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Summary
Low-resolution three-dimensional structures of acto-myosin subfragment-1 (S1) complexes were
retrieved from X-ray fiber diffraction patterns, recorded either in the presence or absence of ADP.
The S1 was obtained from various myosin-II isoforms from vertebrates, including rabbit fast-skeletal
and cardiac, chicken smooth and human non-muscle IIA and IIB species, and was diffused into an
array of overstretched, skinned skeletal muscle fibers. The S1 attached to the exposed actin filaments
according to their helical symmetry. Upon addition of ADP, the diffraction patterns from acto-S1
showed an increasing magnitude of response in the order as listed above, with features of a lateral
compression of the whole diffraction pattern (indicative of increased radius of the acto-S1 complex)
and an enhancement of the 5th layer-line reflection. The structure retrieval indicates that these
changes are mainly due to the swing of the light chain (LC) domain in the direction consistent with
the cryoelectron-microscopic results. In the non-muscle isoforms, the swing is large enough to affect
the manner of quasi-crystal packing of the S1-decorated actin filaments and their lattice dimension,
with a small change in the twist of actin filaments. Variations also exist in the behavior of the 50K-
cleft, which apparently opens upon addition of ADP to the non-muscle isoforms but not to other
isoforms. The fast-skeletal S1 remains as the only isoform that does not clearly exhibit either of the
structural changes. The results indicate that the “conventional” myosin-II isoforms exhibit a wide
variety of structural behavior, possibly depending on their functions and/or the history of molecular
evolution.
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Introduction
Since the milestone achievement of crystal structure determination of skeletal myosin
subfragment-1 (S1) in its apo (nucleotide-free) form,1,2 a number of crystal structures have
been determined for S1's from various sources and with various kinds of ligands, as
summarized.3,4 These series of studies have made it clear that (1) the whole S1 consists of the
globular motor domain (which contains actin- and nucleotide-binding sites) and the largely α-
helical light chain domain (which binds two or more light chains), and (2) the angle made
between the two domains is highly variable, giving rise to a wide range of LC-domain
orientations, depending on the source of S1 and the ligand that the S1 binds in the nucleotide
pocket. In many models, the ligand-dependent change of the LC-domain orientation is
considered directly responsible for force production by myosin (e.g., ref.2).

The variety of LC-domain orientations is not only observed in the crystal structures of S1 alone,
but also in the S1 complexed with F-actin. The 3D reconstruction from cryoelectron
microscopic (cryo-EM) images show that the appearances of F-actins decorated with brush-
border myosin I,5,6 chicken gizzard smooth muscle myosin II,7 and myosin VI8 are strikingly
different from each other, and the major difference is in their LC-domain orientations.

Within the conventional myosin II isoforms alone (many of them responsible for muscle
contraction), a variety of LC-domain orientations have been reported from cryo-EM studies.
The LC domain of the acto-smooth muscle S1 complex shows a large change of orientation
when it binds ADP7,9,10 but in contrast, the LC domain of the acto-fast skeletal S1 stays
immobile.10,11 X-ray fiber diffraction is another sensitive method to detect structural changes,
and has also shown results corresponding to the EM observations: The diffraction pattern from
acto-smooth S1 complex shows a large change upon addition of ADP,12 while the change is
more subtle in the case of acto-fast skeletal S1 (for full-filament-overlap fibers see refs.13,
14 These X-ray fiber diffraction results have been discussed in the context of the LC-domain
swing, but the inherent difficulty in retrieving molecular structures from diffraction patterns
have prevented the diffraction studies from providing independent support or criticism to the
cryo-EM results.

Here we have developed a procedure to retrieve low-resolution molecular structures of acto-
S1 complexes from their diffraction patterns. This procedure is to make use of the knowledge
about the known crystal structure of S1 and actin, their published docking models and the
helical symmetry of F-actin. The procedure enabled us to determine, not only the most likely
structures of the acto-S1 complex in the presence and absence of ADP, but also the variability
or disorder that the molecules are expected to have under physiological conditions. The targets
for structural retrieval were not confined to fast-skeletal and smooth muscle isoforms, but also
other members of vertebrate myosin-II family, including cardiac/slow-skeletal and non-muscle
IIA and IIB isoforms. These non-muscle isoforms are involved in cytokinesis and other
cytoskeleton-related motility. The IIA isoform is ubiquitously distributed among various
tissues and has a relatively low duty ratio (fractional time spent on actin),15 while the IIB
isoform is enriched in the central nervous system and has a high duty ratio.16,17 The results
indicate that the “ancestral” (smooth and non-muscle) isoforms show a large LC-domain swing
and 50K cleft opening upon ADP binding, but fast-skeletal and cardiac isoforms show smaller
or little responses. These differences in ADP sensitivities do not seem to be directly correlated
with the ADP affinity of respective isoforms. Parts of the present results have been presented
in an abstract form.18
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Results
Diffraction patterns from acto-S1 complexes and their response to ADP

Figure 1 shows the diffraction patterns recorded from an array of overstretched skeletal muscle
fibers, to which S1 from various sources had been diffused in the absence of nucleotides. As
has been reported, the actin-based layer line reflections (ALL's) are strongly enhanced, because
the thin filaments in the fibers are decorated with S1 following their helical symmetry.19 Most
of the intensities of the 1st to 5th, and a substantial part of the 6th and 7th ALL's come from
the scattering by the attached S1 (the layer line nomenclature is based on a 13/6 helical
symmetry of actin, in which 13 actin monomers exist in six turns within a short single-stranded
5.9 nm-pitch helix). The intensity profiles of major ALL's are shown in Figure 2 (dots). In each
panel of Figure 2, the profiles from the ADP form (red) are superposed on those from the apo
form (blue), and it is immediately noticed that the intensity profiles obtained from different S1
isoforms show a great variation in ADP sensitivity as well as in the apo profiles themselves.

Addition of 1 mM ADP causes little change in the diffraction pattern from acto-fast-skeletal
S1 (Figure 1(a,b), see also ref.20). In the intensity profiles, ADP causes slight broadening of
the 6th ALL, and slight intensification of the 2nd and 5th ALL's (Figure 2(a)). The relative
insensitivity of the acto-S1 structure to ADP agrees with previous reports of ESR11 and cryo-
EM.10

The diffraction patterns from acto-cardiac S1 resemble those of acto-fast-skeletal S1 (Figure
1(c,d)). Although the intensity profile of the 6th ALL is similar to that of acto-fast-skeletal S1,
its multi-peak nature, or lattice sampling, is evident (Figure 2(b)). This property is ascribed to
the crystal packing of the acto-S1 complexes as will be described. The intensity of the outer
(away from the meridian) part of the ALL increases upon ADP binding. The 5th ALL is single-
peaked in both apo and ADP forms, but its peak intensity increases substantially upon ADP
binding, as in the case of acto-smooth S1.

The diffraction pattern from acto-smooth S1 in the apo form (Figure 1(e)) is substantially
different from that from acto-fast-skeletal S1 (see ref.12). The most notable differences are
that the 6th ALL is positioned away from the meridian and often exhibits double peaks as a
result of lattice sampling. The 5th ALL has a flattened profile and also shows a double-peaked
feature. Addition of ADP causes large changes in the diffraction pattern (Figure 1(f), see also
ref.12). The double-peaked nature of the 6th ALL is lost, the 5th ALL becomes single-peaked
with greater peak intensity, and now its profile resembles that for the acto-fast-skeletal S1
complex (Figure 2(c)). Other ALL's also show some intensity changes.

The diffraction patterns from acto-non-muscle S1 show the most dramatic changes upon
addition of ADP, either IIA (Figure 1(g,h)) or IIB (Figure 1(i,j)). When compared with their
apo patterns (Figure 1(g,i)), the ADP patterns for these isoforms (Figure 1(h,j)) show laterally
compressed appearance, indicating that the whole acto-S1 structures splay out upon addition
of ADP (Reflecting this, the unit cell size of the filament lattice becomes greater. See Table
1). In both isoforms, the 5th ALL is markedly enhanced by addition of ADP (Figure 2(d,e)).
The multi-peaked nature of ALL's is clearly observed in the apo pattern of IIA, and the pattern
of sampling is identical to that for the smooth muscle isoform. In contrast, the multi-peaked
nature is not evident in the apo pattern of IIB. On the other hand, the ADP patterns for IIA and
IIB are similar to each other, and their pattern of sampling is different from that for the smooth
muscle isoform. As will be described in detail, the difference in the pattern of lattice sampling
is explained by slightly different helical symmetries of F-actin.
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Determination of ADP dissociation constant
In the diffraction patterns from all isoforms but fast-skeletal S1, the intensity of the 5th ALL
is the most sensitive to ADP binding. By utilizing this, it is possible to determine the
dissociation constant for ADP in each acto-S1 complex. This is achieved by plotting the
intensity change of the most ADP-sensitive region (between 1/8 nm−1 and 1/15 nm−1) of the
ALL against ADP concentration (Figure 3). Theoretically, the change in the intensity is
considered to be proportional to the square of the number of S1 molecules with bound ADP
(square law). On this basis, the ADP dissociation constants of acto-cardiac S1, acto-smooth
S1, acto-IIA S1 and acto-IIB S1 are determined to be 2.5 μM, 11.5 μM, 3.3 μM and 0.92 μM,
respectively. These values are slightly higher than published data, but the inter-species
difference is consistent (summarized in ref.15).

Crystal packing of acto-S1 complexes
The intensity profile of the 1st ALL shows two prominent peaks, regardless of the source of
S1 or the presence/absence of ADP. These two peaks cannot be reproduced by considering a
single S1-decorated F-actin filament, and it is natural to consider that the peaks appear as a
result of imperfect crystal packing of F-actin filaments. The position of the peaks are most
readily explained if the filaments are packed in a hexagonal lattice with a unit cell size of ∼40
nm, and if the occurrence of the peaks obeys a selection rule

− h + k + l = 3n,

where h, k, and l are the indices for crystal lattice planes and n is an integer, with l being the
layer line number. The two major peaks of the 1st ALL correspond to 1,0,1 and 2,1,1 reflections,
respectively. The lattice that obeys this selection rule is the rhombohedral lattice, in which
neighboring two F-actin filaments are staggered by 1/3 of their basic long-pitch repeat of ∼36
nm. This is analogous to the “superlattice” arrangement of myosin filaments in frog
muscle21,22, and in the present case the unit cell size of the actin superlattice is ∼40 nm
whereas that of the simple actin lattice is ∼23 nm (= 40/√3)(The hexagonal packing of
undecorated F-actin filaments has been found in smooth muscle, in which the unit cell size of
the simple actin lattice is 12 nm23). The hexagonal packing of the F-actin filaments is not due
to the influence of the hexagonal lattice of endogenous myosin filaments, because the two
peaks are also observed in fibers from which endogenous myosin filaments have been extracted
under high ionic strength (Figure 4).

In the pattern from acto-fast-skeletal isoform, the 1st ALL is the only layer line that obviously
shows such crystallographic peaks. However, the patterns from other S1 sources often show
crystallographic peaks in the 6th and other ALL's as well. In the rigor patterns from cardiac,
smooth and IIA isoforms, the residuals of fitting (the difference between observed and fitted
intensity profiles) by using a single-filament model indicate that the crystallographic peaks of
the 6th ALL occur at the same set of h and k as in the 1st ALL (an example of IIA is shown in
Figure 5(a)). This pattern of sampling is explained by assuming a 54/25 symmetry of actin
helix, instead of 13/6.

In the ADP patterns of IIA and IIB isoforms, the peaks on the 6th ALL do not share the h and
k indices with the 1st ALL. Instead, the peaks on the 7th ALL do (Figure 5(b)). This pattern
of sampling is best explained by the 13/6 helical symmetry of F-actin. These observations
suggest that, in some of myosin isoforms, the ADP-induced structural change of S1 alters the
twist of F-actin, and as a result, the manner of crystal packing.

Retrieval of low-resolution 3D structures of acto-S1 complexes
It is generally hoped that the 3D structures of acto-S1 complexes can be retrieved from their
diffraction patterns, and the major obstacles in doing this are the lost phase information, the
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rotary-averaged (around the Z axis) nature of diffraction patterns, imperfect crystal lattice
sampling and disorder. Here we used the Lorenz model24 as the starting structure and refined
it to obtain the best-fit 3D structure for each diffraction pattern, after considering the imperfect
crystal packing as described above.

The process of structure retrieval consisted of three steps of fitting, the first two in the reciprocal
space and the last one in the real space. In brief, the first step was to determine the best-fit α-
carbon backbone structure, which was to seek the best swing angles of the LC and upper 50K
domains and other parameters (Table 3). However, the matching is usually not satisfactory by
this process alone (R-factor ∼ 27% for fast-skeletal S1), because the molecules in solution
environment are more likely to have more structural variations than in crystals. To improve
the matching, the structure determined in the first step was further refined in the second step.
This process involved random redistribution of protein mass after converting the structure to
an assembly of beads (but with some constraints to reject unlikely structures: see Materials and
Methods for detail). After this step the R-factor was improved to 12∼15%. The third step was
again to determine the α-carbon backbone structure, which would best explain the mass
distribution determined in the second step. The α-carbon backbone determined in this way is
usually different from that determined in the first step. The best-fit values of parameters
determined in the third step are listed in Tables 1 and 2. The density of the acto-S1 complex
determined at the end of the second step, and the best-fit α-carbon backbone at the end of the
third step, are overlaid in Figures 6 and 7. In Figure 2, the calculated intensity profiles at the
end of the second step (curves) are shown along with the observed data (dots).

The most noticeable difference seen in the fitted structure (both in density envelopes and α-
carbon backbones) is the angle of the LC domain with respect to the rest of the molecule and
its change upon ADP binding. The LC domain of the fast-skeletal isoform shows only a small
if any swing upon ADP binding, and its azimuthal component seems to predominate.

The LC domains of other isoforms show an upward axial swing upon ADP binding, and the
direction of swing is consistent with the cryo-EM results for the smooth muscle isoform.7 The
angle of swing increases in the order of cardiac < smooth muscle < IIA ≈ IIB (Table 1).
Although not apparent in the display in Figure 6, all the isoforms show more or less an azimuthal
component of swing of the LC domain. The azimuthal angle of the LC domain is relatively
well-defined, while in many isoforms the axial angle seems to show a wider range of variability
(see the discrepancy mapping of LC domain angles; Figure 8). This is especially true for the
smooth muscle isoform, which seems to be composed of a mixture of populations with different
LC domain angles.

As for the upper 50K domain, all the isoforms examined show a tendency of having a more
closed configuration when compared with the crystal structure of chicken skeletal S1,1 in
agreement with published observations.9,10,25,26 An opening of the domain has been reported
upon ADP binding,9 but this behavior was not confirmed in the present study. Instead, the
opening of the domain is observed in the ADP structure of the IIA and IIB isoforms (Figure 7
(d,e)). None of the rest of the isoforms show any sign of opening of the domain (Figure 7 (a-
c)). The lack of evidence of cleft opening upon ADP binding to the fast-skeletal isoform is in
agreement with the cryo-EM result.10

Other parameters to be fitted include the relative occupancies of the two light chains (essential
and regulatory) and tropomyosin with respect to the S1 heavy chain. The occupancy of the
essential light chain is usually close to 100%, but that of the regulatory light chain is lower,
and in the case of fast-skeletal isoform, the value is ∼50%. This value is coincidentally in
agreement with the value reported by Holmes et al.,26 and in their report the S1 specimen was
prepared in the same manner as in the present study (papain digestion). The low occupancy
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could be due to a partial loss of regulatory light chains during preparation or increased mobility
in this region, resulting in a spuriously low value. The occupancy of tropomyosin is also
∼60% of the starting value, and this is consistent for all the isoforms. Because the 40% loss
of tropomyosin is unlikely, this low occupancy could again be due to the mobility of
tropomyosin molecules on the thin filament.

Discussion
Structure retrieval from X-ray diffraction data

In the present study, the structures of complexes between actin and S1 from various sources
were analyzed by means of X-ray fiber diffraction technique. The results allow direct
comparison of the isoform-dependent differences in the magnitude of ADP-induced structural
changes of S1 complexed with actin. The ADP-induced structural changes, notably the swing
of the LC domain, have been reported by using cryo-EM, which has recently experienced a
major technical progress in both data acquisition and processing (e.g., ref.26). As a tool for
analyzing the medium-to-low resolution structures of macromolecules, the fiber diffraction
technique has advantages over cryo-EM. The data collection is quick, and the effect of ligand
becomes immediately obvious on the computer screen. Internal control is readily obtained by
repeating exposure to the same specimen under different conditions. It is also suitable for
dynamic measurements (for an example of time-resolved measurement see ref.27). The major
drawback is the difficulty in the interpretation of diffraction patterns because only the
amplitude of the structure factor (Fourier transform of the diffracting object) is recorded.
Therefore the establishment of modeling procedures (i.e., building of real-space structure
models that best explain the diffraction data) is crucial.

Recently, various algorithms have been devised for ab initio restoration of real-space molecular
structures from the small-angle X-ray scattering profiles from “chaotically oriented” proteins
in solution (e.g., refs.28,29). Without knowledge about pre-existing structural information,
these algorithms use arbitrarily packed assemblies of pseudo-atoms as starting models, and
refine the structures by using a genetic or simulated-annealing algorithm. The refined structures
show a remarkable matching with crystal structures. Even in these cases, incorporation of pre-
existing structural information into starting models accelerates convergence. In this respect,
the situation with acto-S1 complexes is much more favorable, because of the knowledge about
the symmetry according to which the molecules are arranged, the crystal structures of
constituent molecules and the parts of the molecules that are likely to move. Although based
on a less-sophisticated least-squares algorithm, our fitting procedure was able to achieve
reasonable convergence with R-factors of 12∼15%. The retrieved structures are generally
consistent with the cryo-EM structures reported earlier, in the behavior of both the LC domain
and the 50K cleft.

Relation to earlier studies
Of the five myosin-II isoforms analyzed here, two have been studied extensively in the context
of structural change upon ADP binding: fast-skeletal and smooth muscle isoforms. The
insensitivity of the fast-skeletal isoform to ADP is consistent with many previous results
(references cited in Results) in that the LC domain shows little axial swing and the 50K cleft
remains closed. However, the present results raise a possibility that the LC domain may swing
azimuthally. In the discrepancy contour of LC angles (Figure 8), the azimuthal angles of LC
domain in the apo- and ADP forms seem stable and are confined to narrow ranges. On the other
hand, the axial angles are more widely spread in both forms. This feature is shared by other
isoforms, and may indicate the greater mobility of the LC domain in the axial (a little skewed)
direction.
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Although the present results for the fast-skeletal isoform are consistent with many other studies
using S1, a number of papers have reported larger structural changes of the fast-skeletal
isoform. These include X-ray diffraction studies13,14,30 and an electron-microscopic study.
31 These studies use muscle fibers with full filament overlap, or heavy meromyosin preparation
in which the two heads of a myosin molecule are connected in the C-terminal part. As has been
discussed,30 the difference may come from the connection of the LC domain to the thick
filament backbone, or at least the subfragment-2 portion that unites the two heads, as they could
mechanically influence the LC-domain orientation. This explanation would be plausible in the
light of differential molecular stiffness in different ligand states (see below).

As for the smooth muscle isoform, a large swing (23°) has been reported from the cryo-EM
studies, resulting in a 3.5 nm movement at the C-terminal end of the S1 molecule.7 The value
obtained in the present study is 29°, and is comparable to the published data. However, the
minima of discrepancy in the contour map for the ADP form (Figure 8) is widely spread in the
axial direction with a number of shoulders (although not apparent in the figure). This suggests
that in the ADP form, the LC domain is highly mobile, and this may account for the loss of
lattice sampling in ALL's except for the 1st ALL.

In addition, it has been reported that the 50K cleft opens upon ADP binding.9 Although our
results do not confirm this, we do observe such behavior in non-muscle isoforms. In these
isoforms, the LC-domain angle is much more stabilized in a swung-out configuration than in
the smooth muscle isoform (Figure 8). If the closure/opening of the 50K cleft is coupled with
the LC-domain swing, the more variable LC angles of the smooth muscle isoform could conceal
the movement of the 50K cleft.

Magnitude of the LC-domain swing and its significance
Besides the fast-skeletal and smooth muscle isoforms, we were able to determine the swing
angles of cardiac/slow-skeletal and non-muscle IIA and IIB isoforms. The results show that
the magnitude of swing increases in the order of fast-skeletal < cardiac/slow-skeletal < smooth
< non-muscle IIA ≈ IIB.

Initially, the swing of the LC domain was considered in the context of an additional mechanism
for force production, because the direction of swing upon release of ADP agrees with the
direction of power stroke. The observation in in vitro motility assays that the unitary
displacement of smooth muscle S1 occurs in two steps32 seemed to support this view.
However, the mechanics study did not show a drop of force of smooth muscle strips upon
addition of ADP as it should if reversing the second power stroke.33 It is also argued that the
swing upon ADP release cannot be a second power stroke because the step is not coupled with
a large drop in free energy as in the Pi release step. Alternatively, it has been proposed that the
swing is a device for assuring economic force maintenance in slow myosin isoforms.34 It has
been reported that the rate of ADP release is slow enough to limit the rate of dissociation of
myosin isoforms from actin.35 Because the role of slow isoforms is to maintain force with
small energy expenditure rather than sliding, the slow isoforms should keep their bound ADP,
and the swing of the LC domain serves as a mechanosensitive device to provide an energy
barrier against releasing ADP. This argument predicts that the affinity of respective isoforms
for ADP is intimately related to the angle of LC-domain swing. Do the present results support
the prediction?

The affinities of acto-S1 complex for ADP were determined here, and the values are generally
consistent with published results. According to these, the cardiac/slow-skeletal isoform has a
higher affinity for ADP than the smooth muscle isoform. The cardiac/slow-skeletal isoform
does swing its LC domain, but its magnitude is by no means greater than that of the smooth
muscle isoform. The two non-muscle isoforms have greater ADP affinities than the smooth
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muscle isoform, and the affinity of the IIB isoform is about three times greater than that of the
IIA isoform. Both nonmuscle isoforms show a greater LC swing than the smooth muscle
isoform, but the magnitudes of LC swing of IIA and IIB isoforms are similar (The two isoforms
exhibit contrasting kinetic properties, as mentioned earlier). In addition, the Dictyostelium (a
primitive eukaryote with a single myosin II gene38) myosin II is believed to have a relatively
low affinity for ADP39 and is not expected to swing its LC domain, but our unpublished X-
ray diffraction data suggest that it does. In terms of homology in amino acid sequences, the
smooth muscle isoform is close to the non-muscle isoforms and these three isoforms form a
cluster of “ancestral” proteins while the fast-skeletal isoform is distant, and the cardiac/slow-
skeletal isoform is associated with it (based on the multiple-alignment tool provided by Protein
Information Resource, Georgetown University, USA). Therefore, at present it seems that the
swing angle of the LC domain is more related to the “phylogeny” of myosin isoforms rather
than ADP affinity.

Nevertheless, these observations are not in conflict with the published argument,34 if the
elasticity or stiffness of S1 is different in rigor and in ADP forms. The present results suggest
that the mobility of the LC domain is generally different in apo and ADP forms (Figure 8), and
especially the ADP form of smooth muscle S1 shows greater mobility than its apo form. This
is in agreement with the mechanics observation that the stiffness of smooth muscle strips
decreases upon addition of ADP.33 If so, it is possible to create a large free energy penalty in
releasing ADP during tension maintenance (i.e., high ADP affinity) without making a
corresponding difference in LC swing angles. In this respect, more mechanical characterization
of each isoform, including in vitro motility assays, would be informative in further clarifying
this point.

After all, based on the thermodynamic considerations,34 an effective way of increasing the
shortening velocity would be to increase the dissociation constant for ADP above its
intracellular level, and making the LC angle insensitive to ADP binding (This ensures that
ADP dissociates from myosin at any strain). The fast-skeletal isoform might have evolved
along this line, by directing the LC domain midway between the apo- and ADP angles for those
ancestral isoforms (see Table 1 and Fig. 8; see also ref.10). Whether this scheme of evolution
can be generalized to other fast myosins (e.g., flight muscle myosin of Drosophila36 and
unconventional plant myosins37) awaits further studies.

Behavior of the 50K cleft
The present results did not provide evidence that ADP binding opens the 50K cleft of fast-
skeletal or cardiac isoforms complexed with actin. In contrast, ADP binding seems to open at
least partially the 50K cleft of non-muscle isoforms, and the same has been reported to occur
in the smooth muscle isoform.9 Again, the behavior of the 50K cleft seems to follow the
“phylogeny” of myosin isoforms; the characteristic is shared by these three “ancestral”
isoforms. This cleft movement is considered responsible for the nucleotide-induced myosin
dissociation from actin.26,38 In this respect, it is worth noting that these three isoforms remain
relatively strongly bound to actin after binding ADP, while ADP binding to fast-skeletal S1
certainly reduces the binding constant of S1 for actin (e.g., refs.38,40). Possible explanations
for this apparent contradiction would be that (1) the stereospecific interaction between the
lower 50K domain and actin has a greater contribution to the acto-S1 affinity, and (2) acto-
fast-skeletal or cardiac S1 has a stronger tendency to be destabilized by an open cleft, so that
the cleft remains closed as long as S1 is strongly bound to actin.

Conclusion
The present study has established a procedure to retrieve low-resolution structures of acto-S1
complexes from their X-ray fiber diffraction data, and the procedure has proven equally
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effective for all the myosin-II species tested. The retrieval has revealed that the conventional
myosin-II isoforms show wide variations in ligand-dependent structural changes. The mobility
of movable parts can also be assessed. With data acquisition in seconds and the retrieval of a
single structure overnight, X-ray fiber diffraction can now serve as a powerful tool for obtaining
a quick structural glance of unknown myosin isoforms, and for assessing the structural basis
of disease-causing mutations on known myosin isoforms.

Materials and Methods
Proteins

The rabbit fast-skeletal S1 was prepared from the fast skeletal muscles of Japanese White rabbit
by the method based on Margossian and Lowey41 by papain digestion of myosin, as described.
20 The S1 from the cardiac/slow-skeletal isoform was obtained from either cardiac or soleus
muscle from the same strain by the method identical to that for the fast-skeletal S1. Smooth
muscle myosin was prepared from chicken gizzard, freshly obtained from a local poultry
slaughterhouse, by the method published previously.42,43 The obtained myosin was papain-
digested to obtain S1, and a higher concentration of papain was needed than for fast-skeletal
S1. In all cases, the digestion was terminated by adding antipain (Sigma-Aldrich), and the S1
was finally purified by gel-filtration (Superdex 200 HR 10/30, Pharmacia). The non-muscle
isoforms were expressed in a baculovirus expression system, as described,15,16 and were
stored in liquid nitrogen until use.

Preparation of specimens for X-ray diffraction
The S1 prepared as describe above was diffused into an array of ∼30 overstretched, skinned
rabbit psoas muscle fibers in the absence of nucleotide, as described.20,27 The concentration
of S1 in the loading solution was usually 2 mg/ml or more, as this concentration is necessary
for effective labeling.44 The loading was usually done for more than 24 hr. After this, the
loading solution was replaced by a rigor solution45 which did not contain S1. The apo patterns
were recorded in this solution. In addition, the solution to record ADP patterns contained up
to 1 mM of ADP, 2 mM MgCl2, 250 μM AP5A , 1 mg/ml glucose and 170 U/ml hexokinase
(Sigma-Aldrich).

X-ray diffraction recording
The method for X-ray diffraction recording was as described before.20 Briefly, X-ray
diffraction patterns were recorded at the BL45XU beamline (small-angle scattering station) of
SPring-8,46 by using a cooled CCD (charge-coupled device) camera (C4880, Hamamatsu
Photonics, 1000 × 1018 pixels) in combination with an X-ray image intensifier (V5445P,
Hamamatsu Photonics). The wavelength was either 0.1 or 0.09 nm, and the specimen-to-
detector distance was ∼2 m. To compensate for the relatively small dynamic range of the
detector, absorber masks made of aluminum and copper were placed at the center of the image
intensifier. The exposure time was ∼2 s, and usually several to tens of patterns were summed
to obtain a final image to be analyzed. The four quadrants of the image were folded after
correction for the fiber inclination, and the background was subtracted as described.47

Retrieval of low-resolution 3D structures
As briefly stated in Results, the process of structure retrieval consisted of three steps of fitting.

The first step was to modify the α-carbon backbone of the starting structure (Lorenz docking
model for actin and chicken fast-skeletal S1,24 downloaded from Dr. M. Lorenz's public
domain server http://ergo.mpimf-heidelberg.mpg.de/∼michael/. This model is based on the
published coordinates of actin48 and chicken fast-skeletal S11) so that it gave the best-fit
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(lowest R-factor) intensity profiles of ALL's. A segment of tropomyosin was added to the
structure.47 The fitted parameters were the swing of the LC domain and the upper 50K domain
of S1, the rotation of the whole S1 molecules around its long axis, and the relative occupancies
of the two light chains and the tropomyosin segment. The LC domain was made to swing
around the two hinges of the “converter” domain, i.e., Gly699 and Gly710.49 The swing angle
of the segment between the two glycines was set to half of that of the LC domain. The upper
50K domain was made to swing around Gly466. The axis for rotation of the whole S1 was the
line connecting Arg371 and Lys843. The angles and the occupancies were repeatedly adjusted
in 1° and 1% steps, respectively, until no more improvement was obtained in the R-factor. At
this stage, the fit between the observed and calculated intensity profiles was generally poor.

In the second step of fitting or refinement, the mass of the best-fit α-carbon backbone structure
was redistributed into a 3D matrix (voxels; 3D analogy of pixels in 2D diagram) as an assembly
of beads or “dummy atoms”. The voxel size (or the minimum center-to-center distance between
two beads) was 0.8 × 0.8 × 0.8 nm. With this voxel size, the mass of S1 was distributed to
∼710 beads. Then in an iterative procedure, the spatial distribution of the beads was altered
by transferring a fraction of mass of a bead to another randomly selected bead or an empty
voxel within the matrix. A transfer that yielded a better R-factor was adopted. This was repeated
until the success rate decreased to a preset level. The beads representing the actin and
tropomyosin molecules were left untouched. To incorporate the effect of imperfect lattice
sampling, each reflection was expressed as a linear combination of a continuous function and
a set of discrete sampling peaks, each of which having a finite Gaussian spread. This treatment
is of empirical nature, and not based on assessment of the extent of lattice imperfectness. Both
the fractions of continuous and sampled components and the unit cell size were parameters to
be fitted in the second step. A total of six independent calculation runs were performed for
each diffraction pattern, and the obtained structures showed a reasonable degree of consistency
(see below; Table 4).

This part of fitting may be similar to other ab initio fitting programs that use dummy atoms.
A problem inherent in this type of programs is that they tend to create a variety of structures,
some of which are obviously unrealistic but equally give low R-factors. These unrealistic
structures generally show excessive projections or isolated densities. To prevent such features
from developing, the program used here was coded so that isolated masses were not created,
and a mass transfer that increased the surface area was penalized. Even so, a projection could
eventually pinch off and inadvertently create an isolated mass in the course of fitting, as seen
in some of the pictures in Figures 6 and 7.

The structure obtained at the end of this process was an envelope of mass of protein that best
explained the diffraction data, and the fit between the observed and calculated intensity profiles
was as shown in Figure 2.

The third step was to redefine the α-carbon backbone structure of S1 that best explained the
envelope determined in the second step. The LC domain angle and other parameters as
determined in the first step were further adjusted so that the difference between the backbone
structure and the envelope was minimized.

In the first and the second steps, the structure factor of the protein mass was calculated by
performing two-dimensional fast Fourier transform, after projecting the mass of the decorated
actin onto a plane. The cutoff spacing for fitting, which defined the spatial resolution, was 4
nm−1. The software used for fittings was written in-house, and was run on Pentium 4- or
Pentium D-based personal computers (Dell Co.). The CPU time needed for a single calculation
in the second step (consisting of ∼1,200 successful iterations) was usually one day on a
Pentium-D, when two executable programs were run independently. The molecular graphics
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in Figures 6 and 7 were created by using an executable version of PyMol (DeLano Scientific),
and the graphics of discrepancy contour map (Figure 8) were created by using Origin
(OriginLab Corp.)

Evaluation of reproducibility in calculations
To evaluate the reproducibility of calculated results in the second step, the cross-correlated
normalized spatial discrepancy (NSD)50 was calculated for all possible combinations within
the results from six independent calculation runs by using a program package DAMAVER.
51 The NSD values were calculated for the S1 part alone. NSD has been proposed as a measure
of superposability of two structures, and it generally fell within the range of 0.4-0.5 in the
present calculations (Table 4). An NSD value of 0.6 or less is regarded to indicate overall
similarity of models.51 None of the calculated structures fell outside the range of the mean ±
2SD (standard deviation).
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Figure 1.
X-ray diffraction patterns from the complex between actin and myosin S1 from various sources.
(a,b) rabbit fast-skeletal; (c,d), rabbit cardiac/slow-skeletal; (e,f), chicken gizzard smooth;
(g,h), human non-muscle IIA; (i,j), human non-muscle IIB. (a,c,e,g,i), apo form (in the absence
of nucleotide); (b,d,f,h,j), ADP form. The apo and ADP patterns were recorded from identical
specimens. The four quadrants of the patterns have been folded, and the background scattering
has been subtracted. The ring-like lines around the center are due to the correction for the
aluminum mask placed in front of the detector to attenuate the intense part of the pattern. The
yellowish part of the 1st ALL is the area of excessively high intensity.
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Figure 2.
Intensity profiles of major ALL's in the absence and presence of ADP. (a), rabbit fast-skeletal;
(b), rabbit cardiac/slow-skeletal; (c), chicken gizzard smooth; (d), human non-muscle IIA; (e),
human non-muscle IIB. Dots, observed intensities (Figure 1); curves, intensities calculated
from the fitted structures (Figure 6). Blue, apo form; red, ADP form. The vertical scale for the
1st ALL is 1/10 of that for other ALL's.
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Figure 3.
The dependence of the intensity of the 5th ALL on ADP concentration. (a), rabbit cardiac/
slow-skeletal; (b), chicken gizzard smooth; (c), human non-muscle IIA; (d); human non-muscle
IIB. The intensity is the square root of the increment above the level of apo pattern and
normalized to the maximal change. The line is the best-fit one-site binding function (hyperbola)
y = x / (Kd + x), where x is the concentration of ligand and Kd is the dissociation constant.
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Figure 4.
Diffraction pattern from ghost fibers (skeletal muscle fibers pretreated with a high-ionic
strength relaxing solution to extract endogenous myosin) into which chicken gizzard S1 was
diffused. Note that as in the case of non-extracted fibers, the 1st ALL shows the sampled peaks
originating from the hexagonal lattice of filaments.
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Figure 5.
Expected positions of crystallographic reflections due to lattice sampling. Example of human
non-muscle IIA, which shows different sampling patterns depending on the absence or
presence of ligand. (a), apo form; (b), ADP form. The numbers at the top of each figure
represent the crystallographic indices h and k, and those on the right represent the layer line
numbers (l). The boxes are the positions of reflections allowed by the selection rule. The
observed peaks in patterns (a) and (b) are best explained by 54/25 and 13/6 helical symmetries
of actin, respectively.
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Figure 6.
Side-view envelope of densities of the refined acto-S1 structures (surface representation in
blue, orange and pale yellow), and the best-fit α-carbon backbone structure (stick
representation). (a), rabbit fast-skeletal; (b), rabbit cardiac/slow-skeletal; (c), chicken gizzard
smooth; (d), human non-muscle IIA; (e), human non-muscle IIB. Left column, overlay of the
density of the apo structure and the backbone; middle column, superposition of the density of
the ADP structure and the backbone; right column, superposition of the apo (green) and ADP
(purple) backbones. The parts of the backbones in which the apo and ADP structures perfectly
coincide with each other are represented in purple (the ADP color). The blue, orange and pale
yellow parts of the envelope represent S1, actin and tropomyosin, respectively. The envelope
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shows the 25% level of the maximal density of the original structure. The fit between the
envelope and the backbone may not seem excellent, but this is because the backbone is the one
which shows the lowest discrepancy (see Figure 8), not the average. The graphics were created
by PyMol.
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Figure 7.
End-on-view envelope of densities of the refined acto-S1 structures and the best-fit α-carbon
backbone structure. The data are presented in the same way as in Figure 6. The upper 50K
domain is marked by a sky-blue ellipse in (a).
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Figure 8 .
Discrepancy contour maps of LC-domain orientations. (a), rabbit fast-skeletal; (b), rabbit
cardiac/slow-skeletal; (c), chicken gizzard smooth; (d), human non-muscle IIA; (e), human
non-muscle IIB. Left column, apo structure; right column, ADP structure. The summed
difference between the refined mass distribution and the mass directly calculated from the α-
carbon backbone obtained from the crystal structure (see Figure 6) is presented as a function
of the axial (Z) and azimuthal (X) angles of LC-domain swing, with 0° being the angle of the
original Lorenz docking model for fast-skeletal S1.24 The angles which give the lowest
discrepancy (in cyan) coincide with the angles of the backbone structures shown in text-Figures
6 and 7. Although the lowest-discrepancy angles are relatively well-defined, the valley of
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discrepancy tends to spread in axial direction, reflecting the spread of density of the LC domain
in the refined structure (the envelopes in Figure 6).
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Surface-rendered 3D structures of complexes between F-actin and myosin-II subfragment-1
from various vertebrate sources, either in the presence or absence of ADP, as retrieved from
X-ray fiber diffraction patterns (created by UCSF Chimera).

Iwamoto et al. Page 24

J Mol Biol. Author manuscript; available in PMC 2008 May 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Iwamoto et al. Page 25
Ta

bl
e 

1
Fi

tte
d 

pa
ra

m
et

er
s

So
ur

ce
lig

an
d

L
C

 (Z
)

L
C

 (X
)

50
K

 (Z
)

50
K

 (X
)

S1
 ϕ

un
it 

ce
ll 

(n
m

)
R

-fa
ct

or
 (%

)

Sk
el

et
al

no
ne

2
5

3
−5

−3
40

.0
14

.1
 ±

 0
.2

A
D

P
−5

17
0

−1
4

0
40

.0
15

.1
 ±

 0
.3

Δ 
= 
−7

Δ 
= 

12
Δ 

= 
−3

Δ 
= 
−9

Δ 
= 

3
C

ar
di

ac
no

ne
−1

2
16

3
−1

3
−1

39
.0

13
.9

 ±
 0

.2
A

D
P

6
19

1
−1

9
−1

39
.2

13
.2

 ±
 0

.2
Δ 

= 
18

Δ 
= 

3
Δ 

= 
−2

Δ 
= 
−6

Δ 
= 

0
G

iz
za

rd
no

ne
−1

6
24

4
−1

6
−5

41
.2

13
.1

 ±
 0

.3
A

D
P

13
13

6
−1

1
−1

2
41

.2
13

.2
 ±

 0
.2

Δ 
= 

29
Δ 

= 
−1

1
Δ 

= 
2

Δ 
= 

5
Δ 

= 
−7

II
A

no
ne

−1
6

18
2

−1
8

−2
39

.8
14

.8
 ±

 0
.3

A
D

P
20

6
3

−9
−1

42
.2

13
.6

 ±
 0

.4
Δ 

= 
36

Δ 
= 
−1

2
Δ 

= 
1

Δ 
= 

9
Δ 

= 
1

II
B

no
ne

−1
6

13
−3

−2
4

1
39

.6
14

.2
 ±

 0
.2

A
D

P
19

1
2

−1
3

0
41

.9
13

.3
 ±

 0
.3

Δ 
= 

35
Δ 

= 
−1

2
Δ 

= 
5

Δ 
= 

11
Δ 

= 
−1

LC
 a

nd
 5

0K
 re

fe
r t

o 
an

gl
es

 o
f s

w
in

g 
of

 th
e 

lig
ht

 c
ha

in
 d

om
ai

n 
an

d 
th

e 
up

pe
r 5

0K
 d

om
ai

n,
 re

sp
ec

tiv
el

y.
 Z

 a
nd

 X
 re

fe
r t

o 
th

e 
ax

ia
l a

nd
 a

zi
m

ut
ha

l d
ire

ct
io

ns
. S

1 
ϕ

 re
fe

rs
 to

 th
e 

an
gl

e 
of

 ro
ta

tio
n 

of
 th

e
w

ho
le

 S
1 

m
ol

ec
ul

e 
ar

ou
nd

 it
s l

on
g 

ax
is

. T
he

 a
ng

le
s a

re
 re

la
tiv

e 
to

 th
e 

va
lu

es
 fo

r t
he

 o
rig

in
al

 L
or

en
z 

do
ck

in
g 

m
od

el
 fo

r f
as

t-s
ke

le
ta

l S
1.

 U
ni

t c
el

l s
iz

e 
re

fe
rs

 to
 th

at
 o

f t
he

 su
pe

rla
tti

ce
 fo

rm
ed

 b
y 

th
e

th
in

 fi
la

m
en

ts
 o

f s
ke

le
ta

l m
us

cl
e 

fib
er

s (
se

e 
te

xt
 fo

r d
et

ai
ls

), 
an

d 
th

e 
va

lu
es

 w
er

e 
de

te
rm

in
ed

 in
 th

e 
co

ur
se

 o
f i

te
ra

tiv
e 

re
fin

em
en

t p
ro

ce
ss

. T
he

 R
-f

ac
to

r i
s e

xp
re

ss
ed

 a
s t

he
 m

ea
n 

fr
om

 si
x 

in
de

pe
nd

en
t

ru
ns

 ±
 st

an
da

rd
 d

ev
ia

tio
n 

(%
), 

w
he

re
 R

-f
ac

to
r =

 (∑
∥F

ob
s| 
− 

|F
ca

lc
∥)

 / 
∑

|F
ob

s|,
 a

nd
 F

ob
s a

nd
 F

ca
lc

 a
re

 th
e 

ob
se

rv
ed

 a
nd

 c
al

cu
la

te
d 

st
ru

ct
ur

e 
fa

ct
or

s, 
re

sp
ec

tiv
el

y.

J Mol Biol. Author manuscript; available in PMC 2008 May 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Iwamoto et al. Page 26
Ta

bl
e 

2
A

dd
iti

on
al

 fi
tte

d 
pa

ra
m

et
er

s n
ot

 li
st

ed
 in

 T
ab

le
 1

.

So
ur

ce
lig

an
d

R
L

C
E

L
C

T
M

C
on

t(1
)

C
on

t(2
)

C
on

t(3
)

C
on

t(4
)

C
on

t(5
)

C
on

t(6
)

C
on

t(7
)

Sk
el

et
al

rig
or

0.
55

0.
99

0.
6

0.
49

0.
68

0.
59

0.
82

0.
74

0.
5

0.
6

A
D

P
0.

5
0.

99
0.

56
0.

63
0.

87
0.

78
0.

74
0.

72
0.

58
0.

84
C

ar
di

ac
rig

or
0.

5
0.

99
0.

6
0.

44
0.

66
0.

53
0.

55
0.

66
0.

63
0.

85
A

D
P

0.
88

0.
88

0.
6

0.
48

0.
89

0.
61

0.
58

0.
93

0.
69

0.
67

G
iz

za
rd

rig
or

0.
73

1
0.

58
0.

44
0.

72
0.

5
0.

99
0.

77
0.

56
0.

74
A

D
P

0.
84

0.
71

0.
48

0.
59

0.
92

1
1

1
1

0.
72

II
A

rig
or

0.
66

0.
99

0.
6

0.
29

0.
67

0.
69

0.
75

0.
78

0.
61

0.
7

A
D

P
0.

85
0.

9
0.

6
0.

34
0.

74
1

1
1

0.
73

0.
81

II
B

rig
or

0.
74

1
0.

58
0.

24
0.

51
0.

76
0.

58
0.

93
0.

96
0.

77
A

D
P

0.
99

0.
96

0.
6

0.
27

0.
58

1
1

1
0.

66
0.

5

Pa
ra

m
et

er
s f

itt
ed

 in
 th

e 
th

ird
 st

ep
 a

nd
 n

ot
 li

st
ed

 in
 T

ab
le

 1
 a

re
 li

st
ed

 h
er

e.
 C

on
t r

ef
er

s t
o 

th
e 

fit
te

d 
fr

ac
tio

n 
of

 th
e 

co
nt

in
uo

us
 c

om
po

ne
nt

 o
f A

LL
 v

er
su

s s
am

pl
ed

 c
om

po
ne

nt
. T

he
 n

um
be

r i
n 

th
e

pa
re

nt
he

se
s r

ef
er

s t
o 

th
e 

la
ye

r l
in

e 
nu

m
be

r (
ba

se
d 

on
 1

3/
6 

sy
m

m
et

ry
 o

f a
ct

in
).

J Mol Biol. Author manuscript; available in PMC 2008 May 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Iwamoto et al. Page 27
Ta

bl
e 

3
Pa

ra
m

et
er

s b
ef

or
e 

re
fin

em
en

t

So
ur

ce
lig

an
d

L
C

(Z
)

L
C

(X
)

50
K

(Z
)

50
K

(X
)

S1
 ϕ

R
L

C
E

L
C

T
M

Sy
m

m
et

ry

Sk
el

et
al

rig
or

2
4

0
−6

−3
0.

46
0.

7
0.

6
54

/2
5

A
D

P
2

12
−4

−1
4

0
0.

5
0.

7
0.

56
54

/2
5

C
ar

di
ac

rig
or

−2
8

4
−1

2
−1

0.
68

0.
78

0.
6

54
/2

5
A

D
P

4
16

4
−8

−1
0.

74
0.

86
0.

6
54

/2
5

G
iz

za
rd

rig
or

−6
14

4
−1

2
−5

0.
74

0.
84

0.
58

54
/2

5
A

D
P

6
14

2
−1

6
−1

1
0.

56
0.

66
0.

48
54

/2
5

II
A

rig
or

−6
8

0
−1

4
−2

0.
7

0.
8

0.
6

54
/2

5
A

D
P

12
4

4
−2

−1
0.

78
0.

88
0.

6
13

/6
II

B
rig

or
−6

6
−6

−2
4

1
0.

72
0.

82
0.

58
54

/2
5

A
D

P
12

4
2

−8
−1

0.
8

0.
88

0.
6

13
/6

Th
e 

va
lu

es
 o

bt
ai

ne
d 

in
 th

e 
fir

st
 st

ep
 (b

ef
or

e 
re

fin
em

en
t) 

ar
e 

lis
te

d 
he

re
. R

LC
, E

LC
, a

nd
 T

M
 re

fe
r t

o 
th

e 
re

la
tiv

e 
oc

cu
pa

nc
y 

of
 re

gu
la

to
ry

 a
nd

 e
ss

en
tia

l l
ig

ht
 c

ha
in

s a
nd

 tr
op

om
yo

si
n 

ch
ai

n,
 re

sp
ec

tiv
el

y.
Sy

m
m

et
ry

 re
fe

rs
 to

 th
at

 o
f F

-a
ct

in
 th

at
 b

es
t e

xp
la

in
s t

he
 la

tti
ce

 sa
m

pl
in

g 
pa

tte
rn

 o
f A

LL
's 

(d
et

er
m

in
ed

 b
y 

vi
su

al
 in

sp
ec

tio
n 

of
 th

e 
di

ff
ra

ct
io

n 
pa

tte
rn

).

J Mol Biol. Author manuscript; available in PMC 2008 May 25.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Iwamoto et al. Page 28

Table 4
cross-correlated normalized spatial discrepancy (NSD)50

source and ligand NSD ± SD (n = 15)

Skeletal-rigor 0.463 ± 0.051
Skeletal-ADP 0.440 ± 0.027
Cardiac-rigor 0.539 ± 0.044
Cardiac-ADP 0.445 ± 0.046
Gizzard-rigor 0.421 ± 0.015
Gizzard-ADP 0.507 ± 0.077

IIA-rigor 0.448 ± 0.024
IIA-ADP 0.398 ± 0.006
IIB-rigor 0.478 ± 0.071
IIB-ADP 0.421 ± 0.044

SD is the standard deviation.
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