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Skeletal myosin S1 consists of two functional segments, 
a catalytic-domain and a lever-arm. Since the crystal 
structure of ADP/Vi-bound S1 exhibits a strong intramo-
lecular flexure between two segments, inter-conversion 
between bent and extended forms; i.e. “tilting of the 
lever-arm” has been accepted as the established molecu-
lar mechanism of skeletal muscle contraction. We uti-
lized quick-freeze deep-etch replica electron microscopy 
to directly visualize the structure of in vitro actin-sliding 
myosin, and found the existence of a novel oppositely-
bent configuration, instead of the expected ADP/Vi-
bound form. We also noticed that SH1–SH2 cross-linked 
myosin gives an aberrant appearance similar to the 
above structure. Since SH1–SH2-cross-linked myosin is 
a well-studied analogue of the transient intermediate of 
the actomyosin cross-bridge cycle, we devised a new 
image-processing procedure to define the relative view-
angles between the catalytic-domain and the lever-arm 
from those averaged images, and built a 3-D model of the 
new conformer. The lever-arm in that model was bent 
oppositely to the ADP/Vi-bound form, in accordance 
with observed actin-sliding cross-bridge structure. Intro-
ducing this conformer as the crucial intermediate that 
transiently appears during sliding, we propose a revised 
scheme of the cross-bridge cycle. In the scenario, the 
novel conformer keeps actin-binding in two different 
modes until it forms a primed configuration. The final 
extension of the lever-arm back to the original rigor-state 
constitutes the “power-stroke”. Various images observed 

during sliding could be easily interpreted by the new 
conformer. Even the enigmatic behavior of the cross-
bridges reported as “loose chemo-mechanical coupling” 
might be adequately explained under some assumptions.
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Historical background on the study of molecular 
mechanism of muscle contraction

Serious pursuit in the framework of modern science on 
the molecular mechanism of muscle contraction was initi-
ated by two inspiring ideas; “sliding-filament hypothesis” 
and “cross-bridge hypothesis”1–4 both proposed in the mid-
dle of 20th century. The former claimed that the contraction 
of skeletal muscle is driven by the sliding between thick and 
thin filaments in each sarcomere, while the latter attributes 
the engine of such sliding to the structural change of cross-
bridges (i.e. swinging movement of myosin heads) that con-
nect myosin molecules in the thick filaments to actin sub-
units in thin filaments. The sliding between two kinds of 
filaments was demonstrated by the microscopic observations 
of myofilaments before and after contraction1,2. The latter 
idea also seemed simple and expected to be demonstrable 
someday, by an adequate technique to visualize the molecu-
lar behavior. However, direct observation of the latter pro-
cess has not yet been realized even today, after more than 
half a century of enthusiastic studies and the attempts by 
various means by numerous scientists.
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would be to directly visualize the time-course of the struc-
tural change, preferably as a movie, and confirm whether 
individual actin-sliding intermediates truly take nucleotide-
bound kinked configuration, as postulated. Single-particle-
analysis combined with quick-freeze cryo-electron micros-
copy15; might be proposed as the first choice to solve such 
problem. It is certainly a powerful solution for the analysis 
of large-sized supra-molecular assemblies, especially when 
some symmetry-based constraints could be imposed. Actu-
ally, very detailed atomic-level arguments were made for 
stable and regularly arranged rigor-complex16. On the other 
hand, the acto-S1 complex in the presence of ATP exhibited 
the images that were too much disordered17–20 as the target 
for conventional or sophisticated strategies for the structural 
studies like helical-reconstruction or single-particle-analysis 
as above. Further, the distal tail-portion of actin-attached 
myosin is floating free in the solution in most studies. A pos-
sibility arises that myosin head in such complex could take 
somewhat different configuration from that under functional 
states in vivo and in vitro, where myosin might bear some 
tension. Whatever, the most desired structural information 
of the intermediate remains ambiguous even now.

Advantageous features of quick-freeze deep-etch 
electron microscopy for direct observation of 
macromolecular assembly

Quick-freeze deep-etch replica electron microscopy is a 
unique technique that enables us to capture high-contrast 
snapshots of various biological events in situ21. There, target 
materials such as cells, organellae or supramolecular assem-
blies are quickly-frozen (usually by a contact with liq. He-
cooled copper block) within less than a millisecond to arrest 
all the dynamic events. Then, the targets in the vitreous ice 
are exposed to a high vacuum to allow sublimation of sur-
rounding ice (i.e. deep-etching), followed by metal evapora-
tion and carbon backing. As long as the temperature of the 
mounting-stage is maintained sufficiently low, a layer of 
surface-bound-water, and probably, the three-dimensional 
architecture of the targets might be preserved frozen22 
throughout the shadowing/replication process. We had con-
sistently recognized the presence of delicate patterns on the 
shadowed surface of the target particles23,24, especially when 
the protein assemblies were pre-adsorbed onto mica-flakes25. 
We assumed that the distribution of the fine metal grains 
observed by electron microscopy could reflect the delicate 
surface profile of the target macromolecules, and examined 
if such patterns could truly be correlated with the contour of 
the target protein’s envelope23,24,26. Since the thickness of the 
accumulated metal at given position is a function of the 
angle between local normal-line and the direction of the 
evaporation source, we might be able to numerically calcu-
late the distribution of the fine metal grains projected onto 
2-D planes, according to the procedure of metal-accumulation 
onto rugged surface followed by its observation through 

One of the main reasons for such great difficulty, espe-
cially for skeletal muscle case, is certainly that myosin head 
is a highly mobile object that is too small as the target for 
microscopy, and no effective means is yet available to simul-
taneously attain sufficient spatial and time-resolution to 
accommodate its rapid and subtle structural change during 
contraction. [N.B. The movement of slower myosin-V spe-
cies along actin filament was recently visualized as a movie5 
using high-speed atomic-force microscopy.]

Tilting lever-arm hypothesis based on the established 
crystal structures of myosin

In the meantime, crystal structures of actin6 and various 
molecular species of myosin were successively solved in 
these two decades (the first myosin head structure was 
reported by Rayment et al.7). Among various important fea-
tures of the crystal structures, the most remarkable issues 
might be the presence of two structural elements; the “cata-
lytic (or motor) domain” and the “lever-arm” moieties in 
tandem6, and the large change in their relative angle that 
accompanies the binding of the nucleotides8,9. Together with 
the important notion that the actin-attached catalytic domain 
does not rotate during the power-stroke10,11, the strong flex-
ure within a myosin head easily lead to a “titling lever-arm 
model” which took the place of previous simple tilting of 
total myosin head3,4. The message was so compelling that the 
novel idea readily spread, and nowadays, is widely accepted 
as if it were the final conclusion of extensive research history 
of muscle contraction over long years12–14. As a matter of 
fact, however, nobody showed concrete structural evidences 
to support the validity of such cross-bridge-cycle.

According to that hypothesis, the behavior of myosin 
head in the cross-bridge-cycle is presumed as follows12–14. 
Under nucleotide-free rigor-state, the catalytic domain of the 
myosin head is tightly bound to actin-filament in a con
figuration with its lever-arm extended. Upon binding of ATP 
to myosinʼs catalytic site, its affinity to actin drops to ten- 
thousandth of that under rigor-condition to dissociate tight 
rigor-complex. Then, myosin instantaneously cleaves ATP 
to ADP and Pi, and converts itself to strongly-kinked 
nucleotide-bound configuration, as stated above. Though 
such configuration stably keeps the products of ATP-
hydrolysis; ADP and Pi, reattachment of the catalytic domain 
with nearby actin somehow switches to accelerate the release 
of the products. Consequently, the catalytic domain re-binds 
firmly to actin and its lever-arm moiety returns to the origi-
nal extended position. Since the actin-attached catalytic 
domain does not rotate during the power-stroke, the change 
in the relative angle between two modules generates the 
swinging movement of the lever-arm. Thus, this hypotheti-
cal cycle consists essentially of inter-conversion between 
the two well-documented myosin conformers, coupled with 
ATP-hydrolysis. In order to verify the validity of the hypoth-
esis, the most straightforward and convincing evidence 
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according to the above model, the lever-arm portion of the 
intermediate should stick out almost perpendicularly from 
the actin-filament. Contrary to the expectation, most HMM 
heads exhibited apparently a rounded shape that seemed to 
hold actin-filaments in the concave side of the curvature28 
[N.B. The rounded appearance of actin-bound myosin head 
in the presence of ATP had been repeatedly documented both 
for native and chemically cross-linked acto-S1 with EDC; 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, either by 
negative-staining or cryo-electron-microscopy17–20]. Unless 
the location of actin-binding sites on the surface of the cata-
lytic domain drastically changes during sliding, the most 
natural interpretation of such unexpected images is the pres-
ence of a novel configuration whose crystal structure is not 
yet reported. So, we started to look for candidate conformers 
having aberrantly flexed lever-arm by itself. After extensive 
search for various molecular species23,27 including those 
chemically-modified, we have recognized that a series of 
SH1–SH2 cross-linked myosin species could be the good 
candidates for such unusual appearance23,26, in which the 
lever-arm portion bent almost oppositely from that in con-
ventional nucleotide-bound configuration.

SH1 and SH2 (Cys707 and Cys697 in rabbit skeletal myo-
sin sequence) are highly reactive thiol groups in the heart of 
myosin, whose modification causes prominent effects on its 
ATPase activity30. Though they are close to each other in the 
amino-acid sequence, they are pointing toward the opposite 
directions at both ends of an α-helix (SH1-helix), under 
rigor-state31. Such arrangement does not allow their approach 
in the real 3-D space, and chemical cross-linking could occur 
only when that helix is melted by the binding of nucleotides. 
It is also reported that the distance between the two thiols 
could substantially vary from zero (i.e. disulfide) up to 15 Å, 
indicating highly flexible nature of that portion, once dis-
rupted32,33. Biochemical properties of such cross-linked spe-
cies had been well studied and it is assumed as one of the 
dominant structural analogues of the transient intermedi-
ates34 in actomyosin cross-bridge-cycle.

Cohen’s team extensively studied the crystal structures of 
scallop myosin S1 complexed with various nucleotides, and 
argued on the subtle structural differences among them35–37. 
They also solved the atomic structure of the same S1 but 
pretreated with thiol-specific bifunctional reagent (p-PDM; 
N,Nʹ-1,4-phenylenedimaleimide)31. In their crystal, chemi-
cal cross-linking oddly occurred between SH2 and Lys-705 
(in the scallopʼs sequence), instead of SH1, whose side-
chain protrudes to the same face as that of SH2 under rigor-
state (Fig. 2). Actually, the angle of the lever-arm in that 
structure did not appreciably differ from the other uncross-
linked species. Nitao et al.38 later examined the reactivity of 
those thiols in scallop S1 and confirmed that more than 90% 
of the product nevertheless had SH1–SH2 cross-linking, 
suggesting the poor crystallizability of the inter-thiol cross-
linked species. Though the crystal structure of the major 
product is not yet solved, we could have observed such 

transmission electron microscopy (Kimori & Katayama; 
unpublished data). Instead of such strict but extremely time-
consuming simulation, we employed a simple light-rendering 
procedure to rapidly prepare a huge number of comprehen-
sive set of artificial images by a dedicated ray-tracing soft-
ware, to cover all the view-angles of the protein molecule23,24. 
We actually confirmed that such fuss-free method works 
nicely and enables us to determine the best-matched con
figuration and the view-angle of the model, to the image 
observed by freeze-replication, once the target’s atomic coor-
dinates get available. Thus, we constructed a convenient sys-
tem to select the most likely view-angle of the target proteins 
(complex) by a simple pattern-matching with a comprehen-
sive set of artificial images24,26.

Search for the molecular species analogous to newly 
observed conformer during actin-sliding

In situ but static image data of the biological events could 
not give the conclusive evidence by itself, to verify under
lying molecular mechanism of the dynamic phenomena. 
However, they could work as a strong constraint to rule out 
the inadequate interpretations of the observed events. In 
order to investigate the structure of myosin heads under var-
ious functional states, and ultimately the crucial intermedi-
ate during sliding, we took full advantage of this useful pro-
cedure combined with the mica-flake technique. We started 
to examine, at first, individual myosin (actually HMM; 
heavy-meromyosin) with or without various nucleotides27. 
HMM heads visualized in such way showed the images 
analogous to those prepared by surface-rendering of the 
registered X-ray data. Acto-HMM rigor-complex, most of 
which might be adsorbed to the mica surface through the S-2 
moieties, exhibited a familiar arrowhead appearance28 that is 
similar to those shown by negative-staining or cryo-electron 
microscopy. By comparing the high magnification views of 
the observed particles with a series of artificial images, we 
confirmed that individual myosin head before addition of 
ATP is certainly under rigor-state having extended lever-arm 
(Fig.1). Taking those results as a good control, the images 
we would observe under sliding conditions after addition 
of ATP, should be reliable reflections of the real structural 
intermediate(s) during in vitro sliding. ATP was added to the 
mica slurry on which acto-HMM rigor-complex was pre-
adsorbed28 and then, the total materials under functional 
states were quickly-frozen and replicated in the same way. 
What we actually observed under such condition was numer-
ous actin-filaments, a part of which already slid out from 
HMM-tracks, and the rest still remaining along HMM zones 
on the mica substrate. The fraction of actin-bound myosin 
drastically decreased by the addition of ATP. We observed 
the structure of actin-bound HMM in such fields with higher 
magnification and found that it might be hard to account for 
the observed images by the conventional tilting-lever-arm 
mechanism. If well-documented actin-binding sites29 on 
nucleotide-bound kinked S1 is placed at the right position 
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the artificial images prepared from the atomic models of 
those modules. Reliability of our daring method, as well 
as the actual values of view-angles were simultaneously 
ensured by a good compatibility of the relative angle between 
two modules in each class-average. We could also estimate 
the relative position of the two modules in 3-D space from 
the class-averages and successfully obtained coarse atomic 
model to mimic the novel conformer. We separately recon-
structed the 3-D shape of the envelope from those projec-
tions, that covers the whole surface of the new conformer26. 
Though the direction of the lever-arm in the novel structure 
was quite apart from the other conformers, the putative 
actin-binding sites assigned in the tentative model (Fig. 3) 
well accounted for the images of the possible intermediates 
we observed under actin-sliding conditions.

We continued the examination on the mode of myosin 
attachment to actin-filament during sliding. Though the 
lever-arm portion was not always visible, hidden by neigh-
boring actin-filaments or myosin head by itself, most of 
them seem to take the novel configuration, as judged from 

majority whose lever-arm portion might be rotated to the 
other side and fixed in that position.

Aberrant features of the novel conformer  
as compared with the other myosin structures

Since we needed, by any means, to get even the rough 
sketch of inter-thiol cross-linked myosin, we devised a new 
version of single particle analysis for freeze-replica images 
with the aid of morphological image-processing24. To avoid 
the problem which could occur by the lenient specificity of 
p-PDM as above, we treated HMM with DTNB; 5,5ʹ-Dithio-
bis-(2-Nitrobenzoic Acid) to form pure disulfide39; the short-
est cross-link between the two thiols (SH1 and SH2), and 
took a number of images of rounded HMM heads. After 
classification and averaging, we obtained the class-averages 
projected to five different view-angles. We dissected the 
total image of each class-average into the globular catalytic 
domain and the rod-like lever-arm and separately deter-
mined the view-angles for each, by pattern matching with 

Figure 1 a) Representative field of freeze-replicated actomyosin complex under rigor-state. All the actin-attached myosin heads show the con-
figuration that matches rigor-form (1DFK), as defined by a comparison with simulated images. b)–c) Best-matched view for each particle along 
single actin filament is exhibited beside the original image. Particles on the bottom side (b) are overriding actin filament, whereas the very tip of 
those on the upper side (c) are partly hidden by actin. Subdomain composition of myosin S1 is color-coded as follows [upper-50 KDa, pink-tint; 
lower-50 K, green; N-terminal barrel, cyan; essential light-chain, sky-blue; regulatory light-chain, blue; 1st actin-contact site; yellow; 2nd actin-
contact site, white; remaining part of heavy-chain including the lever-arm, red]. d) An example to examine the similarity of simulated image to 
replica image indicated by an arrowhead in (a). Left and center images represent the contrast-enhanced replica image and its best-matched simula-
tion image generated by computer ray-tracing, respectively. The image texture had been pre-matched by morphological image-processing24. Note 
the good correlation between them. The asterisk indicates the position of the ATP-binding pocket. Subdomain constitution of the middle image was 
color-coded as above on the right. Here, the area of loop-2 (yellow) is much smaller than that in the actual molecule, due to the lack of atomic 
coordinates of that segment.
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contact-sites29 on each molecule’s surface, which can be 
covalently connected by EDC, a zero-length cross-linker. 
They measured the increment of the cross-linked fraction for 
each pair at the initial stage of the reaction and found that the 
rate of contact between the second sites greatly slows down 
if ATP was added, whereas the two reactions occur at similar 
rates in the absence of ATP. Coupling such invaluable infor-
mation with the structural features we observed, we could 
deduce the sequence of the events as illustrated in Figure 426.

(i) By the addition of ATP to actomyosin rigor-complex, 
myosin hydrolyses ATP and instantaneously dissociates from 
actin to form the ADP/Vi (actually ADP/Pi) structure with 
the conventionally-kinked lever-arm. (ii) Accompanied by 
the reattachment of the myosin to actin, SH1 helix melts and 
the lever-arm portion twists to the other side converting the 
total myosin head into the new conformer. (iii) The myosin 
head in that configuration swings back and forth along the 
axis of the actin filament, so that the first contact-site on 
the inner side of the curved body kept in face to the actin 
filament. (iv) The interaction between the first paired sites 
(635–647th amino-acid residues of S1 so-called loop-2, and 
the N-terminal segment of actin; as indicated in yellow) 
occurs while the second site of myosin (567–574th amino-
acid residues so-called loop-3 as indicated in white) is on the 
outer surface facing the opposite side (Figs. 3 and 4). (v) 
Then, the new conformer pivots toward the left in search for 
the next contact site(s), and eventually finds a counterpart 
(white) at the N-terminus of the neighboring actin monomer 
towards the barbed-end direction. (vi) Establishment of the 
second contacts firmly immobilizes the catalytic domain of 
the entire structure in the orientation similar to the rigor one, 
so that it takes the pre-power-stroke primed configuration. 
(vii) Triggered by the recovery of the disrupted SH1 helix, 
the lever-arm portion finally extends to return to the original 
rigor configuration. Since the catalytic domain had been 
immobilized onto actin, the last step certainly constitutes 
“the swing of the lever-arm” which might proceed through 
several other conformational steps (Katayama, unpublished 
data). Várkuti et al.41 reported on another interaction sites 
named “activation-loop”; i.e. 254–258th amino-acid resi-
dues of myosin and N-terminal segment of actin. They 
showed that the loop is essential to evoke actin activation of 
myosin ATPase. Located in between the 1st and the 2nd 
interaction sites of myosin, a basic residue in the 3rd loop 
might contribute to switch the final power-stroke41, and/or 
possibly, to tether total myosin head attached to the flexible 
acidic segments at the N-terminal of actin. [N.B. There 
seems to be some disagreement on the assignment of one 
of the chemically-cross-linked products between actin and 
myosin40,41. Whichever be the case, the positional relation-
ship among them might be kept and does not much affect the 
conclusion of our argument.]

Considering the beginning and the ending positions of the 
distal end of the lever-arm during the final power-stroke that 
starts from the primed configuration, the resultant vector of 

the appearance of the visible part. According to preliminary 
results26 (Katayama and Kimori, unpublished data), the 
mode of actin-attachment of the new conformers could be 
roughly classified into two populations; the first, the parti-
cles whose concave side directly faces the actin surface as if 
it grasps the filament, and the second, the ones 90-degrees 
rotated to the left around its long axis, from the first mode, 
and associated with actin along the side of the curved body. 
The first group was further classified according to the varia-
tion in the angles between long axis of the S1 body and the 
actin filament. All the observed images as above were easily 
interpreted as various views of the novel configuration we 
discovered, and probably correspond to respective steps of 
the crossbridge-cycle. Unfortunately, however, quick-freeze 
replica images are merely the snapshots of the contiguous 
events. In order to determine the sequence of such confor-
mational states along the time-course, we absolutely need 
separate lines of experimental evidence.

Involvement of the new conformer in  
the time-course of revised cross-bridge cycle

Andreev and Reshetnyak40 published their experimental 
results on time-resolved chemical cross-linking during acto-
myosin interaction. Actomyosin complex has two pairs of 

Figure 2 Crystal structure of scallop myosin S1 under nucleotide-
free rigor state (1DFK) and the 3-D spatial arrangement of SH1, SH2 
(Cys-703 and Cys-693, in the scallopʼs sequence) and Lys-705 along 
SH1-helix. SH1-helix portion is enlarged to indicate that two thiols are 
pointing to the opposite directions, where disulfide formation is impos-
sible. Lys-705 is protruding to the same side as SH2 and they were 
actually cross-inked by p-PDM30,37 to give 1L20 structure. The lever-
arm might flip to the other side, when SH1-helix is disrupted so that 
two thiols form disulfide.
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Potential involvement of the new conformer as  
the structural basis of “loose chemo-mechanical 
coupling”

Yanagida and his colleagues reported, for the first time, 
that the sliding distance of the unloaded actin during skeletal 
muscle contraction is much longer than that expected from 
actomyosin ATPase46 assuming “tight chemo-mechanical 
coupling” (i.e. one actin subunit displacement per one ATP-
hydrolysis). Since then, they have persistently exhibited the 
“loose chemo-mechanical coupling”47,48, in which the ratio of 
occurrence between ATP cleavage and the actin-displacement 
by myosin changes according to the applied load, and devi-
ates from one to one when it becomes lighter. As the origin 
of such characteristic mechanical features, they proposed 
“the biased Brownian-motion” of myosin along the surface 
of actin-filament. The experimental conditions we employed 
to observe actin-sliding seems to be coincidentally close to 
those where actin’s translocation distance is more than one 
unit per ATP-hydrolysis. Our replica images certainly show 
the existence of definite structural variants, and the differ-
ences among them could be taken as to reflect the “swinging 
of the lever-arm”. The energy consumption of such drastic 
structural change is expected to be substantially large. Thus, 
we speculate that if any enigmatic behavior49 of myosin 
responsible to loose-coupling could occur, that might be 
attributable to some “Brownian ratchet” mechanism50 which 
could predominate during the third or the fourth, seemingly 
more iso-energetic step(s); i.e. actin surface scanning by 
myosin head under weakly-bound states. If both mecha-

the swinging movement is closer to parallel to the actin-
filament, possibly more energy-efficient than that starting 
from the conventionally-kinked ATP-bound structure. This 
is consistent with the observation that myosin-II produces 
little rotational torque during sliding42,43.

Taylor and his colleagues extensively studied the 3-D 
molecular architecture of insect flight muscle by quick-
freezing during tension-development44. They reconstructed 
the tomograms from freeze-substituted thin sections to 
examine in situ actomyosin configurations. As a summary, 
they presented the animated atomic models to indicate the 
conformational change of insect myosin-II that starts from 
conventional ADP/Vi-structure and ends up by rigor-like 
configuration. The two-stage movement and the timing of 
the power-stroke they showed agree well with our conclu-
sion. On the other hand, the envelope of tension-bearing 
states in the tomogram seems to have a narrow and some-
what inclined neck at the origin along thick-filament and 
abrupt thickening toward the interface with actin. Such pro-
file matches well with the characteristic feature of the primed 
configuration of the novel structure we showed (Katayama 
unpublished data).

Capitanio et al.45 improved their experimental systems to 
analyze single-molecule mechanical events, using optical 
tweezers. They actually examined the properties of skeletal-
type myosin isoforms and found that the actomyosin interac-
tion process can be dissected into two phases with distinct 
kinetic parameters. The structural change we have proposed 
as above might more or less reflect the functional phases 
they reported.

Figure 3 Reconstructed shell to present 3-D envelope of the SH1–SH2 cross-linked myosin head [modified from Figure 7 of our paper26]. a)–d); 
Its tentative model was fit to the shell and viewed from four different angles. e)–h); Four known crystal structures of scallop-S1 whose catalytic 
domains are snugly placed in the shell of the novel structure. Note that the orientation of the lever-arm in the novel structure is directed quite differ-
ently from the others. The atomic models are, e) ADP-bound form, f) ADP-bound Lys705-Cys693 cross-linked form, g) nucleotide-free near-rigor 
form, h) ADP/Vi-bound form. See the legend to Figure 1 for color-coding of the subdomains.
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Epilogue
The investigation on the mechanism of biological motor 

started from that of the skeletal-muscle contraction. Studies 
along that line had been the main-stream of the biophysics 
for a long time. Actually, a number of cutting-edge experi-
mental techniques such as single-molecule observation/
manipulation devised for that specific purpose, not only con-
tributed to produce various outstanding discoveries, but also 
rapidly spread and were applied in the neighboring fields. 
Since the proposal of “swinging lever-arm” hypothesis, 
however, the past enthusiasm as reflected by the number and 
the depth of the studies on skeletal-type myosin (myosin-II) 
seems to be substantially reduced, partly due to increasing 
technical limitation to further challenge the difficulty of 
still-persisting issues, but more likely because the majority 
of research scientists might get convinced of, in fact still 
hypothetical “swinging cross-bridge” stories. On the other 
hand, the discovery of novel unconventional myosin species 
attracted people’s research interests and the vast research 
activity has moved to the new materials. The movements 
of unconventional motor-proteins are generally slower and 
processive, seemingly easier to handle than faster and non-
processive myosin-II. It might not be a good idea to go to the 

nisms operate sequentially in each ATPase cycle, the actin-
translocation for one ATP consumption at light load, might 
be substantially longer due to the displacement by the 
Brownian-ratchet mechanism, whereas the travel distance 
would approach to one actin-unit (more precisely, the span-
length of the lever-arm) for the heavier load, propelled only 
by the powerful lever-arm swinging. The experimental re-
sults by Várkuti et al.41 sounds quite intriguing along that 
line. They found that the mutation of basic residue or the 
truncation of the activation loop greatly reduces the gener-
ated force by myosin as well as its actin-activated ATPase, 
whereas the velocity of actin displacement assessed by a 
motility assay was not much affected by the same mutation. 
Such experimental evidence could imply clear dissociation 
of the tension development process from that of actin trans-
location; in support of our interpretation. If such a mecha-
nism could be true, we might predict that higher fraction of 
primed configuration should be observed under the condi-
tions where actin filaments are more heavily loaded by any 
means. In reverse, very few or none of the myosin would 
take primed configuration, if the activation-loop mutants are 
used for the similar observation. In such case, the attachment 
angles of the catalytic domain to actin-filament might sub-
stantially fluctuate during actin translocation.

Figure 4 Schematic drawing of revised cross-bridge-cycle of skeletal actomyosin including the new conformer (taken from Fig. 8 of the refer-
ence 26). The cycle starts from the dissociation of rigor myosin from actin by the binding of ATP, which eventually re-associates with actin through 
several conformational states mostly involving the new configuration. The structural states placed in light-bluish panels are presented as the side- 
and the barbed-end views of the actomyosin complex. Violet; myosin head, blue and green; actin-monomers along actin-filament (gray). There, the 
behavior of two pairs of actomyosin interaction sites (presented by yellow and white patches in the reaction sequence), are indicated according to 
the time-sequence of the structural change from conventionally-bent ADP/Pi-structure (similar to the ADP/Vi-bound form) right after dissociation 
from actin, to the final rigor structure [N.B.; The third actin-binding site is located close to the yellow patch and might concomitantly operate with 
the second site to start lever-arm swinging]. Hence, the new conformer plays a crucial role as the reaction intermediate, throughout those states. The 
configurations marked by a single and double asterisk in the drawing correspond to the views (d) and (c) in Figure 3, respectively. See text for details.
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bother of dealing more difficult materials, if the underlying 
mechanism are evidently common to all the myosin species. 
However, there is no a priori way to judge whether it is so or 
not, unless we actually examine and get solid experimental 
evidence one by one, with multimodal approaches including 
direct visualization.

We showed the existence of a heretofore unknown config-
uration similar to the one realized in SH1–SH2-crosslinked 
myosin-II, under in vitro motility assay conditions. By in-
cluding such structure as the key component of the cross-
bridge cycle of the skeletal muscle, we could successfully 
account for the images actually observed under actin-sliding 
conditions. Although the above reaction scheme was pro-
posed as a plausible interpretation of the images captured 
during in vitro sliding, we would presume that essentially 
similar events might occur in live muscle contraction.

Whatsoever, it is clear that more and more efforts are 
needed to truly elucidate the motor mechanism, even if the 
target is an extensively studied skeletal system.
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