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ABSTRACT A model of cross-bridges binding to actin in the weak binding A�M�ATP state is presented. The modeling was
based on the x-ray diffraction patterns from the relaxed skinned rabbit psoas muscle fibers where ATP hydrolysis was
inhibited by N-phenylmaleimide treatment (S. Xu, J. Gu, G. Melvin, L. C. Yu. 2002. Biophys. J. 82:2111–2122). Calculations
included both the myosin filaments and the actin filaments of the muscle cells, and the binding to actin was assumed to be
single headed. To achieve a good fit, considerable flexibility in the orientation of the myosin head and the position of the
S1-S2 junction is necessary, such that the myosin head can bind to a nearby actin whereas the tail end was kept in the
proximity of the helical track of the myosin filament. Hence, the best-fit model shows that the head binds to actin in a wide
range of orientations, and the tail end deviates substantially from its lattice position in the radial direction (�60 Å). Surprisingly,
the best fit model reveals that the detached head, whose location thus far has remained undetected, seems to be located
close to the surface of the myosin filament. Another significant requirement of the best-fit model is that the binding site on
actin is near the N terminus of the actin subunit, a position distinct from the putative rigor-binding site. The results support
the idea that the essential role played by the weak binding states M�ATP7 A�M�ATP for force generation lies in its flexibility,
because the probability of attachment is greatly increased, compared with the weak binding M�ADP�Pi7 A�M�ADP�Pi states.

INTRODUCTION

It is well established that the energy source of muscle
contraction is ATP hydrolysis by actomyosin. The generally
accepted biochemical scheme of intermediate states in the
catalytic cycle is (Scheme 1):

Where M � myosin and A � actin. For those states of
myosin with bound ATP or hydrolysis products (A�M�ATP
or A�M�ADP�Pi), the affinity between actin and myosin is
low (the weak binding states); for those states without
nucleotide or with ADP (A�M or A�M�ADP), the affinity is
greatly increased (the strong binding states). It is thought
that force is generated in the transition of weakly to strongly
bound states (Eisenberg and Hill, 1985).

As the function of muscle is to convert the chemical
energy from ATP hydrolysis to generate physical displace-
ment, some structural changes at the molecular level have
been expected. Therefore, it is critical to follow structural
changes in myosin and actin as hydrolysis proceeds through
its cycle.

The atomic structures of the myosin head (S1) have
revealed ligand-dependent differences which may very well
correspond to changes induced by ATP hydrolysis in the
actomyosin complex (Rayment et al., 1993a, 1996; Fisher et
al., 1995; Smith and Rayment, 1996; Dominguez et al.,
1998; Houdusse et al., 1999, 2000). However, crystal struc-
tures of S1 and the actin monomer alone do not necessarily
reveal the in vivo structural changes that lead to force
generation. It has been recognized that to generate force,
some strain (hence some structural distortion) must be sus-
tained by the links formed by the cross-bridges between the
filaments. Because of the mismatch between the periodici-
ties of the filaments, there is a distribution of strains sus-
tained by the links. Therefore, a technique that can provide
information about the distributions and orientations of the
cross-bridges in the filament lattice during ATP hydrolysis
is critical. X-ray diffraction from permeabilized muscle
cells, the technique used in the present study, is one of the
few techniques that reveal the structures as they occur in
muscle cells, albeit at relatively low resolution.

Previously, we have shown that with myosin not attached
to actin, among the four intermediate states (Scheme 1),
only the state M�ADP�Pi exhibits a well ordered myosin
filament structure; the myosin heads are arranged in an
helical array surrounding the filament backbone (Xu et al.,
1997, 1999). The other detached states exhibit a highly
disordered structure. For the states involving actin-myosin
interactions, the high-affinity states of A�M (rigor state) and
A�M�ADP have been studied extensively and well charac-
terized (e.g., Huxley et al., 1967; Kim et al., 1998). The
myosin heads in these states are attached to actin in a
uniform orientation with respect to the actin filaments.

Considerable information is available on the structural,
biochemical, and mechanical properties of the two weakly
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bound states A�M�ATP and A�M�ADP�Pi. These two states
play a critical role in force generation. If they are blocked,
force can not be generated (Brenner et al., 1991; Kraft et al.,
1995), even though in a relaxed muscle under physiological
conditions, the population of weakly attached cross-bridges
is estimated to be �10%. Thus far, however, structural and
mechanical studies on the weakly bound states have been
obtained from a mixture of the two states in a relaxed
muscle. Because ATP hydrolysis brings about a change in
the myosin filament structure (Xu et al., 1999) and in the
actin-myosin affinity (White et al., 1997), it is highly prob-
able that the structures of these two attached states are
distinct.

Because of their fast kinetics, it has been difficult to
distinguish between the two weakly bound states. However,
when the myosin is reacted with N-phenylmaleimide, ATP
hydrolysis is inhibited (Barnett et al., 1993; Xu et al., 1998;
Xie et al., 1999), i.e., in the presence of MgATP, the myosin
is kept only in the state with bound ATP. This intervention
enabled us to isolate the A�M�ATP and M�ATP from the rest
of the cycle. We have obtained x-ray diffraction data from
rabbit psoas muscle chemically modified by N-phenylma-
leimide (Xu et al., accompanying paper). The purpose of
this paper is to model the filament lattice in the A�M�ATP
state based on the experimental data obtained by Xu et al.
(2002).

With the assumption that only one head of the cross-
bridge is attached to actin at any given time and the shape
of S1 following that of Rayment et al. (1993), the present
modeling requires that there is a wide range of orientation of
the attached myosin head with respect to the actin filament.
The unbound head, on the other hand, appears to be located
close to the myosin filament backbone. The end of the head
at the S1-S2 junction remains in the vicinity of the helical
track of the myosin filament, but there is a high degree of
fluctuation, mostly in the radial direction. Last, the binding
site on the actin subunit is at a higher radius than the
putative rigor-binding site (Rayment et al., 1993b; Schroder
et al., 1993; Mendelson and Morris, 1997).

Preliminary results have been presented previously (Gu et
al., 2000).

METHODS

During the course of this study, various assumptions were systematically
tried to fit the x-ray data. Initially, we investigated models with no
attachment (only ordering around the thick filament), and models with
uniform orientations for attachment. The results (see below) did not explain
the experimental data. Eventually, it was concluded that attachment orien-
tation could not be constrained to be uniform.

The main assumptions and calculation procedures used in the present
modeling are summarized as following: 1) the S1 was simplified from the
atomic structure (Rayment et al., 1993) and the attachment was single
headed (Appendix (a)); 2) 100% of the single myosin heads were attached
under the low ionic strength condition (Appendix (a) and (b)); 3) the
position of the binding site on actin was varied, but was the same for each
subunit (Appendix (c)). The binding site on myosin that binds actin was

defined by a small sphere corresponding to the heavy chain segment from
Pro529 to Lys553 in the crystal structure (Rayment et al., 1993a) (Appendix
(b)). The myosin site was not varied in the calculations; 4) the myosin
heads were constrained to bind to a nearby actin subunit (Appendix (d)),
forming a binding pair (Appendix (f)); for models A and B the nearest actin
subunit from the myosin lattice point was chosen to form “binding pairs.”
For model C, the actin subunit was selected at a distance closest to the
chord length of the myosin head (from the tail end to the binding site on the
motor domain, �137 Å). The orientation of the attachment was not
constrained. 5) The position of the myosin head on the helical track of the
thick filament, or the shape of the myosin head was adjusted to accom-
modate the various distances required by the binding pair. For model A: the
radial position R of the S1-S2 junction at the helical lattice point was
allowed to deviate �R whereas the shape of myosin head remained un-
changed; for model B, the myosin head changed its conformation approx-
imately at the converter region (Houdusse et al., 1999), such that the angle
(�) between the light chain binding domain and the binding site in the
motor domain was a variable (Fig. 1), but the position of the tail end was
kept at the helical lattice point; for model C, as in model A, binding was
accomplished by adjusting the radial position of the S1-S2 junction at the
myosin lattice point, while keeping the shape of S1 unchanged. 6) To
improve the fitting, some extra mass associated with the attached head was
found necessary, which was assumed to be the detached myosin head (H2)
(Appendix (f)).

Model parameters and calculation procedures are explained in detail in
Appendices (e), (h) and (i).

RESULTS

The calculated layer lines and the experimental data are
matched well (Fig. 2). The simulated diffraction pattern
from the model includes the six myosin layer lines
(MLL1 � MLL6) as well as the prominent actin layer lines.
For the case of 100% attachment (i.e., all the cross-bridges
are attached with one head), the R-factor, which is defined
as: R � (��Ical � Iexp�/�Iexp), for the six myosin-based layer
lines (MLL1 � MLL6) is 0.045; and for actomyosin layer
lines (ALL1 and ALL6) are 0.067 and 0.025.

Models with uniform attachment orientations can
not explain the experimental data

During the initial phase of the study, the possibility of a
model with uniform orientation for attachment was tested.
Regardless of the range of attachment angles used and the
position of the binding site, there was no contribution to the
myosin-layer line intensities and the actin-layer lines were
too strong (Fig. 3). Therefore, the orientation of the attach-
ment can not be uniform in the weak binding state of
A�M�ATP.

The binding site on actin for the A�M�ATP state

The first myosin-layer line (MLL1) has two peaks. Regard-
less of the models we used, the position of the first peak was
found to depend on the distance of the myosin heads from
the axis of the myosin filament. Because the myosin head is
connected to the actin subunit, the first peak is affected by
the position of the binding site on the actin filament. The
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best fitted profile of the MLL1 for the A�M�ATP state
requires a binding site at a radius of 45 � 2 Å from the axis
of the actin filament. The putative binding site on actin as
derived from fitting the S1 atomic structure into the mass
envelope of decorated actin filament in the electron mircro-
graph was at �26Å (Rayment et al., 1993b) or �30Å
(Mendelson and Morris, 1997) for the rigor state. The
putative binding site on actin was defined by us in the same
way as in our modeling, i.e., it is the position where the
binding sphere at the tip of the simplified myosin head
touches the actin surface.

In addition to the radial position being different from the
rigor site, other coordinates of the binding site also differed.
The clue came from the experimental observation that the
59 Å actin layer line (ALL6) is insensitive to weak binding
of cross-bridges (Fig. 7 in Xu et al., (2002); (Xu et al.,

1997)). The site in the cylindrical coordinates was required
to shift from the putative rigor site by: �r � 19 Å, �� �
38°, and �z � 23 Å, whereas there is a wide range of the
orientation of the bound myosin head (Fig. 4). Fig. 5 shows
the experimental data of the 59-Å layer line and the calcu-
lated data of the model. The modeled curve (Fig. 5, solid
line) almost overlaps the calculated curve (Fig. 5, dashed
line) of an actin filament with no heads attachment, i.e., the
modeled curve is insensitive to binding. Similar results were
obtained for all three models we considered.

As a contrast, the calculated profile of ALL6 (Fig. 5,
dashed-dot line) would be much stronger than the experi-
mental data (Fig. 5, dots) and would peak at a different
position, if the myosin heads were bound to the putative
rigor site even with the same wide range of attachment
orientations. If the myosin heads were to maintain the same

FIGURE 1 Schematic representations of the assumptions and parameters used in computations. The myosin head shape is based on the crystal structure
of S1 (Rayment et al., 1993a). Each head is modeled as 16 spheres with radii in the range of 9.37 to 17.60 Å (for details see Methods). The small sphere
in black denotes the binding sphere to actin (corresponding to the heavy chain segment from Pro529 to Lys553 in the S1 crystal structure). The actin filament
is calculated as left-handed close to 13/6 helix with a pitch of 361 Å. The monomer is composed of four spheres representing each domain of the actin
crystal structure (Kabsch et al., 1990; Squire et al., 1993). The length of filaments included in the calculations was 2165 Å (� 144.3 Å � 15 crowns for
the myosin filament and � 361 Å � 6 repeats for the actin filament); the lattice spacing d10 � 404.5 Å. It is assumed that only one of the two heads (H1)
of the cross-bridge is bound to actin forming a link between the filaments (a). The other head H2 is detached and tethered to H1 at the tail end. H1 binds
to an actin subunit at a specific site (the red small point on the surface of the actin monomer) with tilt angle � and slew angle � relative to the axis of the
actin filament (b and c). The specific site is located by (r � �r, � � ��, z � �z), in which the coordinates (r, �, z) are labeled to be at the rigor contact
point of the actin with attached myosin. The second head (H2) originates from the same position as H1 with slew angle � and tilt angle � to the plane
perpendicular to the filaments (b and c: side and projection views). Starting from every helical lattice point at R from the axis of the myosin filament, an
actin monomer is selected to form a binding pair. The search consisted of an area �216 Å in the axial direction and �60° in the azimuthal direction. Three
criteria were used: for models A and B, the nearest actin subunit from the myosin lattice point was chosen to form the binding pairs. For model C, instead
of the nearest neighbors, the actin subunit was selected at a distance closest to the chord length of the myosin head (from the tail end to the binding site
on the motor domain, �137 Å). Because of the mismatch of the periodicities of the filaments, the distances between the binding pairs differ from one
another. Three different adjustments were used to fit the myosin head into the lattice space. For model A, the radial position R of the S1-S2 junction at
the lattice point, initially at 95 Å from the axis of the myosin filament, is allowed to deviate from the helical track whereas the shape of myosin head remains
unchanged. For model B, H1 changes its conformation approximately at the converter region (Houdusse et al., 1999), such that the angle (�) is a variable
as shown in (d), but the position of the tail end is kept at 95 Å from the axis of the myosin filament. Model C lets the chord length of the myosin head
(�137 Å) select the corresponding actin for the binding pair. Subsequently, binding was accomplished by adjusting the radial position R of the S1-S2
junction at the myosin lattice point.
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uniform rigor orientation but bound at the weak binding site,
the profiles of ALL6 and ALL1 also become overly strong
and rigor-like (data not shown). Thus, the result on the
location of the binding site on actin for A�M�ATP is sup-
ported by the intensity distributions of the myosin and the
actin layer lines.

A more precise location of the binding site in the atomic
structure of actin can be derived by shifting the S1 in the
cylindrical coordinates with �r � 19 Å, �� � 38°, and
�z � 23 Å, respectively, with the rigor model of Rayment
et al. (1993b) as the origin. The weak binding site is shown
approximately to be near both the four residues at N-

terminal (Asp1 to Glu4) and the loop segment Ala97 to
Glu100 of actin. By examining the interface between S1 and
actin, a small loop from Pro543 to Thr546 of S1 is close to
both these regions of actin, whereas a large loop Gly627 to
Phe646 missing from the x-ray structure of S1 is also nearby
(Fig. 4 A). We could not model the missing loop because its
location is not known. However, our conclusion that the
binding interface of S1 is located at 45 Å from the axis of
the actin filament would place the missing loop within the
reach of the N terminus of actin.

The range of orientations of the bound
myosin heads

The ranges of attachment angles, in azimuthal angles (�),
and the axial spread for the three models are listed in Table
1. To fit the variable distances for the binding pairs, the
three models made different adjustments. For model A, the
radial distance (R � �R) of the center of the last sphere of
S1 ranged between 78 and 139 Å from the axis of the
myosin filament. For model B, with the head-tail junction
R � 95 Å which is the best fit, the range of angle � pivoted
at the converter domain within the myosin head was be-
tween 78 and 156°. For model C, the radial position from
the helical track ranged between 91 and 146 Å.

Extra mass associated with the attached
myosin head

The MLL1 has two peaks at 0.0033 and 0.0069 Å�1. The
amplitude of the second peak further away from the merid-
ian is approximately one-third of the first peak (Xu et al.,
accompanying paper). Model calculations found that the
weakly attached myosin heads contribute mainly to the first

FIGURE 2 Profiles (solid lines) of the calculated layer lines from the
best fitted model compared with the experimental data (dots). With the
assumption of 100% single head attachment, the calculated layer lines fit
the experimental data closely except in MLL2. The parameters for the
cross-bridge population in the final model were: R��R � 78�139 Å, r �
45 � 2 Å, � � 61�131°, � � �80�74°, � � 125 � 3°, and � � �19.5°.
The R factor for six myosin-based layer lines (MLL1 � MLL6) is 0.045;
and for actomyosin layer lines (ALL1 and ALL6) R � 0.067 and 0.025. In
0% attachment, the calculated layer lines (dashed lines) show only ALL1
and ALL6.

FIGURE 3 Profiles of the calculated layer lines from bound myosin
heads in uniform orientation around the actin filament. Experimental data
are in dots. Orientation of the heads was assumed to be with �� � �23,
�� � 22 different from that of heads in the rigor. This calculation shows
that uniform binding either at the putative rigor site (solid lines) or at the
binding site discussed below (dashed lines) (Fig. 4) only contributes to
actin layer lines, but not to the myosin layer line. Therefore, myosin heads
could not bind to actin with the uniform orientations.
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peak. The amplitude of the second peak was invariably too
low without considering some extra mass associated with
the attached head. Furthermore, layer lines MLL3, MLL4,
and MLL6 also could not be fitted well. It was therefore
necessary to consider that some additional mass is in a
helical distribution when the first head was bound. We
assumed the extra mass to be the second head of the cross-
bridge. For the best fit, � and � were found to be 125 � 3°
and �19 � 0.5° (Appendix (g) and Fig. 1) so that the angle
between the first and second heads is distributed between 60
and 160°. The mean is 113°. This results in the radial
position of the second head to be close to the surface of the

myosin filament. The fit is not as good if the angle between
the two heads were fixed. Using the results derived for
model A as an example, Fig. 6 illustrates the effects of the
second head on the myosin layer lines.

The three models become distinct with the
consideration of the second head

All three models yielded similar characteristics in the cal-
culated diffraction patterns, if one only considers single-
headed cross-bridges. However, with the inclusion of the
extra mass (second head), the three models show distinct
effects on the MLL1, MLL3, MLL4, and MLL6. The con-
formation adjustment in the converter domain (model B)
does not fit very well for the MLL3, MLL4, and MLL6
although the MLL1 can be fitted. Fig. 7 shows the profiles
of the calculated MLL1 as a result of adjustments for
models A, B, and C. For model B, even using an additional
parameter, the fraction of the second heads that follow the
first heads, the match remains poorer when compared with
model A. The fit of the model C on most of the myosin-
based layer lines and the first actin layer lines is not as good

FIGURE 4 (A) Different sites for weak binding and for rigor: the binding
site on actin for the A�M�ATP state (S1 in dark red) is indicated at a
position near the N terminus and a loop (gray) of the actin subunit. The S1
in rigor is indicated by blue. The positions differ by a radial translation
�r � 19 Å, azimuthal rotation �� � 38°, and vertical translation �z � 23
Å. The simplified S1 used in our calculations (spheres in light red) is
overlapped with the crystal structure of S1. (B) Superposition of seven
typically bound heads (red) in the A�M�ATP state in a longitudinal view.
The range of the tilt angle � is between 61 and 131°; the slew angle �,
between �80 and 74°.

FIGURE 5 The binding site on actin is required to be near the N
terminus. Experimental data of ALL6 at 59 Å are shown in dots. The layer
line (solid line) based on model A with the binding near the N terminus
shows little difference from the layer line (dashed line) calculated from a
bare actin filament model (Squire et al., 1993). In contrast, the dash-dot
line illustrates the discrepancy if the heads were bound to actin at the same
site as the rigor binding (Rayment et al., 1993b), even if the range of
binding angles was kept unchanged from model A. Therefore, it was
necessary to shift the binding site to the N terminus of actin for the state of
A�M�ATP.

TABLE 1 Results in attachment orientations derived for
models A, B and C

Model A B C

� (°) 61 � 131 60 � 129 50 � 131
� (°) �80 � 74 �80 � 70 �80 � 67
� (°) 134.9 78 � 156 134.9
R � �R (nm) 7.8 � 13.9 9.5 9.1 � 14.6

The resultant attachment orientations of the myosin heads are expressed in
the tilt angle � and the slew angle � relative to the axis of the actin
filament. For model B, there is a distribution in �, the angle between the
light chain domain and the binding site in the motor domain of S1. R � �R
is the radial position of the S1-S2 junction (the last sphere of the modeled
S1 in Fig. 1) from the axis of the myosin filament.

Cross-Bridge Attachment to Actin in the A�M�ATP State 2127
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as the one obtained for model A. Therefore, it is concluded
that model A is the model of choice (Fig. 2).

The results are not significantly affected
by displacement perturbations along the
thick filament

On the meridian, there are several reflections, the 21.5-nm
reflection being the most prominent, “forbidden” by the
selection rules for an integral three-stranded helical fila-
ment. The most credible explanation for the forbidden re-
flections was the displacement perturbation of the cross-
bridges along the thick filament (Squire et al., 1982; Stewart
and Kensler, 1986; Malinchik and Lednev, 1992). We have
examined the effects of the perturbations on our model. In
the A�M�ATP state, the amplitude of the MLL1 intensity
increases �15% when the perturbation is applied. The
changes in MLL1 and MLL3 can be compensated by
slightly decreasing the tilt angle for �3°. Regardless, there
is no change in the peak positions of the intensity profiles
when the 21.5-nm and other forbidden reflections appear on
the meridian. Furthermore, the perturbation does not affect
the 5.9-nm layer line.

DISCUSSION

The experimental features placed specific requirements on
the modeling. The weak layer line intensities required that
the orientation of binding be nonuniform. The increase in

myosin layer lines required some degree of helical symme-
try for the disposition of attached myosin heads. The inclu-
sion of the second head was needed to fit the second peak on
the first myosin layer line. The binding site on actin is
supported by two sets of layer lines. Considering that only
seven parameters for each model were used to describe the
three-dimensional (3-D) disposition of the myosin heads
and the binding site on actin, the model was well con-
strained by the experimental data.

The binding site on actin for the A�M�ATP state
differs from that for the rigor state

One of the most interesting conclusions is that the binding
site on actin is at a higher radius from the actin filament axis
than that of the putative site for the rigor state (Rayment et
al., 1993b; Schroder et al., 1993; Mendelson and Morris,
1997). It should be emphasized that this conclusion is based
not only on the intensity distributions of the actin layer
lines, but also on the peak positions of the myosin layer

FIGURE 6 The amplitude of the second peak of the layer line MLL1
(dashed line) was invariably too low without considering extra mass
associated with the attached head H1, if the second head H2 of the
cross-bridge was in complete disorder (i.e., no contribution to intensities).
With the inclusion of H2, not only the MLL1 but also the MLL3, MLL4,
and MLL6 layer lines (solid lines) fit very well with the experimental data
(dots). The population of H2 is distributed in an approximate helical
arrangement close to surface of the myosin filament. Although the shown
curves are from the best-fitting model, model A, the other two models also
require H2 to enhance the second peak (data not shown).

FIGURE 7 The layer lines best fitted by the three models A (thick solid
lines), B (thin solid lines), and C (dashed lines) compared with experi-
mental data (dots). The fit by model A is superior. Parameters used in
model A: the same as in Fig. 2. Model B: R � 95 Å, r � 45 Å, � �
60�129°, � � �80�70°, � � 78�156°, � � 125°, and � � �19.5°.
Model C: R � 91�146 Å, r � 45 Å, � � 50�131°, � � �80�67°, � �
125°, and � � �19.5°.

2128 Gu et al.

Biophysical Journal 82(4) 2123–2133



lines. Biochemical and structural evidence has for some
time suggested that the N terminus is involved in the weak
binding of S1 to actin (Sutoh, 1982; Rayment et al., 1993;
Lehman et al., 1994). The present study, for the first time,
provided information for in vivo binding that supports the
original suggestion. The present result also resolves one of
the long-held puzzles that the weak binding of cross-bridges
enhances the intensity of ALL1, but not ALL6 at 59 Å (Xu
et al., 1997).

The extra mass associated with the attached
myosin head reveals the location of the second
head of the cross-bridge

The whereabouts of the second head have thus far remained
unclear. However, the present results strongly suggest that
the required extra mass is the detached head, as it is heli-
cally distributed and it follows the same periodicity on the
myosin filament as the attached head. It is noteworthy that
the angle separating the two heads is greater than 60°,
indicating that they are mostly splayed. Our result is con-
sistent with the tomographic 3-D reconstruction of the iso-
metrically contracting insect flight muscle (Taylor et al.,
1999). A two-headed model has also been proposed by
Linari et al. (2000) and Juanhuix et al. (2001) for actively
contracting muscle. The two heads in our model are as-
sumed to be equivalent, switching alternately between the
attached/detached state.

The results could not be explained by a mixture
of two populations with fixed orientations

It might be argued that the observed diffraction patterns
could originate from a simple mixture of two populations
with different stereospecific symmetries. One population
could originate from myosin heads well ordered on a helical
track surrounding the myosin filament so that the myosin
layer lines are enhanced, whereas a second population could
originate from binding on the actin filament in a uniform
orientation enhancing the actin layer lines. This is highly
unlikely for two reasons: one is that the intensity of MLL1
would be stronger than that of MLL3 on the meridian if the
myosin heads were ordered on the normal myosin helix
(Malinchik et al., 1997). On the contrary, the intensity of the
MLL3 is stronger in the A�M�ATP state in the present case.
The other reason is that the intensity of the ALL6 would be
too strong if binding to the actin filament is uniformly
oriented, e.g., in the rigor state (Gu and Yu, 1999) or at a
fixed orientation (Fig. 3).

Significance to contraction mechanism

One of the major characteristics of the A�M�ATP state is the
considerable flexibility in the actomyosin complex as indi-

cated by the wide range of attachment angles and radial
positions from the myosin filament surface. We propose that
it is this high degree of flexibility that renders the A�M�ATP
state being physiologically significant for force generation
in muscle. It has been shown that the myosin molecules in
the M�ADP�Pi state are arranged in a well ordered array (Xu
et al., 1999). Because the diffraction patterns from this state
are sharp, the myosin molecules do not deviate significantly
from their lattice points (Lowy et al., 1991; Malinchik et al.,
1997). In addition, preliminary results indicate that the near
crystalline nature is not perturbed when the low-affinity
state A�M�ADP�Pi is formed (Xu et al., 2001). Because of
the incommensurate filament repeats, few cross-bridges
could attach to actin under this condition. However, the
probability for attachment is greatly increased for myosins
in the M�ATP state, forming the A�M�ATP state with mul-
tiple orientations. Therefore, the A�M�ATP state may serve
as a “recognition state,” whereby hydrolysis and force gen-
eration can proceed along the attached pathway.

The difference in the binding sites on actin is consistent
with recent biochemical studies of Hansen et al. (2000),
which suggested a transition at the N terminus on actin
between the weakly and strongly bound states. It is possible
that the interaction interface increases with successive steps
in the hydrolysis pathway (Scheme I, top tier). Further
experiments will be necessary to explore such possibilities.

In summary, the x-ray diffraction patterns obtained
from the relaxed muscle with myosins in the A�M�ATP
state suggest that in addition to the flexible, multiple
orientations of attachment, there is a significant differ-
ence in the binding sites on actin between the rigor state
and the weak binding state. The modeling also reveals
that the detached head of the myosin is distributed close
to the myosin filament backbone.

APPENDIX

(a) Simplifying assumptions

At 5°C, the fraction of cross-bridges bound at ionic strength � 27 mM is
estimated to reach as high as 80%, and at 170 mM, the fraction is �30%.
The difference pattern (Fig. 1 C in Xu et al., 2002) between the low and
high ionic strengths shows directly the intensity changes associated with
increased attachment. Some components are reduced to noise level after the
subtraction (e.g., the second peak on MLL1). However, such components
turned out to contain critical information on the distribution of the second
myosin head. Hence, the difference pattern was not used for the modeling.
Instead, the present modeling is to find a best fit for the diffraction pattern
shown in Fig. 1 A of Xu et al. (2002). A set of contiguous vertical cuts with
narrow width (five pixels) was made to the pattern to separate the first, the
second myosin based and the first actin based layer lines. The reconstructed
layer lines are shown in Fig. 2 in dots and in Fig. 7 of Xu et al. (2002).

Because a large fraction is bound at the low ionic strength and the
detached myosin in the M�ATP state is disordered (not contributing to layer
line intensities), we made the simplifying assumption that at ionic
strength � 27 mM, 100% of the cross-bridges are attached to actin with
single-head attachment.

Based on the low affinity of the weak binding states as indicated by the
biochemical data (Chalovich et al., 1981; Chalovich and Eisenberg, 1982,
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1986; White et al., 1997) and electron microscopic observations (Frado and
Craig, 1992), it is assumed that only one of the two heads attaches to an
actin subunit at any given time. The attached head is designated as H1
whereas the detached one is H2 (Fig. 1). The two heads are assumed to
tether at the tail end (i.e., the last sphere at the end of the head in the
model).

(b) The model of S1 and the myosin filament

A 3-D grid (30 Å) was used to bin the atomic structure of S1 (Rayment et
al., 1993a) and convert the resulting 3-D bins (cubes) into spheres. A
sphere was drawn with the same mass and with its center coinciding with
the center of mass found within the cube. All spheres were brought to the
same density by adjusting sphere radius. As a result, the myosin head (S1)
was represented by 16 spheres with radii in the range of 9.37 to 17.60 Å.

The site on the myosin head that binds actin was defined by a small
sphere corresponding to the heavy chain segment from Pro529 to Lys553

in the crystal structure (Rayment et al., 1993a). This is shown in black
in Fig. 1.

The myosin filament structure was assumed to consist of a smooth
cylindrical backbone and a three-stranded 9/1 helix consisting of myosin
cross-bridges projecting outward with a repeat of 433 Å. The distance
between successive crowns of myosin heads was equal to 144.3 Å. The
diameter of the backbone shaft was assumed to be 150 Å.

The attached head is designated as H1 and the detached one is H2 (Fig.
1.) The two heads are assumed to tether at the tail end (i.e., the last sphere
at the end of the head in the model).

(c) The model of the actin subunit and the
actin filament

The modeled actin monomer consists of four spheres of radii 16.81, 10.53,
14.92, and 14.26 Å, respectively, representing the four subdomains 1, 2, 3,
and 4 of the actin crystal structure (Kabsch et al., 1990). The coordinates
of the spheres were taken from Squire et al. (1993) (Fig. 1 a). The binding
site on actin is assumed to be the same on every actin subunit (i.e., the
binding is site-specific). At the start of the search routine, the binding site
is assumed to be on the actin surface at a radius of 26 Å from the axis of
the actin filament. The latter position corresponds to that for the rigor
binding as proposed by Rayment et al. (1993b). The binding position as a
function of the three polar coordinates was allowed to change as a part of
the search routine. The final selection was determined by a best fit of the
calculated actomyosin layer lines and the sixth actin filament layer line at
59 Å to the experimental data (see Results).

The actin filament was calculated with the assumption of being a
left-handed close to 13/6 helix with a pitch of 361 Å.

(d) The filament lattice

In the transverse section of the A-band, each myosin filament is surrounded
by six actin filaments; and each actin filament is surrounded by three
myosin filaments. As there are three pairs of myosin heads at each crown
level converging on one actin filament, an angular sector of 120° in the
azimuthal direction on the actin surface is allowed for each myosin head to
bind. The orientation of the actin filaments in the sarcomere is assumed to
be identical, as previously suggested by Hirose and Wakabayashi (1988).
The length of filaments included in the calculations was 2165 Å ( � 144.3
Å � 15 crowns for the myosin filament and � 361 Å � 6 repeats for the
actin filament).

Other dimensions used in the model are as follow: the lattice size d10 �
404.5 Å. The azimuthal angle at the start of the myosin filament relative to
that of the actin filament was kept constant. During the early phase of our
study, this azimuthal angle was varied, but it was found that changes in this

parameter had little effect on the layer lines because of the long length of
filaments used in our calculations.

Some simplifying assumptions have been made in modeling the fila-
ment structures, i.e., the associated proteins are ignored in the calculations.
Myosin is the main component of the thick filament. Because of its sheer
size, it is the main contributor to the x-ray diffraction patterns observed by
Xu et al. (2002). The C-protein, a thick filament associated protein,
accounts for �2% of the protein mass in a vertebrate muscle, and makes
observable contributions only on the meridian at a different index (43.5–
44.2 nm) compared with the myosin helix (Rome et al., 1973). Titin
(Wang, 1996), the giant muscle protein, has not been known to contribute
to the myosin filament intensities. The main components of the thin
filament are the actin subunits, troponin, tropomyosin, and nebulin. The
stochiometry of actin to troponin is 7:1. Troponin has a repeat of 38.5 nm,
which is different from the actin repeat of 36.5 nm in the skeletal muscle.
Tropomyosin is a continuous coiled-coil thread structure so that it diffracts
as a continuous helix with Bessel function orders 2, 4, 6, 8, 10, 12, etc., on
layer lines 1, 2, 3, 4, 5, 6, etc. In the small-angle x-ray diffraction patterns,
it may be observed only in the outer region of ALL1 because the helical
radius of the tropomyosin thread is between 37 and 41 Å (the first peak
center of the intensity profile is �0.013�0.014 Å�1). Also, the mass of the
tropomyosin is 	 0.25 ((2�2�33kD)/(13�42kD)) of the actin in every
36.5 nm, so that the intensity of the tropomyosin is much less than 1/16
intensity of the actin, making little contribution on the first actin layer line.
Nebulin would also diffract as a continuous helix at perhaps even higher
angles than tropomyosin. Therefore, it is reasonable to disregard contribu-
tions originating from the associated proteins in our modeling.

There is some sampling on the first actomyosin layer line (Fig. 1 in Xu
et al., accompanying paper). Besides being the only sampling visible in the
diffraction pattern, the sampling is very weak. Therefore, we fitted the
envelope of the profile rather than introducing more parameters, such as the
number of the unit cells in the coherent domain. The meridional reflection
at 215 Å was not fitted, as it arises from perturbations in the distribution of
myosin heads (Malinchik and Lednev, 1992). It will be shown that the
modeling results are not affected whether the perturbation was included or
not.

There is no apparent sampling from either simple or superlattices on the
experimental MLL1. For instance, in the data shown in Fig. 1 A of Xu et
al. (accompanying paper), d10 spacing of the lattice is 404.5 Å. If there is
sampling from a superlattice (Huxley and Brown, 1967; Squire, 1975), the
profile of MLL1 should have peaks indexed [hk] on the superlattice at 10,
20, 21, 31, 40, 32, 50, etc., which will correspond to the reciprocal spacings
of 0.0014, 0.0029, 0.0038, 0.0052, 0.0057, 0.0062, and 0.0071 Å�1. If
there is sampling from the simple lattice, the profile of MLL1 will have
peaks indexed [hk] at the reciprocal spacings of 0.0025, 0.0043, 0.0049,
0.0065, and 0.0089 Å�1. However, the peaks of the experimental MLL1
are at 0.0033 and 0.0069 Å�1. Neither of the two peaks can match either
a simple or a superlattice. Moreover, if there is an effect of sampling, small
peaks should appear in the first layer line profile indexed at higher orders
of the superlattice, which were not observed in the experimental MLL1.
Therefore, the effects of a superlattice, even if it does exist in the rabbit
psoas muscle, are not significant.

(e) Calculations of the diffraction patterns

The diffraction pattern of the model is composed of two parts, one being
the myosin filament, and the other being from the actin filament. The ratio
of myosin filaments to actin filaments in the transverse section of the
A-band is 1:2. Because there is an ensemble of filaments in the muscle
cells, the layer lines of the observed fiber diffraction pattern from an
unsampled collection of helical objects are the same as the cylindrically
averaged layer lines of each individual filament. Myosin and actin helices
are of different helical repeats. As there is no interference between Bessel
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functions of different orders and if one does not consider interference from
lattice sampling, the diffracted intensity of layer lines is represented by

Il
R� � IM,l
R� � IA1,l
R� � IA2,l
R�

where IM,l(R) is the intensity from the myosin filament. The backbone of
the myosin filament is assumed not to contribute to the diffraction pattern
except to the equatorial reflections. IA1,l(R) and IA2,l(R) are the intensities
from the two actin filaments, contributed separately by individual actin
filaments and their bound myosin heads. The intensity of each layer line (l)
of the helix at the reciprocal radius (R) is the sum of the intensities of the
individual Bessel orders on each layer line (Franklin and Klug, 1955),

�Il
R�
� � �
n

�Fnl
R��2

The Bessel orders (n) on the layer lines for the myosin helix are: on the first
and fourth layer lines: 3, �6, 12; on the second and fifth: �3, 6, �12; on
the third and sixth: 0, 9, �9. For actin helix they are: on the first: 2, �11,
15; on the second: 4, �9, 17; on the third: 6, �7, 19; on the fourth: �5,
8, �18; on the fifth: �3, 10, �16; and on the sixth: �1, 12, �14.

Fnl
R� � �
j

fjJn
2	rjR�exp�i�n�	

2

 �j� �

2	lzj

c ��
Where rj, �j, and zj are cylindrical coordinates of the jth sphere; fj is the
structural factor of the sphere with radii aj.

fj � 4	aj
3

sin
2	aj�� 
 
2	aj��cos
2	aj��


2	aj��3

where � is the distance from the origin in the reciprocal space.

(f) Selection of a binding pair

Because the reach of a myosin head is constrained by the lattice geometry,
it is reasonable to assume that the head can only bind to the nearby actin
subunits. To simulate attachment of a myosin head to actin, three models
of attachment were considered. For each of the models, we first select a
binding pair, defined as a myosin lattice point to a selected actin subunit in
a neighboring actin filament. Starting from a myosin lattice point with
radius R from the axis of the myosin filament, a search consisted of an area
�216 Å in the axial direction and �60° in the azimuthal direction. For
models A and B the nearest actin subunit from the myosin lattice point was
chosen to form the binding pairs. For model C, instead of the nearest
neighbors, the actin subunit was selected at a distance closest to the chord
length of the myosin head (from the tail end to the binding site on the motor
domain, �137 Å). Because of the mismatch of the periodicities of the
filaments, the distances between the binding pairs differ from one another.
For myosin to attach to actin, it must fit into the space defined for the
binding pair. Because some flexibility within the myosin head or within
some other parts of the myosin filament assembly is required, subsequent
variations were made for the three models.

Model A. After an actin subunit is selected, the myosin head is con-
nected to the actin forming a binding pair at an angle � to the z axis and
an azimuthal angle � with respect to the actin filament (Fig. 1). To fit into
the space between the filament surfaces, the radial position R of the S1-S2
junction at the helical lattice point is allowed to deviate �R whereas the
shape of myosin head remains unchanged.

Model B also finds the shortest distance between the myosin lattice
point and the actin subunit. However, to fit the shortest distance, the
myosin head changes its conformation approximately at the converter
region (Houdusse et al., 1999), such that the angle (�) between the light
chain binding domain and the binding site in the motor domain is a variable
(Fig. 1), but the position of the tail end is kept at the helical lattice point.

Model C lets the chord length of the myosin head (�137 Å) select the
corresponding actin for the binding pair. Subsequently, as in model A,
binding was accomplished by adjusting the radial position of the S1-S2
junction at the myosin lattice point, while keeping the shape of S1 un-
changed.

(g) Location of the second head

Some extra mass associated with the attached myosin head was found
necessary to improve the fitting of the experimental data. As a reasonable
assumption, the extra mass was modeled as the second head of the
cross-bridge. The second head (H2) is connected with the first at the end
of the tail domain. The structure and the mass of the second head are
assumed to be identical to the first one. The disposition of the second head
is affected by the position of the first head so that it is in some degree of
an ordered state when the first head is attached to an actin. The orientation
of the second head is defined by a uniform azimuthal angle � in the XOY
plane perpendicular to the z axis and � angle projected onto the XOY plane
(Fig. 1). The H2 also follows the first head in Z-direction, which points
toward either the Z-line or the M-line, but the � angle is independent to the
first head. For simplicity, the H2 did not rotate around its own axis.

(h) Model parameters

The following parameters and constraints were used in search for the best
fit for the experimental data:

A binding pair � a myosin at helical lattice point paired with a selected
actin subunit in an actin filament. To select a binding pair, from each lattice
point on the myosin filament, a search routine was performed in the range
of �216 Å in the axial direction and �60° in the azimuthal direction;
separate selection criteria were set for models A, B, or C.

R � the radius of the helical lattice point on the myosin filament. It was
varied between 75 and 135 Å in the iterative process of finding a binding
pair that results in an interim best fit to experimental data.

�R � adjustment in R used in models A and C; after the binding pair
was selected, the position of the tail end of S1 (the center of the last sphere
of S1, �S1-S2 junction) was assumed to be at R; for S1 to fit into the space
as determined for a binding pair, the radial position was further adjusted by
�R. If (R � �R) is less than the radius of the backbone (75 Å), the selection
was rejected.

� � the angle between the light chain domain and the binding site in the
motor domain of S1; � was fixed at 134.9 in models A and C, but no limit
was placed on its range in model B.

r � the radial position of the binding site on the actin subunit from the
axis of the actin filament; it was varied between 25 and 55 Å.

� � the azimuthal angle of binding site on actin with the putative rigor
binding site being set as �� � 0°; �� was varied between �15 and 45°.

z � the axial position of binding site on actin with the putative rigor
binding site being set as the origin; it was varied between 0 and 55 Å.

� � the angular disposition in the axial direction of the second myosin
head with respect to the plane perpendicular to the z axis; it was varied
between 0 and � 30°.

� � the azimuthal angular disposition of the second myosin head
projected onto the plane perpendicular to the z-axis; it was varied between
60 and 140°.

Constraints on the search for a binding pair � � 216 Å in the axial (Z)
direction; � 60° in the azimuthal direction.

(i) Calculation procedures

1. Find the binding pairs. Starting at a given myosin lattice point, at an
initial radius R from the center of the myosin filament, a search was
performed for an appropriate actin subunit with binding site at radius r with
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respect to the axis of the actin filament. z and � were also kept constant
during this step, restricting the binding site on each actin subunit to just one
of several sites which might be compatible with a chosen r value. The
distance between a binding pair was required to satisfy the individual
model assumptions: for model A, the shortest distance; for model B, also
the shortest distance; and for model C, the distance closest to the chord
length of S1 (�135 Å).

2. Place S1 between the two endpoints found in step 1, with the small
sphere at the tip as the actin binding site and the last sphere as the tail end.
To fit the S1 into the binding pair distance, adjustments were made
according to the assumptions for the three models. For model A, the radial
position R at the tail end was further adjusted by �R such that the
conformation of S1 was not changed. For model B, the angle � was varied,
but R was kept constant. For model C, R of the tail end was further adjusted
by �R such that the conformation of S1 was not changed.

3. Steps 1 and 2 were repeated by systematically varying R, �R, and r,
until an intermediate best fit was selected by visually judging the overall
fitting of MLL1 and ALL1, at the first peak position and the shape of the
MLL1.

4. The second head was then added in the calculations with the last
spheres of the two S1 joined; starting with the second head assuming the
same orientation as the first head and then the two parameters � and � were
varied. After steps 3 and 4, we checked the validity of the selected r and
R by repeating steps 1 and 2.

5. The fit was further improved by rotating the actin filament through
varying the angle � and the axial distance z with �� and �z. Steps 1 and
2 were repeated to further optimize the selected model A.

6. The resultant attachment orientations of the myosin heads are ex-
pressed in the tilt angle � and slew angle � relative to the axis of the actin.
For model B, there is a distribution in �, the angle between the light chain
domain and the binding site in the motor domain of S1.

The authors thank Dr. Gerald Offer for his critical reading of the manu-
script.
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