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Structure of the Actin-Myosin
Complex and Its Implications for
Muscle Contraction

lvan Rayment,* Hazel M. Holden, Michael Whittaker,
Christopher B. Yohn, Michael Lorenz, Kenneth C. Holmes,
Ronald A. Milligan

Muscle contraction consists of a cyclical interaction between myosin and actin driven by
the concomitant hydrolysis of adenosine triphosphate (ATP). A model for the rigor complex
of F actin and the myosin head was obtained by combining the molecular structures of the
individual proteins with the low-resolution electron density maps of the complex derived by
cryo—electron microscopy and image analysis. The spatial relation between the ATP
binding pocket on myosin and the major contact area on actin suggests a working hy-
pothesis for the crossbridge cycle that is consistent with previous independent structural
and biochemical studies.

Muscle contraction occurs when two sets
of interdigitating filaments, the thin actin
filaments and the thick myosin filaments,
slide past one another. A widely accepted
theory to explain this process is the cross-
bridge hypothesis of muscle contraction
whereby sliding is brought about by cross-
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idges that extend from the myosin fila-

ment and interact cyclically in a rowing
motion with the actin filament as adenosine

triphosphate (ATP) is hydrolyzed (1, 2).

The myosin head is an actin-activated

adenosine triphosphatase (ATPase). Both

SO

lution kinetic studies and fiber experi-




ments have demonstrated that transduction
of the energy released by ATP hydrolysis
into directed mechanical force occurs dur-
ing product release—adenosine diphos-
phate (ADP) and inorganic phosphate,
P,—rather than during the hydrolysis step
itself (3, 4). The contractile cycle deduced
from kinetic studies has shown that Mg?*-
ATP rapidly dissociates the actomyosin
complex by binding to the ATPase active
site of myosin; free myosin then hydrolyzes
ATP and forms a stable myosin-products
complex; actin recombines with this com-
plex and dissociates the products, thereby
forming the original actin-myosin complex.
Force is generated during the last step (4).

The simple crossbridge cycle has been
further elaborated (5) to incorporate the
observation that release from actin is not
obligatory during the hydrolysis of ATP.
This requires the introduction of weakly
and strongly bound states for the actin-
myosin interaction that depend on the na-
ture of the bound nucleotide. Central to
this model is the idea that the crossbridge
first binds in a weakly binding conformation
and then undergoes an isomerization to a
strongly binding form. The power stroke
must occur within the tightly bound states
in order that the energy of hydrolysis can be
transduced as movement to the array of
filaments (6). The process is modulated by
the status of the nucleotide binding site,
particularly whether or not the y phosphate
is present on the nucleotide.

Initial structural models for the cross-
bridge portrayed the myosin head as an oar
that bound to actin at a point and acted at
the same time as both a swivel and a motor
(1, 7). The large-scale rotation of the my-
osin head required by this model has not
been substantiated and has led to the pro-
posal (8, 9) that the origin of the rowing-
like motion was located at some distance
from actin. Subsequent studies demonstrat-
ed that the ATP binding site was remote
from the actin binding site (10, 11). How-
ever, time-resolved fiber diffraction obser-
vations indicate that movement of the my-
osin head is synchronous with the elemen-
tary force-generating process in muscle
(12). Although such studies yielded exten-
sive information about the biochemical
properties of the contractile cycle, it proved
impossible, without knowledge of the
three-dimensional structures of the compo-
nents and the way in which they interact,
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to interpret these data in terms of a struc-
tural model for muscle contraction. Indeed,
until now, there has been no definite infor-
mation on the way in which chemical
energy is transduced into mechanical ener-
gy within the bounds of a macromolecular
assembly. The structural determinations of
actin and the myosin head or subfragment-1
(S1) have changed this situation (13, 14).
We now combine these x-ray crystallo-
graphic results with information from elec-
tron microscopy (EM) to set forth a molec-
ular framework for the contractile cycle.
The results suggest the nature of the con-
formational changes that may occur in the
myosin head during force production and
indicate which amino acids may be in-
volved in the actomyosin interaction.
Model building. The molecular model of

RESEARCH ARTICLES

the actomyosin complex was derived from
three sources. First, the coordinates of my-
osin S1 were obtained from the x-ray struc-
ture determined at 2.8 A resolution (14).
Second, the coordinates for the actin fila-
ment (F actin) were derived from the x-ray
structure of G actin (13, 15) by fitting and
refining a molecular model to the x-ray fiber
data from oriented F actin gels (16). Final-
ly, the data necessary to combine these
high-resolution structures were provided by
low-resolution (~30 A) electron density
maps of F actin and S1-decorated F actin
which were calculated from images record-
ed by cryo-EM (17, 18). The model build-
ing was performed manually with the pro-
gram FRODO (19). During the first stage,
the F actin model was positioned in the F
actin EM envelope (Fig. 1). Next, the actin

GBS

(Al

boiis: &",

Fig. 1. Stereo images showing (A) the best fit of the atomic model for F actin and the F actin map
obtained by cryo-EM and image analysis, and (B) good correspondence between the location of
Cys®74 and a gold cluster label (monomaleimide undecagold) which was attached to Cys374 and
then localized by cryo-EM and difference analysis (78). The location of Cys374 is indicated by a
space-filling model. The atomic model for F actin was obtained by model building and refinement
with the use of the atomic coordinates for the actin monomer (73) together with low-angle fiber
diffraction data (76). The EM data for F actin and the Cys374 localization were those described in
(18). The F actin model and the EM map were fit together by changing the phase origin of the EM
map until optimal correspondence between the model and map was achieved. The optimal phase
origin shift was also applied to the undecagold difference map before display. The final position of
the atomic model within the low resolution map was confirmed both by the general correspondence
between the gross features of the model and the molecular envelope and by the position of Cys374.
Figures 1 and 2 were prepared from a plot file generated from the molecular graphics program
FRODO (19 and converted to a postscript file with the program FROST (46).
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envelope was replaced by that of S1-deco-
rated actin, and the S1 x-ray structure was
rotated and translated into place (Fig. 2).
As the myosin head is highly asymmetric, it
was straightforward to position the mole-
cule unambiguously into the envelope. It
was immediately clear that the large motor
domain of the myosin head (I4) must be
close to actin, whereas the segment that
contained the light chain must be at a high
radius in the filament (Figs. 2 and 3). The
image reconstruction was obtained from
chymotryptic myosin S1, which lacks the
regulatory light chain so that no density was
observed for that part of the myosin mole-
cule. In the fitting process, more emphasis
was placed on the structural details at low
radius because features at high filament

60

radius in the envelope were underempha-
sized because of the disorder (20). Also,
attention was focused on the S1 part of the
envelope and no effort was made to mini-
mize or maximize the molecular interac-
tions of the actin and S1 atomic models.
Consequently, although the end result
gives a good fit between the x-ray structure
of the myosin head and the molecular
envelope (Figs. 2A and 3A), there is a
collision at the site of the actin-S1 interac-
tion involving regions close to the COOH-
terminus of actin and the lower 50-kD
domain of S1. Although this might appear
unacceptable, the x-ray structure of myosin
S1 was obtained in a state containing nei-
ther bound actin nor nucleotide. Rather
than being viewed as a shortcoming of the
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Fig. 2. Stereo images showing (A) the best fit of
the F actin model and the S1 x-ray structure in
the molecular envelope of S1(A2)-decorated F
actin obtained by cryo-EM and image analysis
(18) and (B) the good agreement between the
location of the essential light chain (A2) and the
corresponding difference density. (C) An a-car-
bon plot of five actin monomers and one mole-
cule of S1. Samples for EM were prepared as
described (17, 18). Cryo-EM and image analy-
ses were carried out as described with some
modifications (77, 18). Filament stretches of 30
to 32 crossovers were analyzed. As these were
generally curved, they were computationally
straightened. Prior to processing the helical
filaments, density gradients in the images were
removed (77, 18). The final data set was the
average of 20 near and far side data sets from
10 filaments and represents averaging of about
2950 asymmetric units. Data on 22 layer lines
extending to a nominal resolution of about ~27
A were used to calculate the three-dimensional
map. No adjustments were made to the data to
compensate for the effects of the electron mi-
croscope contrast transfer function (ctf). In the
data presented, the phases are unaffected by
the ctf, however the amplitudes at very low
resolution are underemphasized. The F actin
and S1(A2)-decorated F actin maps were
brought to the same phase origin by a real-
space correlation method (78). Figures 2C; 3, B
and C; and 4, A and B, were prepared with the
molecular graphics program MOLSCRIPT (47).

model, this collision suggests that there
may be a conformational change induced in
the myosin head when it binds to actin and
indeed may contribute to understanding the
structural basis of the contractile cycle.
Even though the resolution of the EM is
only ~30 A, the accuracy of the results of
the docking procedure is higher because
only eight parameters are needed to define
the positions of actin and myosin in the
image reconstruction. As a consequence it
is possible to fit the models for actin and
myosin in the reconstruction with an am-
biguity of ~5 A. This magnitude of error
does not obviate the conclusions presented
in this article. Several independent pieces
of evidence support our model. For exam-
ple, the location of Cys*’* in the model for
F actin is consistent with the electron
density associated with a gold cluster label
(monomaleimide undecagold) that was
bound to this residue (Fig. 1B) (18). Like-
wise the position of the essential light chain
is in agreement with the difference electron
density (Fig. 1C). The location of the
S1-ATP binding site in decorated filaments
was previously identified through EM differ-
ence mapping by labeling the site with a
biotinylated-ATP analog-avidin complex.
The ATPase site was 40 to 60 A away from
the actin binding site on the opposite side
of the S1 head. The site was ~60 A from
the tip of S1 (21, 22). A similar approach
was used to locate a reactive cysteinyl resi-




Fig. 3. Enlarged views of the model of the
myosin head and its interaction with actin. (A)
The envelope derived from cryo-EM shows the
surface feature identified as the NH,-terminal
domain of skeletal muscle S1 (20). Attempts to
rotate the head to align the B barrel and the
surface feature result in a misfit for the rest of
the molecule. In that this barrel projects away
from the rest of the molecule it may adopt
different positions relative to the head, which
may account for the lack of exact correspon-
dence with the EM data. (B and C) The inter-
action of myosin with actin viewed from two
orientations revealing the details of the actomy-
osin interface and the relation between the
active site and the actin binding site. The sec-
ondary structural elements in the myosin heavy
chain are color coded according to their posi-
tion in the primary sequence (74). The three
tryptic fragments are represented in different
colors (27, 48, 49). These are the NH,-terminal
25-kD, the central 50-kD, and one of the
COOH-terminal 20-kD fragments, colored in
green, red, and blue, respectively. The 50-kD
and the 20-kD fragments have been shown to
interact with actin (27, 50). In (B) the equivalent
positions of residues crosslinked in chicken
gizzard heavy meromyosin are indicated. In (C)
the actomyosin complex has been rotated 90°
relative to (B) and shows the position of the
nucleotide binding pocket relative to the actin-
myosin interface.

due (SH1) on myosin S1 in decorated
filaments. It was found that SH1 and the
actin binding sites were 50 to 60 A apart on
the same side of the S1 head (22, 23).
These data are consistent with the model
presented below.

The NH,-terminal region of skeletal my-
osin (type II) sequences contain a segment
that is absent from several non-muscle my-
osins (type I) (24). In the x-ray structure of
chicken skeletal myosin S1, this region
forms a small antiparallel B barrel (residues
36 to 78) that hangs away from the rest of
the head (Figs. 2C and 3). This tertiary
structural motif is associated with a protu-
berance in the image reconstruction of skel-
etal myosin S1 that is absent from recon-
structions of myosin I (20). In the model of
myosin-decorated F actin, the NH,-terminal
B barrel of one head is in close contact with
a second molecule of S1. This is consistent
with crosslinking evidence that a specific
linkage can be formed between two adjacent
heads when they are bound to actin but not
when free in solution (25). One such point
of interaction has been accurately identified
for chicken gizzard heavy meromyosin by
sequencing the crosslinked peptides (26). In
this case, the linkage is between Lys® and
Glu'®®, which correspond to Glu®® and
Glu!”! in the chicken skeletal muscle se-
quence. These amino acid residues are 12 A
apart in our model.

Finally, proteolytic studies have shown

that the segment between residues Gly®®
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and Lys®*! in the chicken skeletal heavy
chain sequence is protected from hydrolysis
when it is bound to actin (27). This region
is located in the actin myosin interface in
our model and thus would be expected to be
resistant to proteolysis. Taken together, the
above observations place severe constraints
on the position of the myosin molecule as it
packs around the filament.

General features of the actomyosin
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model. The bulky motor domain of Sl
binds tangentially to the actin filament at
an angle of about ~45° to the filament axis
(Fig. 2C). The thin tail, consisting of the
light chain binding region of S1, projects
away and tangential to the filament axis at
an angle of about 90°. A short helix com-
prising residues Pro®° to Lys®° terminates
the COOH-terminal part of the S1 heavy
chain. In the model, this helix is oriented
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at an angle of ~20° with respect to the
filament. If the model were placed in the
correct location in the sarcomere, the helix
would point toward the M line and would
represent an appropriate mechanical ar-
rangement for S1 to apply tension to the
rod portion of the myosin molecule.

A distinctive feature of the structure of
S1 is a narrow cleft that extends from under
the nucleotide binding site to the end of the
head. This cleft divides the near axial
one-third of the head into two domains; the
upper and lower domains of the 50-kD
segment of the heavy chain (14). The cleft,
relative to the actin-myosin interface,
(Figs. 3 and 4A) lies at an angle of ~30° to
the actin filament axis. Opening and clo-
sure of this cleft is the most likely mecha-
nism for communication between the nu-
cleotide binding site and the actin binding
site as described below. An important fea-
ture of the actomyosin interaction is that it
involves interactions in the rigor state from
both sides of the narrow cleft that splits the
50-kD segment of the myosin head together
with the first helix of the 20-kD region.
This suggests that formation of the tightly
bound state from the weakly bound state is
a sequential, multistep process that might
first involve formation of a stereospecific
interaction between actin and the lower
domain of the 50-kD segment followed by
cleft closure and incorporation of interac-
tions from the upper domain. Each myosin
head interacts with two actin monomers
forming primary and secondary binding
sites (Fig. 3B). The primary binding site on
S1 involves interactions with both subdo-
mains 1 and 3 of one actin molecule and a
smaller interaction with the next actin
molecule down on the actin helix, whereas
the secondary site involves a distinct inter-
action with the neighboring molecule one
turn down. Because of anticipated domain
movements in the heavy chain, conforma-
tional freedom of the surface loops on both
actin and myosin, and possible errors in the
modeling process, it would be inappropriate
to discuss the exact relation between amino
acid residues at the binding sites. However,
the general features of the interactions are
consistent with kinetic and physical obser-
vations on actomyosin as described below.

Examination of the myosin S1 primary
binding site suggests that it is potentially
composed of three types of interactions with
actin: (i) an ionic interaction involving a
flexible loop, (ii) a stereospecific interaction
involving hydrophobic residues, and (iii) a
strengthening of this interaction by the re-
cruitment of additional loops from the upper
50-kD domain. The following discussion is
based on the amino acid sequences for rabbit
and chicken skeletal muscle actin and myo-
sin, respectively (28, 29).

The docking process places the segment
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between amino acid residues Tyr®%® and

GIn®*" of myosin (50- to 20-kD junction)
into the actomyosin interface (Fig. 3, A
and B). This segment is disordered in the
x-ray structure and contains five lysines and
nine glycines. These lysine residues are
protected from proteolysis in the presence
of actin thereby suggesting that they are
flexible in solution and either are physically
protected by actin (27) or only adopt a
distinct conformation when bound in the
actomyosin interface. From the location of
residues Tyr%2 and GIn®*’, the intervening
20 residues would be close enough to inter-
act with the six negatively charged residues
located between Asp! and Glu* and includ-
ing Asp** and Asp®® on actin. This is
consistent with the observation that this
segment on myosin can also be chemically
crosslinked to the NH,-terminus of actin
(30). This interaction is expected to be
predominately ionic (five lysines in the loop

and six carboxylic acid groups near the
NH,-terminus of actin) and should be sen-
sitive to ionic strength. This component of
the structure could be partially responsible
for the ionic strength-dependent “weak
binding” established as a characteristic of
low ionic strength actomyosin interaction
(31). These interactions might allow the
head to adopt a range of orientations while
in close proximity to actin. Additional
evidence for the involvement of the NH,-
terminal segment of actin in the actomyo-
sin interaction is provided by the observa-
tion that when these carboxylic acid con-
taining residues of actin are mutated to
histidines, filaments of the mutant actin
exhibit ATP-dependent myosin binding
but are unable to support movement in an
in vitro motility system (32).

A potential stereospecific interaction
between myosin and actin involves two
segments of the S1 heavy chain sequence

Fig. 4. Close-up views of the actomyosin interface. (A) Interaction between actin and myosin viewed
along the thin filament axis toward the M line. This stereo reveals the relation between the narrow
cleft that divides the 50-kD region of the myosin head and actin. The phosphate binding loop, as
indicated by the sulfate ion, lies above the start of the cleft. (B) A few of the residues on actin and
myosin located in the interface in the current model. Given the expected conformational change in
myosin when it binds to actin and the errors in the modeling process, it is inappropriate to consider
the exact interaction between the residues. However, it is compelling that this orientation places
exposed hydrophobic residues on both actin and myosin in the same interface region.
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and two segments of actin (Figs. 3B and
4A). On myosin this occurs through the
heavy chain segment from Pro®?® to Lys®*3,
which consists of a helix that extends from
Gly*'® to Phe’*?, a loop from Pro’® to
Thr’#, and a second helix from Asp®*? to
His*®. The first helix contains a prominent
bulge at Pro°?®. These two helices on my-
osin run at an angle of ~10° to each other,
are located at the end of the lower domain
of the 50-kD segment, and are in close
proximity to residues Ile**! to GIn*** and
Ala' to Thr!® of actin. In addition,
residues Asn®>? to His °*® of myosin are
close enough to make contact with residues
His* to Gly*? in the actin subunit below.
Residues GIn®*” to Lys®° of the myosin
heavy chain are also located in the actin-
myosin interface. These are the first resi-
dues observed after the missing loop at the
junction of the 50- and 20-kD segments of
the myosin heavy chain.

Two general features of the stereospe-
cific interaction are evident. (i) Exposed
hydrophobic residues on the surface of actin
(residues: Ala!*, Ile3*1, 11e#5, Leu?#, and
Phe®*?) and myosin (residues: Pro®%,
Met*, Ile*3%, Met®*!, Phe®#?, and Pro®®)

N

Actin

Active site

cleft cilosure
Hydrolysis
C

P; release
Initiate _

«+ADP release

E

Transient intermediate

Fig. 5. The contractile cycle incorporating
structural features of the myosin head and their
proposed involvement in the cycle. Actin is
represented as a sphere. In the near axial third
of the myosin head, the narrow cleft that splits
the 50-kD segment of the myosin heavy chain
sequence into two domains is for simplicity
represented as a horizontal gap perpendicular
to the filament axis. In the model, this cleft lies
at an angle of ~30° to the filament axis and the
opening and closing of the cleft would not be
evident from this view. The representation of the
nucleotide-bound state and its associated con-
formational change relative to the x-ray struc-
ture of myosin is conceptual in nature.

are placed in close proximity. This area also
contains potentially complementary ionic
and polar groups. (ii) The best fit of the
models to the image reconstruction pro-
duces a collision between the actin and
myosin that could be relieved by moving
the entire myosin molecule a few angstroms
away from the actin filament or by closure
of the narrow cleft that extends from under
the nucleotide binding pocket to the acto-
myosin interface and separates the upper
and lower domains of the 50-kD segment.
The first possibility seems unlikely because
after movement of the S1 molecule, it
would no longer be contained within the
envelope of the reconstruction. Thus clo-
sure of the narrow cleft in myosin on
forming the rigor complex is the most likely
occurrence and provides a line of commu-
nication between the actin binding site and
nucleotide binding site.

In addition to the loop located at the 50-
to 20-kD junction there is a second loop,
and this one interacts with actin. The
segment between Arg*® and Lys*!® on my-
osin extends toward the actin filament and
forms a close contact with residues Pro*3? to
Glu??** on actin. In the x-ray structure, this
loop is stabilized by an interaction with a
symmetry related molecule in the crystal-
line lattice. It is likely that this loop can
adopt a number of conformations. The
importance of this segment in normal mus-
cle function has been implicated from ge-
netic studies of familial hypertrophic car-
diomyopathy. These investigations have
shown that mutation of residue Arg*® to
Gln in human B cardiac myosin (405 in the
chicken sequence) is a factor in this disease
(33). It is also known from in vitro motility
studies that this mutation alters the kinetic
properties of myosin S1 even though it is
located far from the nucleotide binding site
(34). In addition, an amino acid sequence
comparison reveals that the phosphoryla-
tion site, important for regulation of non-
muscle myosins (type I), is close to this loop
(24). It is compelling that the phosphoryl-
ation site is located in the actomyosin
interface.

The segment of myosin S1, from resi-
dues Lys®®7 to His®’8, forms an exposed loop
that has few contacts with the rest of the
molecule and extends toward a second actin
monomer below the primary binding site
(Fig. 3B). The electron density associated
with this segment in the x-ray structure is
weak (14) suggesting that it is rather flexi-
ble. Although this segment is not directly
in contact with actin in the model, it could
easily extend across the gap and make
contact with actin residues Tyr®! to Glu!®.
An important role for this interaction is
suggested by studies of mutant actin. When
Glu® and Glu!® are changed to histidines,
filaments of the mutant actin show ATP-
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dependent myosin binding, but the in vitro
motility is reduced by a factor of five (35).
This interaction could be predominantly
ionic in nature since it involves positively
charged residues on myosin (Lys°’?> and
Lys>™) and negatively charged residues on
actin. These are conserved residues in ver-
tebrate skeletal myosins. Such an interac-
tion would account for the connection be-
tween actin and the myosin head seen in
the image reconstructions of decorated ac-
tin (I8). Since, in our model, myosin
interacts with two actin subunits, this
would also account for the tendency of
myosin to catalyze the polymerization of G
actin (36).

The relation between the nucleotide
binding site and the actin binding site on
myosin S1 is shown in Fig. 3C. The active
site may be identified by the location of a
sulfate ion in the phosphate binding loop
lying at the bottom of a wide open pocket.
It is immediately clear that these critical
components of the myosin molecule are
separated by at least 35 A as was predicted
(13, 37). The nucleotide binding pocket,
which is in an open conformation, faces
away from the F actin filament and is
inclined at an angle of approximately 45° to
the filament. It is estimated that closure of
this pocket would result in a movement of
the COOH-terminus of the heavy chain,
relative to actin, by at least 50 A (14).

A model for the molecular basis for
muscle contraction. The model of the ac-
tomyosin complex is most likely close to
that of the rigor state of the actin-myosin
complex and offers a view of the molecular
arrangement at the end of the contractile
cycle. This is only one of the views neces-
sary to fully establish the molecular basis of
motility. However, the structure of the
myosin head suggests that the power stroke
arises from the reversal of domain move-
ments in the myosin heavy chain induced
by nucleotide binding and that these occur
some distance from the actomyosin inter-
face (14). Thus, the single view of the
actomyosin complex does provide insights
into what may occur during the active parts
of the cycle. An immediate suggestion is
that myosin forms a tight interaction with
actin in only one orientation.

A second implication arises from the
observation that the actomyosin interaction
comprises a number of distinct components.
This implication suggests that binding of
myosin to actin during the power stroke is
concomitant with a sequential series of in-
teractions beginning with the putative
“weak binding” of the myosin loop Tyr®° to
GIn®" and ending with all the described
actomyosin interactions in place. A partic-
ularly attractive aspect of this idea is that the
area of the binding site increases with each
step in the sequence, providing a simple

63




mechanism for generating an increasing
binding constant during the process.

Perhaps the most important suggestion
arising from the model is that release of the
myosin from actin is caused by opening the
cleft between the upper and lower domains
of the 50-kD heavy chain segment when
that part of the nucleotide that carries the 7y
phosphate binds in the active site pocket.
This would serve to disrupt the actin binding
site on myosin. The putative y phosphate
binding site lies below the phosphate bind-
ing loop (14) at the apex of the cleft and
provides a way for ATP binding to influence
the binding affinity of myosin for actin.
These observations, together with the ex-
tensive kinetic and structural data available
for the contractile system, form the basis for
a hypothesis describing the structural basis of
the crossbridge cycle (Fig. 5).

Starting at the rigor complex (Fig. 5A),
it is assumed that the narrow cleft between
the upper and lower domains of the 50-kD
segment is in a closed conformation. The
binding of nucleotide is seen as a two-step
process. In the first stage, only the vy, B,
and o phosphates and perhaps part of the
ribose moiety of the nucleotide bind to the
protein in the P loop at the base of the
active site pocket. As a consequence, the
narrow cleft between the upper and lower
domains of the 50-kD segment opens,
thereby disrupting the strong binding inter-
action between myosin and actin but still
allowing the weak binding state (Fig. 5B).
This first step is consistent with the reduc-
tion of the binding affinity when ATP first
binds to myosin. In the second stage of
ATP binding, closure of the nucleotide
binding pocket around the base (14) causes
the molecule to undergo a further confor-
mational change leading to a net change in
the curvature of the molecule such that the
COOH-terminus of the heavy chain would
move at least 50 A relative to the actin
binding site. Hydrolysis of the nucleotide
follows, giving a metastable state with
bound product (Fig. 5C). Implicit in this
hypothesis is the concept that the molecule
must undergo a conformational change in
order to attain a tight complex with the
nucleotide and to orient the residues in the
active site such that hydrolysis of ATP can
occur. In this state, the equilibrium con-
stant for ATP hydrolysis and resynthesis is
close to unity at low ionic strength, al-
though it is somewhat higher at physiolog-
ical ionic strength (38). The rate-limiting
step in the absence of actin is the release of
products from the enzyme. This step is
catalyzed by actin.

Rebinding of myosin to actin may con-
sist of a multistep process, involving several
conformational states for myosin, in which
the first stage is the formation of the weak
ionic interaction followed by a stronger but
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stereospecific interaction with actin involv-
ing the lower domain of the 50-kD seg-
ment. Incorporation of the components
from the upper domain of the 50-kD seg-
ment of myosin S1 completes the process
and allows the gap between the upper and
lower domains to close to produce strong
binding. Closure of the cleft is then seen as
a way to lower the affinity of the molecule
for the y phosphate, which would then be
released. Loss of the y phosphate would
trigger the start of the power stroke and
allow the myosin molecule to reverse the
conformational change induced by binding
of the adenine portion of the nucleotide
(Fig. 5D). This would result in a reopening
of the active site pocket after which the
molecule would return to its rigor state (Fig.
5E). During this process, ADP would be
released, and ATP could then rapidly re-
bind. In the muscle fiber, the myosin head
would be tethered to the thick filament
through the S2 region of the molecule such
that the rate of this conformational change
would be determined by the actomyosin
lattice movements. One of the implications
of this model is that formation of the
tight-binding conformation, which serves
to initiate the power stroke, will only occur
when the myosin head is in a stereospecific
orientation with respect to actin filament.
This is probably necessary for the efficient
transduction of force to thick and thin
filament arrays.

The above scheme is consistent with
fluorescence and kinetic measurements sug-
gesting that both actin and nucleotide
binding to myosin are multistep processes
(5, 39, 40). In addition, the proposed
multistage binding of nucleotide agrees
with the observation that in the presence of
pyrophosphate the binding affinity of myo-
sin for actin is 400 times lower (41, 42)
although pyrophosphate is not hydrolyzed
and does not support tension development
in muscle. In contrast, phosphate alone
does not release myosin from actin, which
suggests that the conformational change
that reduces the binding affinity of myosin
for actin requires a minimum of both the vy
and B phosphate groups. However, since
ADP reduces the binding of myosin for
actin by a factor of 40 (41), it is likely that
the initial binding of ATP to the actomy-
osin complex includes contributions from
the entire nucleotide.

There is considerable chemical evidence
for rearrangements in the head associated
with the nucleotide binding step as dis-
cussed in the description of the x-ray struc-
ture (14). In addition, chemical crosslink-
ing studies suggest that there are specific
conformational changes in the myosin head
associated with the 25- and 20-kD segments
when it binds to actin (43). There have
been numerous attempts to observe nucle-
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otide-induced conformational changes in
the head. Low-angle neutron scattering
measurements do not show any changes of
the radius of gyration of myosin S1 when it
binds to actin (44), whereas low-angle
x-ray scattering measurements (45) have
demonstrated changes associated with nu-
cleotide binding in solution. Both of these
observations are consistent with our model
since the predicted changes in the structure
of the myosin head on binding to actin are
small and would be difficult to detect by
low-angle scattering.

In this article, we have attempted to
correlate the results from the extensive lit-
erature on muscle biology and biochemistry
with our structure for the actomyosin com-
plex. Many of the properties described here
have been foreseen by previous studies based
on kinetic, fluorescence energy transfer, an-
tibody labeling and EM measurements (9—
11, 37). However, the present synthesis
offers new insights into the atomic processes
of muscle action, and these can be tested by
a combination of chemical, biochemical,
molecular biological and structural studies.
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