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Despite >50 years of research work since the discovery of sliding
filament mechanism in muscle contraction, structural details of the
coupling of cyclic cross-bridge movement to ATP hydrolysis are not
yet fully understood. An example would be whether lever arm
tilting on the myosin filament backbone will occur in the absence
of actin. The most direct way to elucidate such movement is to
record ATP-induced cross-bridge movement in hydrated thick fil-
aments. Using the hydration chamber, with which biological spec-
imens can be kept in an aqueous environment in an electron
microscope, we have succeeded in recording ATP-induced cross-
bridge movement in hydrated thick filaments consisting of rabbit
skeletal muscle myosin, with gold position markers attached to the
cross-bridges. The position of individual cross-bridges did not
change appreciably with time in the absence of ATP, indicating
stability of time-averaged cross-bridge mean position. On applica-
tion of ATP, individual cross-bridges moved nearly parallel to the
filament long axis. The amplitude of the ATP-induced cross-bridge
movement showed a peak at 5-7.5 nm. At both sides of the
filament bare region, across which the cross-bridge polarity was
reversed, the cross-bridges were found to move away from, but
not toward, the bare region. Application of ADP produced no
appreciable cross-bridge movement. Because ATP reacts rapidly
with the cross-bridges (M) to form complex (M-ADP-Pi) with an
average lifetime >10 s, the observed cross-bridge movement is
associated with reaction, M + ATP — M-ADP-Pi. The cross-bridges
were observed to return to their initial position after exhaustion of
ATP. These results constitute direct demonstration of the cross-
bridge recovery stroke.

muscle contraction | cross-bridge cycle

Ithough >50 years have passed since the monumental
discovery that muscle contraction results from relative
sliding between myosin and actin filaments produced by myosin
cross-bridges (1, 2), some significant questions remain to be
answered concerning the coupling of cross-bridge movement to
ATP hydrolysis. In the cross-bridge model of muscle contraction,
globular myosin heads, i.e., the cross-bridges extending from the
thick filament, first attach to actin in the thin filament, change
their structure to produce relative myofilament sliding (cross-
bridge power stroke), and then detach from actin (3, 4).
Recent crystallographic, electron microscopic, and X-ray dif-
fraction studies suggest that the distal part of the cross-bridge
(M; called the catalytic domain because it contains a nucleotide
binding site) is rigidly attached to the thin filament, while its
proximal part acting as a lever (the lever arm region) is hinged
to M; the lever arm movement around the hinge produces the
power stroke (5-9). Based on biochemical studies of actomyosin
ATPase (10), it is generally believed that ATP reacts rapidly with
M to form a complex M-ADP-Pi, and this complex attaches to
actin (A) to exert a power stroke, associated with release of Pi
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and ADP. After the end of the power stroke, M is detached from
A upon binding of next ATP with M. After detachment from A,
M performs a recovery stroke, associated with the formation of
M-ADP-Pi (Fig. 1). Can a change in lever arm orientation on the
thick filaments take place in the absence of actin? Some of the
evidence for the lever arm hypothesis is based on experiments
with myosin fragments, not connected to the thick filament, and
additional mechanisms may be involved in vivo.

The most direct way to study cross-bridge power and recovery
strokes is to record the ATP-induced movement of individual
cross-bridges in the thick filaments, using the hydration chamber
(HG; or gas environmental chamber), with which biological mac-
romolecules can be kept wet to retain their physiological function
in an electron microscope with sufficiently high magnifications (11,
12). With this method, Sugi et al. (13) succeeded in recording
ATP-induced cross-bridge movement in the myosin—paramyosin
core complex, although the results were preliminary and bore no
direct relation to the cross-bridge movement in vertebrate skeletal
muscle. In the present study, we attempted to measure the ATP-
induced cross-bridge movement in vertebrate thick filaments mus-
cle with the HC and succeeded in recording images of the thick
filaments, with gold position markers attached to the cross-bridges,
before and after application of ATP. Here, we report that, in
response to ATP, individual cross-bridges move for a distance (peak
at 5-7.5 nm), and at both sides of the filament bare region, across
which cross-bridges polarity is reversed, the cross-bridges are ob-
served to move away from, but not toward, the bare region. After
exhaustion of ATP, the cross-bridges returned toward their initial
position, indicating reversibility of their ATP-induced movement.
Because the present experiments were made in the absence of the
thin filament, our work constitute a direct demonstration of the
cross-bridge recovery stroke in vertebrate muscle thick filaments.

Results

Stability of the Cross-Bridge Position in the Absence of ATP. Although
the synthetic thick filaments tended to aggregate, we could
occasionally find spindle-shaped thick filaments with a number
of gold particles attached to the cross-bridges (Fig. 2 A and B).
The filament diameter at the middle ranged from 50 to 250 nm,
whereas filament lengths ranged from 0.1 to 3.5 um. The
filaments were stiff and tended to form nearly straight rods,
although some filaments with diameters <100 nm were wavy in
shape. The large filament diameters made it possible to distin-
guish the filament profile from the background. The image of
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Fig. 1. Schematic diagram of attachment-detachment cycle between the
cross-bridge (M) extending from the thick filament and actin (A) in the thin
filament. M in the form of M-ADP-Pi attaches to actin to exert a power stroke,
associated with release of Pi and ADP (from A to B). After the end of the power
stroke, M remains attached to A, taking its postpower stroke configuration
(B). Upon binding with ATP, M detaches from A to exert a recovery stroke,
associated with reaction M-ATP — M-ADP-Pi (from C to D). M-ADP-Pi again
attaches to A to again exert a power stroke (from D to A). M is assumed to
attach rigidly to A, while its power and recovery strokes are assumed to result
from swinging of the lever arm around the hinge.

each gold particle consisted of 20-50 dark pixels with a wide
range of gradation (Fig. 2C). Although the particle configuration
was irregular in shape, reflecting the electron statistics, it was
possible to define the configuration of individual particles. We
selected approximately round-shaped particles, separated from
adjacent particles, and determined their center of mass position.

To examine whether the particle (and therefore the cross-

100nm -

Fig.2. Typical IP records of a synthetic thick filament with a number of gold
particles attached to individual cross-bridges. (A and B) The whole spindle-
shaped filament with tapered ends. (C) Enlarged IP record showing part of the
thick filament shown in A. Each gold particle consists of 20-50 dark pixels.
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Fig.3. Stability of time-averaged cross-bridge mean position in the absence

of ATP. (A) Comparison of the cross-bridge position between the 2 IP records
of the same filament on the common coordinates. Open and filled circles
(diameter, 20 nm) are drawn around the center of mass positions of each gold
particle in the first and the second IP records, respectively. In this and subse-
quent figures, broken lines indicate contour of the filament on which the
particles are located. Note that filled circles are barely visible because of the
nearly complete overlap of open and filled circles. (B) Histogram showing
distribution of distance between the 2 contour of mass positions of the same
particles in the first and the second records.

bridge) positions are stable in the imaging plate (IP) records or
changing with time, we compared the center of mass positions of
the same particle between 2 IP records of the same filament,
taken at intervals of 5-10min. An example of the results is shown
in Fig. 34, in which a circle of 20-nm diameter is drawn around
the center of mass position of each selected particle. The position
of each particle, i.e., the position of each cross-bridge, remains
almost unchanged with time, if the limit of spatial resolution
determined by the pixel size (2.5 X 2.5 nm) is taken into
consideration. Fig. 3B is a histogram showing distribution of the
distance (D) between the 2 positions of the same particle. Among
120 particles examined on 3 different pairs of IP records, 93
particles exhibit no significant change in position (D < 2.5 nm),
and 27 particles exhibit only small position changes (2.5 nm <
D > 5 nm). These results indicate that (/) the filaments are firmly
fixed to the carbon sealing film, and (if) despite the thermal
fluctuation, the cross-bridge mean position, time averaged >0.1
s, remains almost unchanged with time in the absence of ATP.
Similar stability of cross-bridge position has also been observed
in myosin—paramyosin core complex filaments (13).

Amplitude of the ATP-Induced Cross-Bridge Movement. Based on the
stability of the cross-bridge position, we examined the cross-
bridge movement in response to ATP by comparing 2 IP records
of the same filaments, taken before and after ATP application.
Because the time of ATP diffusion from the ATP-containing
microelectrode to the filaments is <30 s, the second record was
taken at 40—-60s after the onset of current pulse to the electrode,
whereas the first record was taken 2-3 min before the onset of
current pulse to the electrode.

Because it was not easy to focus particles located at both sides
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Fig.4. Movement of individual cross-bridges in response to ATP application.

(A) Comparison of the cross-bridge position between the 2 IP records, taken
before and after ATP application. Open and filled circles (diameter, 20 nm) are
drawn around the center of mass positions of the same particles before and
after ATP application, respectively. (Inset) An example of superimposed IP
records showing the change in position of the same particle, which are colored
red (before ATP application) and blue (after ATP application). The center of
mass position for each particle image is located at the center of the circle on
the particle image. (B) Histogram showing distribution of the amplitude of
ATP-induced cross-bridge movement, obtained from the ATP-induced
changes in the center of mass position of each gold particle.

of the thick filament bare region, we first examined ATP-induced
movement of the cross-bridges located at 1 side of the bare
region. In response to ATP, the center of mass positions of
particles, i.e., the position of individual cross-bridges, were
observed to move in 1 direction nearly parallel to the filament
axis (Fig. 44). Because myosin rods, constituting the filament
backbone, should be parallel to the filament axis, the slight
deviation in the direction of cross-bridge movement from the
filament axis may result from flexibility of the cross-bridge-rod
junction.

The amplitude of ATP-induced cross-bridge movement was
measured not only on the filaments, which were completely
separated from adjacent filaments, or largely separated from
adjacent filaments over a distance >1 um, but also on the
filaments, which clumped and overlapped with adjacent fila-
ments, so that profile of individual filaments was not clear. In
such filaments, the cross-bridges also exhibited ATP-induced
movement similar to that observed in the separated filaments.

Fig. 4B is a histogram showing distribution of the amplitude of
ATP-induced cross-bridge movement, constructed from 1,285 mea-
surements on 8 different pairs of IP records obtained from 8
different filaments. The histogram exhibits a peak at 5-7.5 nm. The
average amplitude of ATP-induced cross-bridge movement (ex-
cluding values <2.5 nm) was 6.5 = 3.7 nm (mean + SD, n = 1210).

In the present experimental condition, the particles located on
both the upper and the lower side of the filaments are equally in
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Fig. 5. Examples of IP records showing the ATP-induced cross-bridge move-

ment at both sides of thick filament bare region, across which the cross-bridge
polarity is reversed. Open and filled circles (diameter, 20 nm) are drawn around
the center of mass positions of the same particles in the IP record taken before and
after ATP application, respectively. Note that the cross-bridges move away from
the bare region. The approximate location of the bare region is indicated by
broken lines across the center of the filament. The filament is thin and bentin A,
whereas the filament is thick and nearly straight in B and C.

focus in the microscopic field. Whereas the cross-bridges located
at the filament upper side may move almost freely in response
to ATP, the cross-bridges at the filament lower side would attach
to the carbon film, and their ATP-induced movement would be
inhibited or markedly reduced in amplitude. This possibility is
consistent with the frequent presence of particles that do not
move appreciably or move with small amplitudes <5 nm. If this
explanation is correct, the mean amplitude of ATP-induced
movement of the cross-bridges that can move freely would be
>7.5 nm.

Meanwhile, the ATP-induced cross-bridge movement was no
longer observed when its ATPase activity had been eliminated
by N-ethulmaleimide, in agreement with our previous study (13).
The cross-bridges did not move in response to ADP application.

Direction of the ATP-Induced Cross-Bridge Movement at Both Sides of
the Thick Filament Bare Region. Despite great difficulties in ob-
serving particles located around the thick filament bare region,
across which the cross-bridge polarity is reversed, we succeeded
in recording the ATP-induced cross-bridge movement at both
sides of the bare region. Examples of the records are shown in
Fig. 5. It can be seen that, in response to ATP, individual
cross-bridges were found to move away from, but not toward, the
bare region. Similar results were obtained in several other pairs
of IP records. Judging from the minimum distance between the
2 particles moving in opposite directions, the bare region width
in the synthetic thick filaments was <100 nm in most cases, being

Sugi et al.
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Fig. 6. Examples showing sequential changes in position of different pixels (each 2.5 X 2.5 nm) where the center of mass positions of corresponding different

particles are located. In each frame, the pixel positions were recorded 3 times, i.e., before ATP application, during ATP application, and after exhaustion of applied
ATP. The changes in position of the pixels in the first (red), second (blue), and third (yellow) records indicate changes in the cross-bridge position before ATP
application, during ATP application, and after exhaustion of ATP. Direction of each cross-bridge movement is indicated by an arrow. The angle between the
filament long axis, on which the particles was located, and the X-Y coordinates of the IP was random. Note that the cross-bridges return toward their initial
position after exhaustion of ATP. After exhaustion of ATP, the cross bridge returned almost exactly to its initial positionin A, B, and /, and close to its initial position

in C-H.

much shorter than that of natural thick filament in vertebrate
skeletal muscle. This result can be explained as being caused by
incomplete lateral alignment of myosin rods constituting the
thick filament bare region.

As the present experiments are made in the absence of the thin
filament, the finding that, in response to ATP, the cross-bridges
move away from the thick filament bare region, is consistent with
the idea that the observed cross-bridge movement corresponds
to the cross-bridge recovery (or preparatory) stroke, coupled
with reaction, M + ATP — M-ADP-Pi. This point will be
discussed in detail in Discussion. This idea is supported by the
result that application of ADP to the filaments produced no
appreciable cross-bridge movement.

Reversibility of the ATP-Induced Cross-Bridge Movement. To ascer-
tain whether the ATP-induced cross-bridge movement is revers-
ible or not, experiments were made in which the images of the
same filament were recorded 3 times in the following sequence:
(i) before ATP application, (ii) 40- 60 s after the onset of current
pulse to the ATP-containing electrode, i.e., during the formation
of M-ADP-Pi, and (iii) 5-6 min after ATP application, i.e., after
exhaustion of applied ATP. Because the experimental solution
bathing the filaments contained hexokinase and D-glucose serv-
ing as scavenger for ATP (14, 15), all of the ATP molecules
released from the electrode were completely exhausted at the

Sugi et al.

time of recording (iif). The first and the third records are
therefore taken in the absence of ATP, whereas the second
record is taken when most cross-bridges are in the state,
M-ADP-Pi. Attention was focused mainly on the particles, which
showed large amplitudes of movement in response to ATP.

Fig. 6, shows examples of the sequential changes in position of
different pixels (2.5 X 2.5 nm) where the center of mass positions
of the corresponding different particles are located. Therefore,
these pixel positions in the first (red), second (blue), and third
(yellow) records can be taken to represent sequential position
changes of individual cross-bridges in the 3 IP records.

It can be seen that the cross-bridges first move in response to
ATP application, associated with reaction M + A — M-ATP —
M-ADP-Pi, and then return toward their initial position after
complete exhaustion of ATP, i.e., detachment of Pi and ADP
from M. When the amplitude of ATP-induced cross-bridge
movement was small (=5 nm), the cross-bridges were observed
to return almost exactly to their initial position, as indicated by
the complete overlap of the pixel position in the first and the
third records, so that yellow pixels were entirely covered by red
pixels (Fig. 6 A and B). With larger amplitudes of ATP-induced
cross-bridge movement, the cross-bridges were mostly observed
to return to the position close to their initial position, as
indicated by the small distance between the red and the yellow
pixels (<5 nm) (Fig. 6 C-H), although the complete overlap of
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the red and the yellow pixels was also observed occasionally (Fig.
6l). These results indicate that the ATP-induced cross-bridge
movement is reversible; the cross-bridges, in the state of
M-ADP-Pj, return toward their initial position after detachment
of Pi and ADP from them.

Discussion

Using the HC, with which biological specimens can be kept to
retain their function in the electron microscope, we have suc-
ceeded in recording both the amplitude and direction of cross-
bridge movement in response to ATP in vertebrate muscle thick
filaments (Figs. 4-6). The observed cross-bridge movement in
the absence of the thin filament may be related to the early
observation of ATP-dependent cross-bridge arrangement in
insect thick filaments (16). Up to the present time, ATP-
dependent order—disorder transition of cross-bridge arrange-
ment has been studied in detail (17-19).

In the present study, only a very small fraction of the cross-
bridges on the thick filaments are labeled to record movements
of individual cross-bridges and therefore bears no direct relation
to these studies, in which information about changes in the
cross-bridge arrangement (largely azimuthal) are sampled from
all of the cross-bridges in the experimental material.

The present results have been obtained from changes in the
time-averaged cross-bridge position on the firmly fixed filament,
in which any cross-bridge flexibility is included and also bears no
direct relation to the X-ray studies on large random cross-bridge
displacements in the whole muscle, in which all of the cross-
bridges are sampled for a long time (e.g. refs. 20 and 21).

It is generally believed that the cross-bridge, in the form of
M-ADP-Pi, attaches actin (A) in the thin filament to exert a
power stroke, associated with the release of Pi and ADP, so that
at the end of the power stroke, M forms rigor linkage with A. M
then detaches from A upon binding with ATP to exert a recovery
stroke, associated with reaction, M-ATP — M-ADP-Pi. Because
the thin filament is absent in our experimental system, it seems
likely that the ATP-induced cross-bridge movement corresponds
to the recovery stroke in the attachment—detachment cycle
between M and A (corresponding to the cross-bridge states from
C to D in Fig. 1). This view is supported by the present finding
that the direction of ATP-induced cross-bridge movement is
away from the filament bare region (Fig. 5), the direction
opposite to that of power stroke.

So that the cross-bridge repeats the attachment—detachment
cycle with actin, the recovery stroke should be the same in
amplitude as, but opposite in direction to, the power stroke. As
a matter of fact, the cross-bridges that had moved in response to
ATP were observed to return toward their initial position after
exhaustion of ATP (Fig. 6), providing additional evidence that
the ATP-induced cross-bridge movement actually corresponds
to the recovery stroke. This result implies that when the cross-
bridges return to their initial position after exhaustion of ATP,
i.e., detachment of Pi and ADP from M (Fig. 1), they undergo
conformational changes similar to those of the power stroke
(corresponding to the cross-bridge states from A4 to B in Fig. 1).
These results strongly suggest that, in the absence of ATP, the
cross-bridges in the thick filaments take configurations analo-
gous to those at the end of the power stroke.

In the lever arm hypothesis, the cross-bridge catalytic domain
(M) is believed to attach rigidly to actin before the cross-bridge
movement is produced by tilting of the lever arm (Fig. 1), which
implies that the lever arm should tumble around the hinge until
M comes to an appropriate position to attach actin. The revers-
ibility of the ATP-induced cross-bridge movement (Fig. 6)
suggests that, even in the absence of the thin filament, the lever
can make M take its appropriate position to attach actin without
being guided by the thin filament. It seems possible that the
tumbling of M caused by the hinge region flexibility always takes
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place around a certain neutral point, as has been suggested
concerning cross-bridge thermal motion in the early cross-bridge
model (3), which again implies that the cross-bridge configura-
tion in the absence of ATP is analogous to that at the end of the
power stroke. Of course, the present results give no information
about the actual attachment angle of M to the thin filament.
More experimental work is desired.

The amplitude distribution of ATP-induced cross-bridge
movement showed a peak at 5-7.5 nm, whereas a small propor-
tion of the cross-bridges examined exhibited amplitudes >12.5
nm (Fig. 4B). In the myofilament-lattice, the stroke of cross-
bridges attached to actin is obviously limited to ~10 nm because
of structural constraints of myofilament lattice structure. On this
basis, the observed cross-bridge strokes >12.5 nm might bear no
direct relation to physiological muscle contraction. Although the
ATP-induced cross-bridge movement ~20 nm has been re-
corded on the myosin—paramyosin core complex (13), the ar-
rangement of myosin molecules in the above complex differs too
far from that in the myosin filament used in the present study.
Much more experimental work is needed to solve mechanisms of
cross-bridge strokes associated with ATP hydrolysis.

In summary, the present experiments may constitute visual-
ization of the cross-bridge recovery stroke, using the HC system
with which both the amplitude and direction of ATP-induced
cross-bridge movement in living thick filaments can be recorded
electron microscopically. Finally, we emphasize that the HC
system will no doubt open horizons in the research field of
biological sciences.

Materials and Methods

The HC. The HCused in the present study was identical to that of Sugi et al. (13).
Briefly, the HCis a cylindrical compartment (diameter, 2.0 mm; height, 0.8 mm)
with upper and lower windows to pass electron beam. Each window is covered
with a thin carbon-sealing film (thickness, 15-20 nm) supported on a copper
grid with 9 apertures. The specimen was placed on the lower carbon film
together with a thin layer of experimental solution covering it (thickness,
< 250 nm), which was in equilibrium with the circulating water vapor in the
HC (pressure, 60—80 torr; temperature, 26-28 °C). The HC contains an ATP-
containing microelectrode with its tip immersed in the experimental solution.
The HCis attached to a 200-kV transmission electron microscope (JEM 2000EX;
JEOL).

Synthetic Thick Filaments. The specimen used was synthetic thick filaments
consisting of myosin-myosin rod mixture. Myosin was prepared from rabbit
psoas muscle by the method of Perry (22), whereas myosin rod was prepared
by chymotryptic digestion of myosin by the method of Margossian and Lowey
(23). Both myosin and myosin rod were frozen and stored in 50% (vol/vol)
glycerol at —20 °Cuntil used. Myosin and myosin rod were mixed (molar ratio,
1:1) in a solution containing 500 mM KCl, 2 mM MgCl,, 20 mM piperazine-
N,N"-bis[2-ethanesulfonic acid], and 1 mM DTT (pH 7.0), and the myosin—
myosin rod mixture was slowly polymerized by dialysis against a solution of
low ionic strength (KCl concentration in the above solution was reduced from
500 to 120 mM) to obtain bipolar thick filaments (length, ~1.5-3 um; diameter
at the center, 50-200 nm). The advantages of using the synthetic bipolar
filaments are: (i) they are stiff and tend to form nearly straight rods when
placed on the carbon film; (ii) their large diameter make it possible to
distinguish the filament profile from the background; and (iii) the cross-
bridges extending from the upper side of the filaments can move freely
without possible constraints arising from attachment to the carbon-sealing
film.

Colloidal gold particles (diameter, 20 nm; coated with protein A; EY Lab-
oratories) were attached to the cross-bridges as position markers, using a
site-directed antibody (IgG) to the junctional peptide between 50- and 20-kDa
segments of myosin heavy chain (24). The antibody mostly attaches to only 1
of the 2 myosin cross-bridges at the region ~16 nm distant from the cross-
bridge-myosin rod junction probably because of steric hindrance, and its
attachment angle is variable, probably reflecting disordered structure of the
junctional peptide (24). To label the cross-bridges sparsely, so that each
cross-bridge can be distinguished from the neighboring ones, the molar ratio
between the cross-bridges on the filament and the antibody was chosen to be
~1:1.4-1.6. Other details of the method have been described (13). The Mg-
ATPase activity of synthetic filament samples, measured from time to time

Sugi et al.
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during the present work, was 0.14-.15 s~' at 28 °C and was not appreciably
affected after mixing with the antibody. Finally, a small drop of experimental
solution (=5 plL) containing the filaments was put onto the carbon film in the
HC, and blotted with filter paper. The final quantity of the solution remaining
on the carbon film might be ~107¢ mL.

Recording of the Filament Image. To avoid electron beam damage to the
specimen, observation and recording were made with a total incident electron
dose <10~4C/cm?, being well below the critical dose for the reduction of
ATP-induced myofibrillar shortening (25). The filaments were therefore ob-
served with extremely weak beam intensities <5 X 10~'3 A/cm? at the detec-
tor. The actual beam intensity through the filaments with a magnification of
10,000 was 5 X 10713 x (10,000)2 = 5 X 107> A/cm2. As soon as the filament
images, with a number of gold particles serving as position markers for the
cross-bridges, were brought in focus, the electron beam was stopped except
for the time of recording.

The filament images were recorded with an IP system (PIX system; JEOL)
with a magnification of 10,000X. The exposure time was 0.1 s with a beam
intensity of 1-2 X 10~'2A/cm2. Because of the limitation of total incident
electron dose, recordings of the same filaments can be made only ~2-4 times.

Application of ATP and ADP. The application of ATP to the filaments was made
iontophoretically by applying a current pulse (intensity, 10 nA; duration, 1)
from an electronicstimulator to a glass capillary microelectrode filled with 100
mM ATP (resistance, 15-20 Mohm) through a current clamp circuit (14, 15). A
positive DC current (2-5 nA) was constantly applied to the electrode to inhibit
spontaneous release of ATP. The total amount of ATP released from the
electrode was estimated to be 107" mol. Assuming the volume of the exper-
imental solution covering the filaments of ~10-¢ mL, the ATP concentration
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