycerinated single muscle fibers was activated by the
photogeneration of a substoichiometric amount of ATP. A
muscle preparation, immersed in a relaxing solution, was
transferred into a rigor solution at a. After the muscle
preparation developed the so-called rigor force, it was
transferred into a caged-ATP solution at b. After incubating
to equilibrate caged ATP in muscle fibers, the muscle
preparation was lifted in air at ¢ and irradiated with a light
flash to produce ~100 uM ATP by the photolysis of caged
ATP at the time indicated by an arrow. Then the muscle
preparation was immersed in the relaxing solution at d. (B)
Enlarged force (upper) and stiffness (lower) traces of the
muscle preparation during the photoactivation. At the time
indicated by an arrow, the muscle preparation was photo-
activated.
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FIGURE 2 (A) Time-resolved intensity changes of the 1,0 and 1,1 x-ray
equatorial reflections taken in a time resolution of 5 ms upon the
photoactivation of rigor muscle fibers. The 1,0 reflection (O) and the 1,1
reflection (@). (B) Comparison between the time-dependent changes of the
1,1 reflection intensity and the force development of muscle fibers. The 1,1
reflection (@), and the dotted curve, the force development. The two curves
were normalized in the time range of 350-500 ms based on the least mean-
square fit. In A and B, the muscle preparations were photoactivated at the
time indicated by an arrow.

X-ray diffraction patterns from photoactivated
muscle fibers

First, the changes of the equatorial x-ray diffraction pro-
duced by the photogeneration of ~100 uM ATP in rigor
muscle fibers were measured with the 1D-PSD. The static
pattern obtained from photoactivated muscle fibers and that
from rigor muscle fibers before the photoactivation were
very similar (data not shown) but there were small but sig-
nificant differences in the strongest 1,0 and 1,1 reflections
coming respectively from the (100) and (110) lattice planes
of the hexagonal myofilament array (see Fig. 3 A). Thus the
time-dependent intensity changes of both reflections upon
the photoactivation were measured in a time-resolution of
5 ms. As shown in Fig. 2 A, after the photoactivation, the
intensity of the 1,0 reflection increased by ~15% whereas
that of the 1,1 reflection decreased by ~25%, both having
a half-time of 50-70 ms. After reaching their maximum
changes, both intensities gradually recovered to their original
values. In Fig. 2 B, the time course of the 1,1 intensity
change is compared with that of the development of force.
The intensity change preceded the force development by
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Rigor Photo-activated

Relaxed

Fully Activated

FIGURE 3 Two-dimensional x-ray diffraction patterns from muscle fibers
in the rigor, photoactivated, relaxed, and fully activated states. (A) The left-
and right-half patterns are from rigor muscle fibers before the photo-
activation and from photoactivated muscle fibers, respectively. (B) The
left- and right-half patterns are from relaxed fibers and from fully Ca®*-
activated fibers, respectively. The fiber axis of the muscle is in vertical
direction. M, the meridional axis; E, the equatorial axis. The two arrows with
10 and 11 in A indicate the 1,0 and 1,1 equatorial reflections, respectively.
M7.2 and M14.4 represent the 7.2-nm and 14.4-nm myosin-based second
and first order reflections with a 14.4-nm repeat, respectively. A2.7, AS.1,
A5.9, A7.1, and A36.7 represent the 2.7-nm, 5.1-nm, 5.9-nm, 7.1-nm, and
36.7-nm actin-based reflections, respectively.

~50 ms at their half maximal changes, and after reaching the
peak the intensity gradually decreased almost in parallel to
the decline of the rigor force.

Next, two-dimensional x-ray diffraction patterns from
photoactivated muscle fibers were examined. They were
taken with the area detector (the image plate) at a shorter
camera length during the period of 1.0-1.5 s after the
photoactivation. Fig. 3 A shows a comparison of the x-ray
diffraction pattern from photoactivated muscle fibers (right
half) and that from rigor muscle fibers before the
photoactivation (left half). For reference, in the left and
right halves of Fig. 3 B are shown the x-ray diffraction
patterns from relaxed and fully Ca®"-activated muscle
fibers, respectively. All these x-ray diffraction patterns
were taken under the same conditions. It can clearly be
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FIGURE 4 Axial intensity profiles of characteristic x-ray reflections in the two-dimensional diffraction patterns from rigor and photoactivated muscle fibers.
(A and B) The 14.4-nm and the 7.2-nm myosin-based meridional reflections, respectively; (C and D) the 5.9-nm and 5.1-nm actin-based layer lines,
respectively; and (E) the 2.7-nm actin-based meridional reflection. (®) Rigor muscle fibers and (O) photoactivated muscle fibers.

seen that x-ray diffraction patterns of photoactivated
muscle fibers are distinctly different from those of relaxed
muscle fibers and of fully Ca®*-activated muscle fibers.
The overall appearance of the photoactivated patterns
resembles the rigor patterns, but the two patterns exhibit
significant differences in intensity profiles of characteristic
reflections as below.

The axial intensity profiles of several reflections in the
photoactivated and the rigor patterns are depicted in Fig. 4.
When compared with those of the corresponding reflections
in the rigor patterns, the intensities of the 14.4-nm first- and
7.2-nm second-order myosin-based meridional reflections
with a 14.4-nm repeat (Fig. 4, A and B) as well as the 5.9-nm
and 5.1-nm actin-based layer lines (Fig. 4, C and D) and the
2.7-nm actin-based meridional reflection (Fig. 4 E) were
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significantly weaker in the photoactivated patterns. The
21.5-nm myosin-based ‘‘forbidden” meridional reflection
became markedly weaker by the photoactivation (data not
shown). The axial centroids of the myosin- and actin-based
reflections in the photoactivated pattern shifted toward the
low-angle side showing an increase in the axial spacing,
although that of the 5.9-nm layer line stayed mostly at the
same position. Fig. 5 summarizes as histograms the axial
spacing of myosin-based (A) and actin-based (B) reflections
in rigor, photoactivated, and fully Ca”"-activated patterns
relative to those of the corresponding reflections in the
relaxed pattern. It should be noted that, when muscle fibers in
the rigor state were fully activated, the axial spacings of the
myosin-based and actin-based reflections similarly increased
except that of the 5.9-nm layer line.
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FIGURE 5 Histograms of the axial spacings of characteristic myosin-
based reflections (A) and actin-based reflections (B) from photoactivated,
rigor, and fully activated muscle fibers relative to those of the corresponding
reflections from relaxed muscle fibers. In A, M14.4 and M7.2 denote the
14.4-nm and 7.2-nm myosin-based meridional reflections, and in B, A2.7,
A5.1, and A5.9, the 2.7-nm actin-based meridional and the 5.1-nm and
5.9-nm actin-based layer-line reflections. In A and B, the number on each
bar graph denotes the average value for the relative spacing, and the vertical
line is a standard error of the mean (n = 4). Any differences in the bar
graph are statistically significant in the transition from the rigor state to
the photoactivated state. The axial spacings of reflections from fully Ca?*-
activated muscle fibers were obtained only from one data set.

Fig. 6 compares the radial intensity profiles of several
reflections in the photoactivated and rigor patterns. The
integrated intensity of the 14.4-nm meridional reflection
from photoactivated muscle fibers decreased by ~11% with
a concomitant increase of ~15% in radial width (Fig. 6 A).
The integrated intensity of the 7.2-nm reflection decreased
by ~149% without an appreciable change of the radial width
(Fig. 6 B). On the other hand, the overall intensity of the
36.7-nm actin-based first layer line in the photoactivated
patterns substantially decreased with a more marked drop at
the inner peak near the meridian (Fig. 6 C). Similarly the
intensity of the 5.9-nm layer line decreased to a greater
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extent on its small-angle side (0.01 < R < 0.07 nm ')
retaining an additional broad shoulder on the large-angle side
of the profile characteristic of the rigor pattern (Fig. 6 D). In
contrast, the intensity decrease of the 5.1-nm layer line in the
photoactivated pattern was relatively small (Fig. 6 E). The
intensity of the 2.7-nm meridional reflection decreased by
~30% (see Fig. 4 E). The integrated intensities of these
reflections from photoactivated and relaxed muscle fibers
relative to those of the corresponding reflections from rigor
muscle fibers are summarized in Table 2.

Unfortunately, limitations of the present techniques made
it difficult to measure time-dependent changes of the two-
dimensional x-ray diffraction patterns from small muscle
fiber bundles with an adequate time-resolution.

Electron microscopic images of photoactivated
muscle fibers

Fig. 7 shows typical electron micrographs of rigor muscle
fibers (A) and photoactivated muscle fibers (B) for thin
sections cut along the (110) lattice plane of the hexagonal
myofilament array. The images of the electron micrographs
of photoactivated fibers, obtained by freezing at 1.9 s after
the photoactivation, were very similar to those of rigor
muscle fibers, although distinct differences could be seen
between the two images. For photoactivated muscle fibers,
the 36.7-nm crossover repeat of two long-pitched helical
strands in the actin filament was less obvious and the thin
filaments had a more zigzag appearance. The optical dif-
fraction patterns of these electron micrographs as shown at
the bottom of each micrograph in Fig. 7 revealed that the
intensity of the 14.4-nm reflection due to the myosin cross-
bridge repeat for photoactivated muscle fibers was slightly
weaker and broader when compared with that for original
rigor muscle fibers. These results are consistent with the
intensity changes of the corresponding x-ray reflection from
photoactivated muscle fibers as mentioned above.

The cross-bridge angles to the thick filaments in these
electron micrographs were determined by the computer-
assisted analysis after the images of cross-bridges and
myofilaments were converted to the short-rod images (see
Materials and Methods). The distributions of the cross-
bridge angles to the thick filaments thus obtained for rigor
and photoactivated muscle fibers are depicted as histograms
in Fig. 8. Although in both muscle fibers the cross-bridges
were broadly distributed over the orientation angle of 60—
110°, the cross-bridge angles in rigor fibers were centered at
~90° and relatively narrowly distributed in a symmetric
fashion. In photoactivated muscle fibers, they were centered
at ~85° and more widely distributed in an asymmetric
fashion with more in the small angle side. Thus during the
photoactivation, the cross-bridge orientation changed from
nearly perpendicular to the thick filaments to both sides of
~85° with more in the direction of force generation.

Biophysical Journal 85(3) 1741-1753
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FIGURE 6 Radial intensity profiles of characteristic x-ray reflections from rigor and photoactivated muscle fibers. (A and B) The 14.4-nm, and 7.2-nm
myosin-based meridional reflections, respectively, and (C—E) the 36.7-nm, 5.9-nm, and 5.1-nm actin-based layer-line reflections, respectively. (®) Rigor

muscle fibers and (O) photoactivated muscle fibers.

DISCUSSION

Rigor force production in photoactivated
muscle fibers

In the present studies, a substoichiometric amount of ATP
(~100 uM) was photogenerated in the presence of Ca’*
in isometric muscle fibers initially in the rigor state. After
the photogeneration of ATP, isometric muscle fibers
transiently showed a slight decrease in the force level
and then produced a long lasting rigor force whereas their
stiffness slightly decreased and quickly returned to that of
the initial rigor level almost in parallel to the development
of force (Fig. 1).
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In rigor muscle fibers before the photoactivation, all
myosin heads in a muscle fiber are attached to actin filaments
(Cooke and Franks, 1980; Lovell et al.,, 1981). When
a substoichiometric amount of ATP is photogenerated,
a limited population of the myosin heads in muscle fibers
hydrolyzes ATP based on the acto-myosin ATPase scheme
(Geeves et al., 1984) whereas other myosin heads with no
available ATP to bind remain attached to the actin filaments.
As ATP has high affinity to myosin heads, we may assume
that almost all photogenerated ATP molecules quickly bind
to the myosin heads (M) attached to the actin filaments (A)
forming an AM.ATP complex. Thus in photoactivated
muscle fibers, ~67% of the myosin heads would bind
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TABLE 2 Integrated intensities for the characteristic x-ray
reflections from photoactivated, relaxed, and fully
Ca?*-activated muscle fibers relative to those for the
corresponding reflections from rigor muscle fibers

Relative intensities

Reflections Photoactivated Relaxed Fully activated
36.7 (nm) (A) —59 (%) —91 (%) N.D.
14.4% (M) —11 +10 -32
7.2% (M) —14 +70 +20
7.1 (A) =31 N.D. N.D.

5.9 (A) —17 -52 =30
5.1 (A) -8 —38 —42
2.7% (A) =31 -90 —44

N.D., not determined.
*Meridional reflection; (A), actin-based reflection; and (M), myosin-based
reflection.

a photogenerated ATP and ~33% of the myosin heads will
bind no ATP. Then the ATP-bound myosin heads detach
from or weakly bind to the actin filaments by changing their
conformation to isomerize into an AM*-ATP complex
(a symbol on M represents an altered conformation of
myosin). After the transition from the AM*-ATP state to an
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AM**.ADP-Pi state (Pi represents a product inorganic
phosphate) with a further alteration of their conformation,
the myosin heads transform to strongly bind to the actin
filaments. Then in association with the transition from the
AM**. ADP-Pi state to an AM ™ -ADP + Pi state, the binding
of the myosin heads become strong and the contractile force
is thought to be produced. Finally the product ADP is
released from the myosin heads. As no further ATP is
available, the myosin heads initially bound photogenerated
ATP will complete one ATPase cycle and stop at the end of
this cycle with attached to the actin filaments.

Thus in photoactivated muscle fibers, the ATP-bound
cross-bridges will transiently detach from the actin filaments
and quickly reattach to the actin filaments whereas a sig-
nificant population of the cross-bridges with no ATP to bind
will remain attached to the actin filaments. The former cross-
bridges will produce an active force and, at the end of the
ATP hydrolysis cycle, could sustain the produced force as
a passive rigor force whereas the latter cross-bridges will not
contribute to generate the rigor force. The above experi-
mental results of force and stiffness changes associated with
the photoactivation of rigor muscle fibers are consistent with
an ATP hydrolysis process mentioned above.

B Photo—activated
gL

1s

FIGURE 7 Electron micrographs of rigor and photoactivated muscle fibers sliced along the (110) lattice plane of the hexagonal myofilament array. (A) Rigor
muscle fibers before the photoactivation, and (B) photoactivated muscle fibers. Below each electron micrograph is the optical diffraction pattern in which the
arrow indicates the reflection corresponding to the 14.4-nm cross-bridge repeat. At the right-hand side is the short-rod images of the cross-bridges and
myofilaments drawn by the computer-assisted processing. At the right-hand side of the bottom of B is the force trace of photoactivated muscle fibers during the
freezing procedure. At the arrow, the muscle preparation was irradiated with a light flash to generate ATP, and at the end of the trace were artifact force signals

produced by dipping the muscle preparation into liquid N».
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FIGURE 8 Distributions of the cross-bridge angles to
the thick filament axis in the electron micrographs of
sectioned rigor and photoactivated muscle fibers. (A) Rigor
muscle fibers before the photoactivation (n = 115), and (B)
photoactivated muscle fibers 1.9 s after the photoactivation
(n = 139).
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Cross-bridge configurations for the rigor force
production in photoactivated muscle fibers

As shown in Results, the equatorial x-ray diffraction pattern
from muscle fibers changed in association with the photo-
activation and the changes lasted over seconds. Consistent
with this observation, two-dimensional x-ray diffraction
patterns and quick-freeze electron micrograph images
obtained from muscle fibers 1-2 s after the photoactivation
were different from those of initial rigor fibers. These results
clearly indicate that the cross-bridge configuration(s) pro-
ducing the rigor force are different from those in original
rigor muscle fibers.

In equatorial x-ray diffraction patterns from photoacti-
vated muscle fibers, the intensities of the 1,0 and 1,1
reflections changed in a reciprocal manner (Fig. 2 A): a very
rapid fall in the 1,1 intensity and a rapid increase in the 1,0
intensity. These intensity changes were followed by a much
slower return that paralleled the decline of rigor force (Fig.
2 B). The fast initial x-ray intensity changes indicate the
rapid movements of cross-bridge mass away from the thin
filaments, corresponding to the ATP-induced cross-bridge
detachment. The intensity changes almost fully completed
within the rapid initial phase, implying that the detached
myosin heads stayed close to the thin filaments and quickly
rearranged to reattach to the nearest actin monomers. This
result suggests that the thin filaments were fully switched on,
consistent with the situation that the initial rigor cross-
bridges with no bound ATP were distributed randomly along
the thin filaments. Although the magnitude of these equa-
torial reflection changes produced for the present photo-
activated fibers was much smaller than that produced when
muscle fibers were fully activated by the photolysis of caged
ATP (Poole et al., 1991), these results suggest that, in
photoactivated muscle fibers, the configurations of immedi-
ately reattached myosin heads rearranged on the thin
filaments to produce the rigor force in a similar fashion as
those taking place in fully activated muscle fibers to produce
active force (Malinchik and Yu, 1995).

In two-dimensional x-ray diffraction patterns from photo-
activated muscle fibers, the intensities of the 14.4-nm
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myosin-based meridional reflections became weaker by
10-15% (Fig. 4, A and B, and Fig. 6, A and B). The decrease
in the integrated intensity of the 14.4-nm myosin-based
reflections means that a cross-bridge mass projected onto the
filament axis became more extended. The increase in the
radial width of the 14.4-nm reflection, which was also found
to take place substantially during active force generation, is
caused by a change in the sampling effect as a consequence
of some axial disordering of the cross-bridges along the thick
filaments, although it does not affect the 7.2-nm reflection
width. The so-called forbidden 21.5-nm myosin meridional
reflection became markedly weaker. Similar x-ray intensity
reduction in these reflections was observed in fully con-
tracting muscle fibers and explained as the variation of each
cross-bridge repeat within the 43-nm period of the thick
filaments was reduced and the myosin cross-bridges changed
their structures projected onto the filament axis (Yagi et al.,
1981; Oshima et al., 2003). The intensities of the actin-based
reflections also decreased markedly (Fig. 4, C-E, Fig. 6,
C-E, and Table 2). The intensities of the 5.9-nm and 36.7-
nm layer lines decreased to a greater extent near the
meridian, in which the large intensity drop in the latter layer
line could partly be caused by the changes in the lattice
sampling effect. The inner intensity reduction of these
reflections is attributed to the rearrangement of myosin heads
with different configurations.

Furthermore the axial spacings of both the actin-based
reflections (5.9 nm, 5.1 nm, and 2.7 nm) and the myosin-
based meridional reflections (14.4 nm and 7.2 nm) increased
by the photoactivation (Figs. 4 and 5), indicating that the
thick myosin and the thin actin filaments extended in asso-
ciation with the rigor force production as in muscle fibers
during the active force development (Huxley et al., 1994;
Wakabayashi et al., 1994; Takezawa et al., 1998). A very
small change in the 5.9-nm reflection spacing in photo-
activated fibers indicates that the actin filaments extended
accompanied with a twisting of their helical structure as in
fully activated muscle fibers (Wakabayashi et al., 1994;
Takezawa et al., 1998; Bordas et al., 1999). These axial
spacing changes of the myosin-based as well as the actin-
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based reflections contain characteristics of the actively
contracting muscle fibers.

Thus two-dimensional x-ray diffraction patterns from
photoactivated muscle fibers resembled the initial rigor
patterns but contained some diffraction features characteris-
tic of actively contracting muscle fibers. These x-ray results
clearly indicate that a significant population of the cross-
bridges in photoactivated muscle fibers first turns to active
force generation configuration(s) to produce the force as in
fully activated muscle fibers and then sustained the produced
force as a passive rigor force by being locked in a config-
uration(s) having characteristics of active force-generating
configuration(s).

Comparable myosin-based x-ray diffraction changes were
observed for actively contracting muscle fibers, and the
observed changes have quantitatively been explained by the
computer simulation assuming that, after the reattachment to
actin filaments, the cross-bridges change their configuration
or the myosin heads make segmental rearrangements over
the actin filaments toward the direction of force generation
(Irving et al., 1992; Yagi et al., 1996; Diaz Banos et al.,
1996; Takezawa et al., 1999; Linari et al., 2000; Iwamoto
et al., 2001). Thus we may assume that, in photoactivated
muscle fibers, the rigor force was sustained in a similar
fashion by the reattached cross-bridges oriented relative to
thin filaments in the force-generating direction, possibly by
bending the light chain binding domain of the myosin heads.
This assumption is in accordance with the cross-bridge angle
changes observed in the electron micrographs of photo-
activated muscle fibers (Fig. 8).

The present results for photoactivated muscle fibers can be
contrasted with the changes in the x-ray diffraction patterns
produced by stretching rigor muscle fibers (Tanaka et al.,
1991; Yagi et al., 1996; Dobbie et al., 1998; Takezawa et al.,
1999) and by the addition of MgADP to rigor fibers
(Takezawa et al., 1999). In both of these cases the intensities
of the 14.4 nm-based meridional reflections increased, indi-
cating that cross-bridges turned toward a more perpendicular
orientation to the thin filaments, opposite to the direction of
the cross-bridge orientation in photoactivated fibers. These
observations suggest that the cross-bridge configuration(s)
producing the rigor force cannot be transformed from the
rigor configuration(s) by simply stretching rigor fibers or
adding MgADP to rigor muscle fibers.

In photoactivated muscle fibers, the produced rigor force
declined in parallel with the recovery of the 1,1 equatorial
x-ray intensity with a time constant of 4 s. The rate of these
changes is much faster than that of the force decline induced
after stretching rigor muscle fibers (Somasundaram et al.,
1989) and it is rather comparable in magnitude to the break-
ing rate of the actomyosin bonds (Nishizaka et al., 2000).
This suggests that the cross-bridges producing the rigor force
are attached to actin filaments not in the rigor configuration
but in an unstable and strained configuration(s), and subject
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to rearrangement over actin filaments to the rigor config-
uration(s) by nullifying the produced strain.

Cross-bridge rearrangements to produce the
rigor force in photoactivated muscle fibers

During rigor force development in photoactivated muscle
fibers, the detached heads actively reattach and burn up ATP
asynchronously rearranging their configuration(s), and they
will end up distributed over different angles attached to the
thin actin filaments, producing a net positive force due to the
different steric constraints the individual heads have depend-
ing on the history of their neighbors. We will analyze how
the cross-bridges rearrange to produce the rigor force in
photoactivated muscle fibers by simplifying the cross-bridge
configurations involved.

First we estimate the population of the cross-bridges
attached to the actin filaments in a rigor configuration in
photoactivated muscle fibers. It is assumed that neglecting
a possible contribution from regulatory proteins the actin-
based x-ray reflections from rigor muscle fibers have
contributions from the actin filaments themselves and an
additional contribution from the myosin heads attached to
the actin filaments in the rigor configuration. In this as-
sumption the x-ray intensity of the actin-based reflections
is proportional to [Fy + O.6qFM|2, where F, and Fyy,
respectively, denote the x-ray structure factors of the actin
monomer in the filament and of the myosin head attached to
the actin filaments in the rigor configuration, and ¢ the
fraction of myosin heads attached to the actin filaments in the
rigor configuration (Squire, 1981; Kim et al., 1998). The
factor of 0.6 in the above equation corresponds to the
population of the actin sites occupied by the myosin heads in
rigor muscle fibers. The value for |F,| was derived based on
the integrated intensities of the actin-based reflections of
relaxed muscle fibers by assuming that all the myosin heads
are detached from the actin filaments (i.e., ¢ = 0). The value
for |[Fy| was derived based on the integrated intensities of
the actin-based reflections of rigor muscle fibers by assuming
that all the myosin heads attach to the actin filaments with the
rigor configuration (i.e., ¢ = 1.0). It should be noted that the
magnitude of |Fy|” is likely less than that derived from the

TABLE 3 Fraction (q) of the myosin-heads attached to actin
filaments with the rigor configuration in photoactivated muscle
fibers estimated from the integrated intensities of the
characteristic actin-based x-ray reflections in Table 2

Reflections Fraction (q)
36.7 (nm) 0.46
7.1 0.77
5.9 0.77
5.1 0.85
2.7 0.75

(0.72)

The number in parentheses denotes the average value.
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integrated x-ray intensities from the actin filaments fully
decorated with isolated myosin heads because the steric
constraints produced in the myofilament lattice could alter
the configurations of myosin heads attached to the actin
filaments (Arata, 1990; Hirose et al., 1993; Lenart et al.,
1996; and Fig. 8). Assuming that |F,| and |Fy| are
proportional to the molecular weight of the respective
molecules, we analyzed several actin-based x-ray intensities
of photoactivated muscle fibers to obtain their ¢ value. The ¢
values for different reflections are listed in Table 3. The
small g value from the 36.7-nm intensity might be due partly
to an intensity drop caused by nonuniform movements of the
myofilaments in association with the force development as
mentioned above. The averaged g value is 0.72. Thus the
fraction of the myosin heads attached to the actin filaments in
the rigor configuration in photoactivated muscle fibers is
estimated to be ~70%, which is substantially greater than the
population of the myosin heads not photoactivated and
expected to remain attached to the actin filaments in the rigor
configuration (~33%). The above analysis suggests that
roughly a half of photoactivated myosin heads returned to
the rigor configuration(s) shortly after the photoactivation.

Second, we briefly consider how cross-bridges rearrange
to produce the rigor force in photoactivated muscle fibers. As
the myofilaments cannot slide very far in photoactivated
muscle fibers because of the residual original rigor heads
(Yamada et al., 1993), a detached head would reattach to
either the actin monomer to which it was originally attached
or an actin monomer displaced one or two monomers away
in either direction. It is reasonable to assume that the former
myosin heads will not contribute to produce a net rigor force
if they simply return to the original rigor configurations.
Considering the above analysis, the population of such
myosin heads would be about a half of the photoactivated
myosin heads. On the other hand, the latter myosin heads
will adopt a configuration different from the original rigor
configuration and produce the active force by going through
the active configuration(s). After the ATPase reaction is
completed, they could sustain the produced rigor force by
being locked in a passive noncycling state(s). The myosin
heads reattached to the actin monomers located toward the Z-
line and M-line away from the original partner actin
monomers will produce either positive or negative forces
(Dantzig et al., 1991), the magnigude of which would change
due to neighboring attached heads. In photoactivated muscle
fibers, a positive rigor force was produced under isometric
conditions, and under unloaded conditions, photoactivated
muscle fibers shortened, not lengthened (Yamada et al.,
1993), suggesting that a majority of detached heads pre-
ferentially reattached to the adjacent actin monomers located
toward the Z-line direction and oriented toward the force
generation direction. As these heads have configuration(s)
different from the original rigor configuration(s), they will be
subject to structural distortions or constraints to induce the
relaxation of rigor force.
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In conclusion, the present studies indicate that the rigor
force is produced when the detached cross-bridges first re-
attach to thin filaments in the active force-generating state(s)
and then transform to a stable noncycling state(s). They are
tilted over the thin actin filaments having some character-
istics of the active force-generating configuration(s). The
cross-bridges producing the rigor force are in a quasi-stable
force-sustaining configuration(s) transformable via the
actively force-generating configuration(s) but not via the
rigor configuration(s).
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