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Motility is a characteristic feature of all living orga-
nisms. Myosin and actin together constitute the con-
tractile machinery of the cell. Myosin is an asymmetric
protein composed of two globular heads attached to a
long tail and forms the thick filament, while actin is a
double-helical protein making up the thin filament.
Considerable effort has been spent over the past seve-
ral decades to understand the physicochemical basis of
energy conversion by the actomyosin system of muscle;
yet the molecular mechanism of muscle contraction
remains one of the outstanding enigmas in biology.
Here we propose a novel, comprehensive molecular
mechanism of the contractile cycle of muscle. Specifi-
cally, we address the mechanisms of force generation,
energy transduction and storage, and subsequent utili-
zation of the stored energy to perform useful work.
Our original approach and insights elucidate the
molecular mechanism of muscle contraction.

MORE than 130 years have elapsed since the actomyosin
complex was isolated from muscle', yet the molecular
origin of the force produced during muscle contraction is
unknown and remains one of the most outstanding enig-
mas in biology”™*. Force generation in muscle involves
interactions between actin, a helical protein, and myosin,
a highly asymmetric protein molecule®®. The myosin
molecule consists of two globular heads attached to a long
tail. Its molecular weight is approximately 500,000 Da
and it is made up of six polypeptide chains: two heavy
chains with a mass of 400,000 Da and two sets of light
chains, each weighing about 20,000 Da. Each globular
head, composed of approximately 850 amino acid resi-
dues, contains one heavy chain associated with two light
chains. Each heavy chain forms the bulk of one head and
intertwines with its neighbour to form the nearly 150 nm
long rod>®. Limited proteolytic digestion studies have
shown that myosin head (subfragment 1 or S-1) contains
an ATP, actin and two light chain binding sites, and the
myosin rod consists of a coiled-coil of two o-helices. The
myosin molecule constitutes the thick filament in a muscle
sarcomere.

The structure of skeletal muscle myosin S-1 indicates
that the molecule has several deep clefts and pockets
(Figure 1)*®. Another key structural feature of S-1 is an
8.5 nm long o-helix (called the regulatory domain or the
lever arm) composed of more than 60 amino acid resi-
dues, which extends from the thick part of the head
(the catalytic domain containing the nucleotide and actin
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binding sites) to the COOH terminus of the S-1 fragment.
The head is composed of three major regions: a 25 kDa
NH, terminal domain which contains the nucleotide
binding site, a 20 kDa COOH terminal domain and a
central 50 kDa segment that is split into an upper and a
lower domain by a prominent cleft (50 K cleft) that
extends from the base of the nucleotide binding pocket to
the actin binding interface (Figure 1). This, along with the
20 kDa domain constitutes the actin binding site of the
molecule, which lies on the opposite side of the nucleotide
binding site™’. The 50 kDa cleft serves as the communica-
tion between the actin binding interface and the nucleo-
tide binding site by means of domain movements
associated with it. These domain movements are such that
binding of actin to myosin closes the 50 K cleft and opens
the nucleotide binding site, while binding of nucleotide
closes the nucleotide binding site and disrupts the actin
binding interface by opening the 50 K cleft. Apart from
the myosin head (consisting of the regulatory and catalytic
domains), the molecule is made up of a fibrous rod-like
tail region whose amino acid sequence is highly repeti-
tive, showing cycles of a 28-residue repeat pattern com-
posed of four heptapeptides characteristic of o-helical
coiled coils™*.

Actin is the major constituent of thin filaments in the
muscle sarcomere™®”'%. At physiological ionic strengths,
actin exists as F-actin, a polymer of individual monomers
of G-actin. The F-actin structure can be described as a
right-handed double helix in which two threads of actin
twist around each other’. The helix has a diameter of
about 9 nm and a pitch of about 36 nm”'’,

In this paper, we propose a novel, comprehensive
molecular mechanism of the contractile cycle of muscle.
In our mechanism, we address some of the most funda-
mental aspects of this problem: How is the force genera-
ted? How is the chemical energy of ATP hydrolysis
transduced and stored? How is this stored energy utilized
to cause movement?

We begin the exposition of our molecular mechanism
from the point where the ATP is bound to the nucleotide
binding site of the myosin molecule and the myosin
molecule is detached from actin and is primed for
hydrolysis. Insight into the molecular mechanism of ATP
hydrolysis and the conformational changes accompanying
it can be gained from the pioneering X-ray structural
studies of the Rayment group””®''"'* They solved crystal
structures of the truncated myosin head containing only
the catalytic domain in the presence of various nucleo-
tide analogues such as MgADP-BeF,, MgADP-AlIF,,
MgADP-VO,, MgPP;, MgAMPPNP and MgATPYS (refs
11-14). Their studies reveal that the beryllium fluoride
complex mimics the pre-hydrolysis (ATP) state and
adopts an overall protein conformation which is almost
identical to that of chicken skeletal myosin S-1, while the
aluminum fluoride and the vanadate complexes are realistic
analogues of the transition state of ATP hydrolysis
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(ADP-P; state)’. The BeF50 moiety exhibits a tetrahedral
coordination similar to that expected for ATP, while the
metal atom in the Ang/VOi’ complex exhibits octahedral
coordination. Overlap of the beryllium and vanadate
complex structures shows that the ribose sugar, adenine
base and o and B-phosphate groups adopt almost identi-
cal locations in the nucleotide binding site. This implies
that the major conformational change between the two
states occurs in the <y-phosphate pocket and that the
MgADP leaving group experiences a very similar environ-
ment in the two states. Rather, the conformational change
in myosin is such that it orients a water molecule for
nucleophilic attack on the y-phosphate. Thus, ATP hydro-
lysis takes place by an associative mechanism in which
the phosphorus to oxygen distance increases on transition
from ATP to the ADP-P; state’””. The conformational
change in the y-phosphate pocket is seen as a movement
of the lower 50 kDa domain relative to the upper 50 kDa
domain, which results in partial closure of the 50 K cleft;
this change is propagated to the COOH terminal region of
myosin and results in a major rearrangement of the
polypeptide chain beyond Lys-690. This suggests that the
top of the regulatory domain of the myosin head rotates
by ~ 20°. Moreover, the conformational changes associa-
ted with myosin—vanadate complex’ as well as oxygen
exchange studies'®"® suggest that after hydrolysis, bound
MgADP and P; do not leave the site by themselves and

Figure 1.

require a conformational change which, in our view, is
initiated by binding of actin to myosin.

We now address some of the original and key aspects
of our molecular mechanism of muscle contraction and
elucidate how the energy of ATP hydrolysis is converted
to mechanical work. A central tenet of our molecular
mechanism is storage of the energy of ATP hydrolysis as
internal energy within the myosin molecule. The fact that
ATP hydrolysis takes place in the state where myosin is
detached from actin19, but movement requires the attach-
ment of myosin with actin filament necessitates, in our
view, the need for storage of the energy of ATP hydro-
lysis in the myosin molecule, in the absence of which the
energy would be dissipated, without being employed for
the performance of useful work. The presence of a time
lag between the hydrolysis event and motion is an implicit
feature of all kinetic schemes to datel9’23, which offers
further support to our energy storage feature. We make
the novel proposal that the energy of ATP hydrolysis is
stored as an increase in twist of the two o-helices forming
the coiled-coil of the S-2 region of the myosin rod. Rota-
tion of the top of the regulatory domain of the myosin
head caused by ATP hydrolysis leads to this increase in
twist in the myosin rod and to the rotation of the myosin
head. The latter motion is a consequence of the fact that
the myosin head is detached from actin and is free to
rotate, i.e. the catalytic domain rotates along with the

Ribbon representation of the X-ray structure of chicken skeletal muscle myosin subfragment S-1.

The orientation is such as to face the actin binding interface looking into the 50 K cleft, while the nucleotide
binding site lies on the opposite side. The molecule is divided into the catalytic domain (thick part) contain-
ing the actin and the nucleotide binding sites and a long helix (regulatory domain) associated with two light
chains. Based on trypsin digestion studies, the myosin molecule can be divided into three regions: the 25 kDa
NH> terminal domain, 50 kDa central domain and the 20 kDa COOH terminal domain. These domains are
identified by the presence of disordered loops between them in the X-ray crystal structure. The 50 kDa central
region serves as a communication between the actin binding interface and the nucleotide binding site
formed by both the NH, terminal and 50 kDa central domains, while the COOH region serves as the

regulatory domain.
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regulatory domain as one unit. Increase in twist in the
coiled-coil is accompanied by tilt of the myosin head.
This tilt takes place about the region connecting the
myosin head to the rod region (i.e. connecting S-1 to S-2).
Thus, rotation of the top of the regulatory domain caused
by ATP hydrolysis leads to three effects: (i) increase in
twist of the o-helices forming the myosin rod; (ii) rotation
of the myosin head; and (iii) tilt of the myosin head.
These motions can be understood more clearly by refer-
ence to Figures 2 and 3. We define the twist angle ¢, as
the angle between the axis of the rod and the tangent to
one of the o-helices constituting the coiled-coil. Increase
in twist of the o-helices forming the coiled-coil leads to a
decrease in ¢ as depicted in Figure 2, which is drawn for
both pre-hydrolysis and post-hydrolysis states. The tilt
angle, 0 is defined as the angle formed by the axis of the
actin filament with the lever arm (Figure 3). In our pro-
posed molecular mechanism, ATP hydrolysis leads to a
decrease in O as represented in Figure 3. According to our
molecular mechanism, decrease in ¢ stores the energy
released due to the enthalpy change upon ATP hydrolysis,
while decrease in 6 and rotation of the myosin head are
responsible for bringing the myosin head in proximity to
the actin filament and facilitate the attachment and bind-
ing of myosin to actin. All three motions (tilt, twist
and rotation) are essential and play critical roles in our
molecular mechanism.

Thus, by the time the ATP hydrolysis event is com-
plete, the energy of hydrolysis has been stored as an in-
crease in twist and the myosin head is bound to the actin.
Binding of myosin to actin leads to complete closure of
the previously partially closed myosin 50 K cleft and
thereby opens the nucleotide binding site and releases the
bound P; and ADP. In our molecular mechanism, release
of bound nucleotides is not the driving force for move-
ment and hence is not directly coupled to movement;
therefore, the order of release of P; and ADP is not of

Figure 2. Pre-hydrolysis and post-hydrolysis states of the myosin rod
formed by the coiled-coil of two a-helices, each coil belonging to a
different myosin head. The coiled-coil has a 28-residue or a 4 hepta-
peptide repeat pattern characteristic of all coiled-coil structures.
(a) In the pre-hydrolysis state, the coiled-coil structure is relaxed with a
larger twist angle, ¢; (b) In the post-hydrolysis state, an increase in the
twist of the two a-helices forming the coiled-coil stores the energy of
ATP hydrolysis. This increase in twist causes decrease in the twist
angle ¢ of the coiled-coil, which arises from rotation of the top of the
regulatory domain of myosin head, a conformational change caused by
ATP hydrolysis.
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great consequence to our mechanism. However, kinetic
studies indicate that P; leaves the site before ADP!O182

The power stroke takes place when the S-2 region
(coiled-coil) untwists, i.e. ¢ increases (Figure 2). This
decrease in twist leads to release of stored energy which is
utilized to move the actin filament. Concomitant with
untwisting, the myosin head untilts about the contact
between S-1 and S-2, i.e. the angle 0 increases (Figure 3).
This untilting motion generates the force that drags the
actin filament along with the myosin head. The overall
motion of the actomyosin complex is similar to the motion
of a shovel shovelling its load (mud or coal), except that
in the case of the actin—myosin system, the shovel (myosin)
remains attached to the load (actin) throughout the power
stroke. Figure 4 illustrates the state of the actomyosin
complex before and after the power stroke. In our concep-
tion, the myosin head tilts and untilts as a single entity,
i.e. there is no bending of one region of myosin head with
respect to another. An implication of our molecular
mechanism is that in the absence of a proper frame of
reference (i.e. without S-2), it is impossible to detect the
envisaged changes in tilt, twist or rotation. Thus, tech-
niques such as attachment of spectroscopic probes to S-1,
which fix the frame of reference to the S-1 (refs 25 and
26) itself, will not measure these changes.

We now predict the changes in the tilt angle 0 required
for the execution of the power stroke according to our
proposed molecular mechanism. The length of the myosin
head is approximately 20 nm as measured by electron
microscopy and X-ray crystallography®’ *’. The myosin
step size in the power stroke measures 5.3 nm as deter-
mined by single-molecule total internal reflection fluores-
cence microscopy’'; this also coincides with the distance
between two adjacent myosin binding sites on the actin
filament. Representing the myosin head as a rigid entity
tilting about a fulcrum lying at the base of the head,
the change in the tilt angle A® can be obtained from the
equation:

Figure 3. Tilt of the myosin head in the pre-hydrolysis and post-
hydrolysis states. (Top) The pre-hydrolysis state. The lever arm makes
an angle of ~ 110° (0) with the axis of the actin filament. (Bottom) The
post-hydrolysis state. Due to ATP hydrolysis the molecule tilts about
the contact between S-1 and S-2 by an angle of approximately 15°
(6 ~ 95°), sufficient to bring the myosin head close enough to bind to
the myosin binding site of the next actin monomer.
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20-sin(AB) = 5.3, ey

which yields a A® value of approximately 15°. From the
crystal structure of S-1 (ref. 7), the post-power stroke
value of 0 is determined to be 111°. Thus, the pre-power
stroke value of 0 measures approximately 96°. These val-
ues of the tilt angles are in complete consonance with re-
cent fluorescence polarization measurements on intact
muscle fibers®'. Note that depending on the experimental
system, the pre-power and post-power stroke tilt angles
may vary, however, the difference between them is
expected to be of almost the same magnitude as predicted
in this work.

At the end of the power stroke, the energy stored in the
myosin has been converted to useful work, the twist in the
myosin rod and the tilt in the myosin head have reached
their pre-hydrolysis values and the 50 K cleft is closed.
The myosin head had experienced a rotation after ATP
hydrolysis prior to its binding with actin. Upon com-
mencement of the power stroke, the head would try to
follow a trajectory that is the exact reversal of its previous
motion; however the binding of the myosin head to actin
monomer places constraints on this from happening. As a
result, the myosin head unrotates while still bound to
actin. Therefore, the interactions between residues form-
ing the actin binding interface of the myosin head and the
myosin binding site of the actin monomer are strained.
We name this state the rigor state. Although the acto-
myosin interactions are strained in rigor, they are not suf-
ficient to detach myosin from actin. Thus, additional
interactions are needed to break the actomyosin complex.

In the rigor state, no nucleotide is bound to the myosin
nucleotide binding site. The next cycle can commence
only after another molecule of ATP from the medium
binds and supplies the additional (binding) energy
required to break the actomyosin interactions, thereby
detaching myosin from actin and priming it for hydrolysis.
How exactly this takes place will now be explained in
detail. First, Mg®* interacts with its ligands at the top of
the tunnel leading from the nucleotide binding site to the
50 K cleft. The Mg®" is directly coordinated to the Oyl
atom of Thr-186 (distance 2.1 /OX) and the Oy atom of Ser-
237 (distance 2.4 A) and to two water molecules (2.1 A
each). These water molecules in turn interact with the
carboxy side chain of Asp-454 (distance 2.5 A) and with
the main chain carbonyl oxygen of Asn-235 (distance
2.8 A). Thus, this interaction of Mg*" with its ligands
makes the sub-region acquire the correct conformation for
binding. Now Mg* binds and the binding energy is uti-
lized to modify the site to a conformation conducive to
the binding of the adenine ring and the phosphate groups,
a process in which each of them incrementally facilitate
the other’s binding to the nucleotide binding site. Since
the myosin—actin interactions are already strained, the
binding energy of MgATP is sufficient to break the acto-
myosin complex. Thus, nucleotide binding opens the 50 K
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cleft which in turn disrupts the actin binding site and
reduces the affinity of myosin for actin. This leads to
detachment of myosin from actin; concomitantly, the
nucleotide binding site adopts a conformation that is
closed around MgATP (i.e. the motion that opens the
50 K cleft also closes the site). Thus the nucleotide bind-
ing site in myosin is in a state that is conducive for
hydrolysis. This brings us back to the state that we started
with and completes the contractile cycle (Figure 4).

The fundamental questions in the field of motility (e.g.
how is the hydrolysis of ATP coupled to motion?) have
proved very difficult to answer, despite decades of intense
research, and the molecular mechanism of muscle contrac-
tion has remained a mystery. The 1970s and 1980s saw
the use of sophisticated biophysical techniques such as
electron paramagnetic resonance, X-ray scattering, fluo-
rescence spectroscopy, electric birefringence, etc. to detect
the rocking of the myosin head about its contact point
with actin, as predicted by the swinging crossbridge
model®??** of the 1960s. The results were negative; how-
ever, since it was felt that the model was never very clear
about how the crossbridge moved and no detailed molecu-
lar mechanism of the process was presented, it was
refined to the swinging lever arm model®** in the 1980s.
This model has gained the maximum general support over
the years. The model envisages the bulk of the cross-

| h | h
Figure 4. Schematic representation of the contractile cycle of muscle
according to our molecular mechanism. (@) One contractile cycle has
been completed and ATP has already bound to the nucleotide binding
site in the myosin head and disassociated the myosin head from the
actomyosin complex. The 50 K cleft is open and the nucleotide binding
site is closed around ATP. The tilt angle 6 is approximately 110° and
the molecule is primed for hydrolysis; (b) ATP hydrolysis has taken
place leading to rotation of the top of the regulatory domain, which
causes tilt in the myosin head and energy storage as increase in twist in
the myosin rod. The rotation and tilt of the head brings myosin suffi-
ciently close to the myosin binding site on actin, so that an actomyosin
complex can form. Binding of actin to myosin leads to release of the
products P; and ADP; (¢) State of the actomyosin complex after the
power stroke is complete. The power stroke is initiated by untwisting of
the coiled-coil of S-2. Simultaneously, the myosin head untilts about
the contact between S-1 and S-2, generating a force that drags the actin
filament along with the myosin head, as explained in the text. During
the power stroke, the unrotation of the myosin head generates strain in
the actin—myosin interactions because the myosin head cannot rotate
freely when it is bound to actin. The binding energy of MgATP is suffi-
cient to break the strained actin—myosin interactions. Thus, dissocia-
tion of myosin from actin takes place, leading to the state of the system
shown in (@), and completing the contractile cycle.
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bridge to bind to actin with a fixed geometry (i.e. the ori-
entation of the catalytic domain does not change) and only
the carboxy-terminal part of myosin head (the regulatory
domain) swings ~ 10 nm with respect to both the catalytic
and rod domains* 8, However, there is no direct experi-
mental evidence that such large conformational changes
take place during force generation in the muscle. It is a
prediction of our proposed molecular mechanism of the
contractile cycle of muscle that the large amplitude
motions of the regulatory domain relative to both the cata-
lytic and rod domains of myosin have not been detected
experimentally because they do not exist, and our molecu-
lar mechanism clearly shows that there is, in fact, no need
for such motions.

Recently, in a series of papers, we have proposed the
torsional mechanism of energy transmission and ATP syn-
thesis™ *! — the first complete, unified mechanism of ATP
synthesis by ATP synthase, a nonequilibrium molecular
machine (the smallest known) and a remarkable mechano-
(electro)chemical transducer. Our mechanism of ATP
synthesis has been quantified** ™, a novel kinetic model
has been formulated and mathematically analysed**4>4°
and a detailed analysis based on the concepts of irreversi-
ble thermodynamics* has been carried out. It is instruc-
tive to note that storage of energy within a single
molecule (as internal energy) plays a central role in
the torsional mechanism of ATP synthesis also. Energy
storage within single molecules and its subsequent utili-
zation via specific mechanisms of the type proposed and
detailed in earlier papers®****® and in this work may
prove to be one of the great unifying principles of biol-
ogy —in oxidative phosphorylation, muscle contraction
and other related energy transductions. These properties
make the above topics very attractive for contemporary
interdisciplinary research. Finally, in our view, the aspects
dealt with in this work constitute the key elements whose
lack of detailed consideration has held back the progress
of research in the important field of motility.

We refer to our molecular mechanism as the Rotation—
Twist-Tilt (RTT) energy storage mechanism of muscle
contraction. As in lever arm models, velocity is propor-
tional to length of the lever arm (/); however, a key pre-
diction and distinguishing feature of the RTT energy
storage mechanism lies in the fact that the force (f) that
drags the actin filament is independent of [, or, at least, it
has no direct relationship with /, unlike in the lever arm
model®?*** (where foc I'') or the modified lever arm
model®” (in which fec %),
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