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Abstract: Muscle contraction mechanism is discussed by reforming the model described
in an article by Mitsui (Adv. Biophys. 1999, 36, 107-158). A simple thermodynamic
relationship is presented, which indicates that there is an inconsistency in the power stroke
model or the swinging lever model. To avoid this difficulty, a new model is proposed. It is
assumed that a myosin head forms a polaron-like complex with about three actin molecules
when it attaches to an actin filament and the complex translates along the actin filament
producing force. Various experimental data on the muscle contraction are well explained
based upon the model.
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1. Introduction

The contraction of muscles takes place by mutual sliding of a thick (myosin) and a thin (actin)
filaments. A. Huxley [1], H. Huxley [2] and Huxley and Simmons [3] proposed that the filament
sliding is generated by power stroke of crossbridges, which occurs once during one ATP hydrolysis
cycle. There is a recent review article on “Mechanics and models of the myosin motor” by Huxley [4].
The present authors and their colleagues [5, 6, 7], however, derived a simple thermodynamic
relationship, showing that there is an inconsistency in the power stroke model. To avoid this difficulty,
they proposed a new model from a completely different viewpoint. The model well explains various
experimental data. In the present article, it is tried to interpret the basic idea of the model described in
[7] in more readable manner with some refinements.

Difficulties in the power stroke model are discussed in Sect. 2. Basic ideas of the new model are
explained in Sect. 3. Various experimental data are theoretically reproduced in Sect. 4. Additional
comments are given in Sect.5. The obtained results are summarized and discussed in Sect. 6. A list of
the parameter values used in calculation can be found in the Appendix.
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2. Difficulty in the power stroke model

2.1 A thermodynamic relationship

Generally the first step to construct a molecular model in material physics is to look for a
thermodynamic relationship among parameters to appear in the model and put restrictions on the
manner to construct models (e. g., cf. [8]). Let us follow this procedure in the case of muscle
contraction.

It is assumed that a myosin head exerts force to an actin filament only when it attached to an actin.
The mean force exerted by the myosin head on the actin filament is denoted as p and the translation
distance of the attached head during one ATP cycle as D, Then pD gives the work done by the myosin
head utilizing the ATP hydrolysis energy, earp. Measured macroscopic quantities during muscle
contraction are the tension P, the contraction velocity } and the rate of heat production H. The rate of
muscle work W is PV and the rate of energy production is W + H. The portion of gxrp used for work is
given by earpW/(W + H), and therefore, by the first law of thermodynamics

pD = earpW/(W + H). (2-1-1)
The tension P is equal to the sum of the forces generated by the myosin heads in a thin layer having a
unit area cross-section and the width of half the sarcomere length. If Ny (hs: half sarcomere length) is
the total number of myosin heads contained in this layer and r the ratio of the number of heads that are
simultaneously in the attached state per Ny, then

P = P/(rN), (2-1-2)
or
r = P/(p Nps). (2-1-3)
Combining Egs. 2-1-1 and 2-1-2 gives
D/r = garpNnsV /(W + H). (2-1-4)

This is the required thermodynamic relationship
By inserting the values of gatp, Nns and Vimax (¥ under no load) as given in the Appendix and W =0,
H =352 kW/m’ at the tension P = 0 at 0°C ( cf. Eq. 4-3-1a) into Eq. 2-1-4, we have

D/r =900 nm, for P =0 at 0°C. (2-1-5)

Additional comments on D/r are given in Sect. 5.1.
2.2 Inconsistency in the power-stroke model

According to Geeves and Holmes [9], the longitudinal displacement of a myosin head during one
ATP cycle (power stroke or working stroke, D in our notation) is approximately 10 nm. Then Eq.2-1-5
gives

r=0.011 (power stroke model). (2-2-1)
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The stiffness of a muscle, which varies depending upon the stress in the muscle, is assumed to be a
measure of » in the power stroke mode [10]. According to [10], the ratio of the stiffness of the
crossbridge at P = 0 to that at P = P, is 0.35 where Py is the isometric tension. Therefore, even in case
that the value in Eq. 2-2-1 is for free shortening, 1. e. for P = 0, the ratio » at P = Py becomes

r=0.011/0.35=0.031, at P = Py (power stroke model). (2-2-2)

On the other hand, the value of r at the isometric tension P, can be obtained by Eq.2-1-3 using the
experimental values of Py (cf. Appendix) and py (the isometric tension per head). The experimental
results of Ishijima ef al. [11] indicate that py is close to 5.7 pN. We adopt this value in calculation:

po=>5.7pN. (2-2-3)
Then Eq. 2-1-3 gives
r=0.41,at P=P,. (2-2-4)

X-ray data are favorable to the  value in Eq. 2-2-4. By X-ray diffraction study of the equatorial
reflections from a sartorius muscle, Matsubara et al. [12] estimated that about 80% of myosin heads
migrate around the thin filament in isometrically contracting muscle. Higher values for this percentage
(about 92~99%) is reported by Yagi et al. [13]. Since these percentages are about twice » = 41%, it can
be speculated that one of two heads of a myosin molecule attaches to an actin and produces force while
the other exists in the vicinity of an thin filament as non-attached relief.

It should be noted that the » value of 0.41 in Eq. 2-2-4 is obtained by the thermodynamics and the
experimental value of po. The » value 0.031 in Eq.2-2-2 derived from the assumption of the power
stroke model is much smaller than 0.41. This is a distinct inconsistency in the power stroke model,
indicating necessity of a new model based upon a completely different viewpoint.

3. Basic ideas in the new model

3.1 X-ray diffraction studies suggest constant r

X-ray diffraction data suggest that r is almost independent of the shortening velocity. Podolsky et
al. [14], Huxley [15], Huxley and Kress [16] and Yagi et al. [13] observed that the intensity ratio of
the [1,0] and [1,1] equatorial reflections increases only minimally as the shortening velocity increases,
indicating that the total number of myosin heads in the vicinity of the actin filament decreases only
slightly. This observation is commonly explained by assuming that weakly attached crossbridges exist
in addition to strongly attached crossbridges and the muscle stiffness is determined by the strongly
attached crossbridges. Then a question arises how this weakly attached crossbridge is related to the
force production mechanism. It seems reasonable to consider that both the strongly attached and
weakly attached crossbridges are substantially related to the force production in positive or negative
ways. In our model both are counted to calculate the ratio r, i. e., it is assumed that, as an
approximation, » is constant and independent of the shortening velocity, as the X-ray data suggest.
Referring to Eq. 2-2-4, now it is assumed that

r=0.41, for any P. (3-1-1)
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It should be noted that we have
p/po= P/Py (3-1-2)

by combining the constant » assumption of Eq.3-1-1 with Eq. 2-1-3. This relation means that we can
obtain an expression of a quantity as a function of macroscopic parameter P/P, when we obtain an
expression of the quantity as a function of microscopic parameter p/po. This is very convenient in
theoretical treatment.

As mentioned in the preceding section, the ratio of stiffness of the crossbridge at P = 0 to that at P =
Py is 0.35 where Py is the isometric tension, and this P-dependency of stiffness was attributed to the
variation of the ratio r of the attached myosin heads in the power stroke model [9]. This P-dependency
will be explained from a different viewpoint in Sect. 4.1.

3.2 Traveling distance of myosin heads along actin filament during one ATP hydrolysis cycle in
shortening muscle

According to Eqs.2-1-5 and 3-1-1, the traveling distance of myosin head D during one ATP
hydrolysis cycle is given by

D =369 nm for P =0 at 0°C. (3-2-1)

On the other hand, much smaller values of D (5 nm or a few times of 5 nm) have been reported for a
single myosin head by several authors. Molloy et al. [17] studied movement and force generation
produced by a single myosin head and found the movement during one ATP hydrolysis cycle to be
about 4 nm. Kitamura et al. [18] developed a new assay for direct manipulation of S-1 making
visualization possible with a fluorescent label. Their results show that a myosin head moves along the
actin filament with 5.3 nm steps and often produces displacement of 11 to 30 nm for each ATP
hydrolysis. It seems possible that in their experiment, there was a force to press S-1 onto the actin
filament with an effect to facilitate the movement, as discussed later in connection with f; (cf. Eq.3-5-
2). Now it seems generally believed that a single myosin head moves along an actin filament by about
5 nm step, with one step or a few during one ATP hydrolysis cycle in vitro.

In the new model, D is about the period of the myosin strand of 5.46 nm or occasionally a few times
of it in the case of a single myosin head, while large values of D becomes possible by cooperation of
myosin heads in shortening muscle. For readers who hardly believe the large value of D in shortening
muscle, it should be stressed that the value of 369 nm is based upon thermodynamics, the direct
experimental result on py and the equatorial X-ray measurements. Originally the large value of D
comes from large D/r. In Sect. 5.1, it will be shown that large values of D/r comparable to 900 nm in
Eq. 2-1-5 can be derived from other experimental data.

In experiments by Ramsey and Street [19], intact isolated muscle fibres from the frog were
stretched to various lengths and then stimulated. A roughly linear decline of active force with
extension of the fibre was observed beyond the length at which it gave maximum (cf. Figure 1 in [4]).
From this fact it is commonly concluded that the myosin head produces force independently. This
reasoning is, however, based upon the observation in isometric contraction and it seems too
speculative to consider that the heads produce force independently also in shortening muscle. There
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should be some time duration that the myosin filament exerts a force to a myosin head bound to an
actin filament in shortening muscle. This force is originally due to other myosin heads. In this sense
there is an mutual interaction or cooperation among the heads, as will be discussed in more detail in
Sect. 3. 7.

3.3 Formation of molecular complex of myosin head and actin molecules

Yagi et al. [13] observed that X-ray intensities of the 5.9 and 5.1 nm actin layer lines change
depending upon the tension, indicating that molecular deformation occurs during force generation.
Borejdo and his colleagues [20, 21] studied the way of binding of a myosin head to an actin filament
by using tryptic digestion of myofibrils and measuring optical polarization and dichroism. They
concluded that in the rigor rabbit psoas muscle each myosin head binds to two actin monomers in a
thin actin filament [21], suggesting the possibility that the myosin head may first bind to one and then
to two monomers in F-actin [20].

Figure 1. The formation of a polaron in two-dimensional models of ionic crystal,
following Figure 19 of [22]. (a) The small filled circle shows electron e in a rigid lattice of
an ionic crystal, KCIl. The arrows show the forces on the ions adjacent to the electron. (b)
Electron e in deformable lattice. The electron plus the associated strain is called polaron.
(c) The polaron moves to the next site, changing the mate ions by hopping over a potential
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Generally, when a molecule A bounds to an assembly of B molecules, structural changes occur in
both A and B and rearrange the manner of the binding, resulting in formation of the locally deformed
complex of A and B. If molecules A and B are electrically charged and have no center of symmetry (i.
e. structurally polar) as in the case of protein molecules, the complex formation will be enhanced by
electric and piezoelectric interactions. It seems plausible that sometimes the molecular complex moves
in the assembly of B as in the case of a polaron in ionic crystals. Presumably some readers are not
familiar with the polaron, and a simplified scheme of the polaron formed by an electron in two-
dimensional KCl crystal is illustrated in Figure 1, referring to Figure 19 of Kittel’s text book [22].

In Figure 1(a), the small filled circle shows electron e which gets into a ligid two-dimensional
lattice of ionic crystal, KCl. The arrows show the forces on the ions adjacent to the electron. Figure
1(b) shows the case of a deformable lattice. The adjacent K* ions move closer to e and CI” ions apart
from e, forming the strain field around e. The electron plus the strain field is called a polaron. The
polaron moves in the crystal by hopping over a potential barrier, changing the mate ions (c).

The large value of D makes us suppose that a molecular complex somewhat similar to a polaron is
formed between myosin and actin molecules in muscle. As mentioned above, there is the experimental
observation suggesting that a myosin head may first bind to one and then to two monomers in F-actin
[20]. Figure 2 shows an example of possible mechanisms of how such a complex of a myosin head
and actin molecules is formed in terms of potential distribution for the myosin head. In Figure 2(a),
ATP-activated single myosin head (S-1) is indicated as M, which sits at a position apart from the actin
filament. The periodic array of potential wells shows the possible binding sites for M along the actin
filament with a period of the strand (L = 5.46 nm). The helical structure of the actin filament will
disturb the periodic potential arrangement but its effect does not seem essential and is neglected here.
The myosin head is considered to move to the right during filament sliding and hereafter this direction
is called forward and the opposite direction backward. Figure 2(b) shows the state at the moment M
attaches to actin 1. As mentioned above, attachment of the myosin head may cause large strain in actin
molecules. The actin filament is structurally polar and hence piezoelectric. Consequently, it is possible
that the strain produces an electric polarization as symbolically indicated by the electric charges - in
actin 1 and + in actin 2 in Figure 2(c). The myosin head is negatively charged and the Coulomb
interaction between the head charge and the induced polarization charges raise the potential well at the
actin molecule 1 and lowers it at actin 2, resulting in the potential energy distribution for the head
shown in Figure 1(c), which might be wide over the two actin molecules and has two narrow inner
potential wells at the actin molecule 1 and 2, such that M can jump from one to the other due to the
thermal fluctuation and is statistically distributed in these wells as schematically drawn in Figure 2(d).
The negative charge of the head will tend to stabilize the charges caused by the polarization in wells 1
and 2. The statistical distribution in the wells was treated based upon statistical mechanics in
connection with the isometric tension transients in [7] as outlined in Sect. 4.4. The result in [7]
suggests that the probability of the head sitting in the potential well 2 is much larger than that in well
1. The head at well 2 will newly produce the polarization charge — in well 2 and + in well 3 similarly
to the case of (c) but somewhat differently due to the difference in prehistory from (c). The induced
charges in this case are symbolically shown by small — and + in (d) Accordingly, the structural
changes in (d) will be similar to (c) but somewhat different from (c). The potential distribution is
supposed to be such as shown in (d) with a potential barrier U*. If this barrier U* is low, the head can
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move to right. But it is assumed that U* is so high that the head hardly jumps over it to right in the
case of a single myosin head. Thus the attached single head usually moves only over the length L, i. e.

about 5 nm, the generally accepted distance as discussed in Sect. 3.2. In shortening muscle, however,
cooperation of the myosin heads decreases U* and realizes the long traveling distance of the head, as
will be discussed in the following sections.

Figure 2. Diagram showing sequential changes in the potential of force acting on ATP-
activated single myosin head M (subfragment-1) in binding to an actin filament. The
numbers 1 2, 3 are assigned to the potential wells at the binding site on actin molecules on
the same strand. (a) Periodic potential distribution when M is sitting at a position apart
from the actin filament. (b) Just after M attaches to actin 1. (c) Molecules deform and
potential distribution changes. (d) Equilibrium potential distribution. M is statistically
distributed in wells 1 and 2. U* is the potential barrier for M to move to well 3, which is

high in the case of single myosin molecule.

L
1 3

(a)
1 2 3
(b)
1 2 3
(c)
-+
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Rayment et al. [23, 24] proposed that structure of the myosin molecule after force generation is that
of rigor of which crystal structure was analyzed. The myosin head consists of a globular catalytic
domain that binds to an actin and hydrolyzes ATP and a neck domain that consists of essential and
regulatory light chains bound to a longa-helical portion of the heavy chain. The molecular deformation
can occur at the junction between the two domains. In the negative stain and single-particle analysis by
Burgess et al. [25], there is considerable flexibility between the catalytic and neck domains, despite the
molecules having been prepared in the absence of nucleotide.

It is assumed that molecular structures change as shown in Figure 3, associated with the changes in
potential distribution in Figure 2. Figure 3(a) shows a myosin head just after the attachment to actin
filament (the shape is speculated), which corresponds to the state in Figure 2(b). Then the potential
changes occur from Figure 2(b) to (c) and (d), causing the shift of the binding site of the head from
Figure 3(a) to (b). The shape of the head in (b) is depicted referring to the shape in Figure 6 of [24]. As
in Figure 2(d), it is assumed that the molecular deformation occurs mainly in the three shadowed actin
molecules together with the head, and call the shadowed complex in Figure 3(b) MA;. Figure3(c) is a
modeling of (b). The tilting angle of the neck domain relative to the vertical z axis is denoted as 6.4 in

the case of a single myosin head.

Figure 3. Formation of a complex of myosin head and actin molecules (MA3). (a) Just
after attachment of myosin head to actin molecule corresponding to Figure 2(b). Molecules
are not deformed yet. (b) Formation of MAj; corresponding to Figure 2(d). (¢) Modeling of
(b). The angle €4 1s the bending angle of neck domain at equilibrium.

Myosin head
(@ ve

Actin
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()
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Actin
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Figure 2(d) shows that the myosin head exists in wells 1 and 2 although the molecular deformation
extends to actin 3. Hence it is plausible that the head binds to myosin 1 and 2 more tightly than 3. This
may be related with the observation by Borejdo and his colleagues [20, 21] cited in Sect. 3. 3. They
studied the way of binding of a myosin head to an actin filament, concluding that in the rigor rabbit
psoas muscle each myosin head binds to two actin monomers in a thin actin filament [21],

3.4 Elastic deformation and force production of crossbridge

Now a contracting muscle is considered. The myosin filament is thought to be moving to the right
at a constant velocity v with respect to the actin filament in Figure 4. It is assumed that the neck
domain can elastically bend against the catalytic domain as shown in Figure 4. The tilt angle & is
defined referring to the vertical z axis and is positive for rightward tilt. The equilibrium state in which
a myosin head does not produce tension is shown in Figure 4(a), where € is indicated as 6.4 assuming
that the molecular shape is the same as the single myosin head in Figure 3(c). The restoring force
increases with | 0 - Oq | . The stress which the myosin head exerts on the myosin filament is
indicated as p(y) in Figure 4 (y will be defined below). p(y) is positive when 6 - 6.4 < 0 (Figure 4(b))
and negative when 6 - 0..> 0 (Figure 4(c)). Wakabayashi and Yagi and their colleagues [26] measured
intensity changes of the 14.5 nm meridional reflection by applying sinusoidal length changes (peak-to-
peak amplitude 0.6% of the fiber length, 500 Hz) to muscle fibers during active contraction and in
rigor. The 14.5 nm meridional reflection sensitively depends on the electron density of a myosin head
projected onto the meridian. The density projection profile will become broad and the reflection
intensity decreases in release if the mean 6 is positive, while the projection will become sharp and the
intensity increase in release if the mean @ is negative, for such small oscillation amplitudes as 0.6%.
Wakabayashi et al. [26] observed that the 14.5 nm intensity changed in phase in rigor and in antiphase
in active contraction against the sinusoidal length change, indicating that .4 is positive and the mean
@ 1in the isometric contraction is negative as shown in Figure 4(a) and (b).

1973, Mendelson et al. [27] examined the flexibility of rabbit myosin and heavy meromyosin by the
nanosecond fluorescence depolarization technique and found that there is considerable flexibility
within heavy meromyosin which is localized near the S1-S2 connecting joint. Elliott and Offer [28]
examined myosin molecules of rabbit skeletal muscle by electron microscope, and demonstrated that
there is a hinge at the head-tail junction where a myosin molecule can bend flexibly. They also
frequently observed that molecules are bent sharply back onto themselves at a well defined position
along the myosin tail. Walker et al. [29] found another hinge region in the tail and noted that the tail is
seldom perfectly straight, all parts of it being sufficiently flexible to allow it to curve gently.
Accordingly, the tail will not be stiff for a shortening force, while it will be stiff for expanding force
after it is straightened because of itsa-helical structure. Figure 4 illustrated the situation schematically.
For simplicity, the bending freedom of the tail is represented by one hinge depicted as a black square.
When the head pulls the myosin head (p(y) > 0, Figure 4(b)), the tail is straightened and the elastic
force by the myosin head will be straightforwardly transmitted to the myosin filament. When the head
presses the myosin head (p(y) < 0, Figure 4(c)), there will be some bending in tail and the effect of the
elastic force will be weakly transmitted to the myosin filament.
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Figure 4. Deformation of a myosin head while the catalytic domain stays at the same actin

molecule. The small square on the tail is to show symbolically the bending flexibility of

the tail. (a) Myosin head is at the equilibrium angle, €.4. (b) Myosin head is pulling myosin

filament forward. (c) Myosin head is pushing myosin filament backward.
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(b)

(©)

]

Myosin filament

Myosin filament —»

The crossbridge is the tail plus myosin head. In Figure 4, the end of the tail on the myosin filament

is indicated as K and the end of catalytic domain on the actin filament as J, so that the crossbridge is

the material system from K to J.

The x coordinate is defined along the filament axis with positive direction to right putting the origin

on the z axis. The z axis is set on J, and thus x of K is negative as seen in Figure 4. The position of K at

Oq 1s indicated as x.q (Figure4 (a)). The length change of the crossbridge is represented by

y:.X'.Xeq.

(3-4-1)
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Figure 5. Various quantities in the domain of y = x - x.q (Eq. 3-4-1)

0- ﬂeq‘::{} ﬂ-ﬂeq =0
v<0 =0
p() =0 p(») <0
f1<0 ;>0
Kf Kb
0 y

By definition, y is negative in Figure 4(b) and positive in (c), and represents shirinkage of the
crossbridge. The force which the crossbridge exerts on the myosin filament is denoted as p(y). There is
a force exerted on J as a reaction to p(y), which is denoted as fj:

Ji=-p»). (3-4-2)
Note that f; has the same sign as y as seen in Figure 4. It is assumed that Hooke’s law approximately
holds for f;. Then,

fi= (3-4-3)
where x is the mean stiffness of the crossbridge. Since the head and tail are connected in series as

elastic elements, we have
1/x=1/xkg + 1/xr. (3-4-4)

where xy; and xr are the stiffnesses of the myosin head and tail, respectively. When p(y) is positive
(Figure 4(b)), the stiffness xr seems much larger than xjy due to the a -helical structure of the tail, and
xis nearly equal to xu. On the other hand, when p(y) is negative (Figure 4(c)), xt should be much
smaller than xj; due to the bending flexibility of the tail and x is nearly equal to x 1. Thus, if x is
expressed by x ¢ for the forward force (p(y) > 0) and byx, for the backward force (p(y) < 0), x¢ is
nearly equal to k' and x7, is nearly equal to «r, and &t is expected larger than x;, With these notations,

Eq. 3-4-3 becomes

fi= &gy, fory <0, (3-4-5a)
fi= Y, fory>0. (3-4-5b)
Then, from Eq. 3-4-2,
p(y) = -Kt), fory < O> (3_4_63)
p») =- Ky, for y> 0. (3-4-6b)

Magnitudes of &t and x, will be determined in Sect. 4. 1. Figure 5 summarizes the quantities

mentioned above in the domain of y.
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3.5 Step motion of myosin head along actin filament

Figure 2(d) showed the potential barrier U*. According to Eyring's theory of the rate process [30],
the probability that the myosin head moves from well 2 to 3 across the barrier U* is proportional to
exp(-U*/kT). Figure 2 is drawn for the case of a single myosin head where f; = 0 and U* is considered
to be so high that the head hardly move to right. In shortening muscle, however, there is the time
duration that the myosin head tilts right over 6.qand f; becomes positive as shown in Figure 4(c). It is
assumed that U* decreases as f; increases so that the transition from well 2 to 3 becomes possible.
Figure 6 illustrates the transition by the molecular model. Figure 6(a) shows the state where f; becomes
so large that the catalytic domain is going to translate to the next site. Figure 6(b) shows just after the
head translates to a new site. Now&-6.,< 0 and the head will pull the myosin filament forward till 8
reaches 6.4. After @ increases over €4, the state will become as shown in Figure 6(c), which is the
same as Figure 6(a) except for the binding site and the head is ready to translate to right. The myosin
head moves along the actin filament by repeating such steps.

Figure 6. Step motion and deformation of a myosin head in shortening muscle. (a)
Rightward tilt of neck domain just before catalytic domain moves to right. (b) Leftward tilt
of neck domain just after catalytic domain moves to the new site. (c) Rightward tilt of neck
domain when catalytic domain is ready to next movement to right.
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Based upon Eyring's theory of the rate process [30], the probability Q that the myosin head moves
across the barrier U* is given by

O = Aexp(-U*/kT), (3-5-1)

where A4 is a constant. To express the tendency that U* decreases when fj increases for y > 0, we
consider an approximate expression:

U*=U* —af, (3-5-2)
where a is a constant. Since y is positive under consideration, fj is given by &,y (Eq 3-4-5b). With a
parameter b defined by
b = axp, (3-5-3)
Eq.3-5-2 becomes
U* = U*, - by. (3-5-4)

Hence Q is proportional to exp(by/kT). Since exp(by/kT) increases rapidly with increasing y, most
transitions will occur around some y which is denoted as y. (c: critical). Hereafter, we suppose that all
transitions occur simultaneously when y reaches y.. This approximate treatment will make various
calculations simple.

3.6 Cycles of force generation and the isometric tension

Figure 7 illustrates our idea on muscle contraction in the domain of the variable y. Let us call the
translation of the head over U* “U* transition”. The head in Figure 6(a) is just before U* transition
and its y is y. defined in the preceding section. The head in Figure 6(b) is just after U* transition and its
v is yo — L as J shifted by L, by definition of y (Eq. 3-4-1). Thus U* transition is associated with y
change from y. to y. — L as indicated by the arrow “U* transition” in Figure 7(a) and (b). The head in
Figure 6(b) is also at the starting point to produce the force. The head in Figure 6(c) is just before U*
transition and its yis y.. Thus y changes from y. — L to y. with the filament sliding in the process from
Figure 6 (b) to (c) This process is indicated by the arrow “Filament sliding” in Figure 7(a) and (b). The
myosin head produces the force during this “Filament sliding”. When the filament sliding is fast, the
transition probability Q =Aexp(-U*/kT) (Eq.3-5-1) should be large, and thus U* is small and y is large
according to Eq. 3-5-4. Therefore, y. is large for fast sliding as shown in Figure 7(a) and small for slow
sliding as in (b).
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Figure 7. Cycle of variation of y (a) Fast sliding. (b) Slow sliding. (¢) Near the isometric

tension, P/Py > 0.68.
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A question arose of what determines the isometric tension, where the sliding velocity is zero and the
above cycle stops. In this connection, the double hyperbolic force-velocity relation found by Edman
[31] is interesting. As will be proved in Sect. 4.2, the new model leads us to the so-called hyperbolic
force-velocity relation. Edman [31], however, found distinct deviation from the hyperbolic force-
velocity relation when the relative stress P/Py, becomes larger than about 0.68 (cf. Figure 11) and
called the observed result double hyperbolic force-velocity relation. In [7], this deviation was
attributed to sudden increase of U* near yo (). at Py) but this explanation does not seem very realistic.
Instead, another mechanism is proposed here that the isometric tension is related with a tolerance limit
for “pull-up” detachment of the head from the potential well 3 toward well 2 in Figure 2(d). That is, a
forced transition from the state of Figure 6(b) to that of Figure 6(a) takes place when the stress P/P
increases beyond 0.68. In Figure 7(c), the thick triangle symbolically shows that this effect starts at
Ve = ¥ which corresponds to P/Py = 0.68, increasing with decreasing y.. Then, y of some myosin
heads will change their binding positions from the region of y. — L <y < y.* — L to y. <y < y.* as
indicated by the arrow “Pull-up transition”. The U* transition will occur in the opposite direction also
for these heads and keep the system stationary. The pull-up reduces the population of the head having
large p(y) in y. — L <y < y.* — L and increases the population having negative p(y) in y. <y < y*, as
seen in Figure 7(c). This effect increases with decreasing y. as the region y. < y < y.* is widened,
implying that reduction of P due to the pull-up will increase with increasing {(P/Py) — 0.68} (cf. Figure
11). It seems plausible that such dynamical processes are proceeding in the isometric tension.
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3.7 Cooperativity of myosin heads, and energy flow and chemical reactions associated with force
production

The potential barrier U* is reduced by the force f; as U* = U*y - a fy (Eq, 3-5-2), where fj is the
force exerted on the head by the myosin filament. This force is originally produced by other myosin
heads attached to the myosin filament. In this sense, myosin molecules belonging to the same myosin
filament help each other to make their step motion easy by decreasing others’U*. Due to this
cooperation, the amount of energy used in each step becomes small and the head can travel over the
long distance D. Values of D will be calculated as a function of P/Py in Sect. 4.3 (cf. Figure 14).

Lymn and Taylor [32] proposed the cycle relating the force production with chemical reactions. In
their scheme, dissociations of Pi and ADP play the important role in force production (cf. e. g., [9]).
The ways of energy flow and chemical reaction are quite different from those in the new model and
dissociations of Pi and ADP do not play important role in connection with force production. Portions
of the ATP hydration energy earp stored in the head are used in forming the complex MAj (Figure
3(b)) and the force generation steps. Each step of force generation is associated with the chemical
reactions: dissociation from one actin molecule and binding to the neighboring actin molecule. Figure
8 is an illustration of the scheme of the new model. On the right, myosin head is depicted as a box with
the energy G stored in it. The level of G is lowered successively associated with the step of force
production of the myosin head. Actin filament is depicted as a box with many shelves on the left. Shelf
A; corresponds to ith actin molecule. The force f; lowers the potential barrier U* and let the head
dissociate from A;; and bind to A;. Associated with this step, myosin head produces force by spending
the energy indicated as g. Energy liberation rate will be calculated in Sect. 4. 3.

Figure 8. Energy flow and chemical reaction associated with force production. Chemical
reaction is a series of detachment from actin A;.; and attachment to A;. The fraction, g, of
the free energy of myosin head is used for force production at each chemical reaction. The
energy stored in the head after the ith step is denoted by G. The initial value of G is eatp
given to the head by the ATP hydrolysis.
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3.8 Role of thermal fluctuation

It is assumed that the probability Q for myosin head to cross over U* is expressed by O = Aexp(-
U*/kT) (Eq. 3-5-1) following Eyring [30]. In usual text books, Eyring's theory of rate process is
considered about the probability that a single material particle crosses over a potential barrier U*.
Then, the energy for the particle to cross over U* is supplied by the thermal energy of the surroundings
of the particle. In the case of a myosin head, however, the head has much internal freedom for
structural and thermal fluctuation. Hence it seems plausible that the fluctuation occurs adiabatic in a
limited time scale: Decrease of structural fluctuation energy is compensated by increase of thermal
fluctuation energy of constituent atoms, and vise versa. Thus the internal energy of the head is used for
the head to detach from the actin molecule 2 and attach to actin 3 in Figure 2(d). While the head drops
down to the potential well 3, the potential energy of the head will be converted into the elastic energy
of the crossbridge to be used to pull the myosin filament. In this way the internal energy of the head
originally supplied by ATP hydrolysis is used by parts to pull the myosin filament. The thermal
fluctuation plays important role for force production but there is no contradiction against the second
law of thermodynamics.

This idea is similar to the model proposed by Huxley in 1957 [1] in the sense that the thermal
energy plays an important role to produce force. In Huxley model, however, most of the ATP
hydration energy earp (about 21kT) is spent at once for one power stroke. Then the probability appears
too small for the event to occur. In our model, only a fraction of gxtp is used in each cycle of force
production. The magnitudes of the energy fraction will be discussed in Sect. 4.3.

3.9 Isometric tension transient

Huxley and Simmons [3] studied the response of a frog muscle fiber in isometric tension to
stepwise length changes. Ford et al. [33], who extended the above study, carried out many calculations
on their experimental results. Their experimental results were explained differently from the viewpoint
of a new model in [6, 7]. In Sect. 4. 4, contents of [7] are outlined citing some of the calculation results
in [7].

3.10 Isotonic velocity transient

Isotonic velocity transients were studied by Podolsky [34], Civan and Podolsky [35] and Huxley
[36]. A muscle was stimulated and initially held at a constant length. It was then released suddenly and
allowed to shorten under a constant load. When the muscle length is strictly fixed as in the experiment
of the isometric tension transient, the population ratio of the myosin heads in wells 1 and 2 in Figure
2(d) is uniquely determined for the stationary state. On the other hand, when the load is fixed as in the
experiment of the isometric velocity transient, the relative populations in wells 1 and 2 are not
uniquely defined. Thus the response of muscle becomes complex in isotonic velocity transient, but
becomes understandable from viewpoint of the new model [7]. Outline of the discussion in [7] is given
in Sect.4.5.
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4. Quantitative explanation of experimental data

4.1 Tension dependence of muscle stiffness

As already mentioned n Sect. 2.2, the stiffness of a muscle varies depending upon stress, and is
regarded as a measure of 7 in the power stroke mode [10]. In the new model, » is assumed constant and
the experimental result is explained as follows.

The X-ray diffraction studies on the extensibility of myosin and actin filaments by Huxley et al.
[37] and Wakabayashi et al. [38] indicated that the total extensibility of these filaments is equal to or
more than that of the crossbridges. As discussed by Irving [39], however, the filament would be
effectively inextensible during each step motion of an individual myosin head since a few hundred
heads simultaneously interact with each actin filament. Accordingly, we shall discuss force generation
in the crossbridge mechanism as if extensibility existed only in the crossbridge,

The stress p(y) produced by myosin head at each y position is given by Eq.3-4-6. In Sect. 3.5, we
consider as if the step motion of the catalytic domain occurs at the definite position named y.. In this
section, we discuss the muscle stiffness on the same simplified scheme. Since y changes with time at
the constant velocity, the stress p produced by one head per one step is given by integration by y.
Then, referring to Figure 7(a) or (b),

by
p=ami | kv | crnan (4-1-1)
Ye-L 0
Thus we obtain
p=RLY{xL?* - 2ieLye H Kt -K6)ye (4-1-2)
From Eq.4-1-2, y. is given by
ye=L [K- {&" - (st -wp)(xc - (2p/L) )} "2V (it - 1b) (4-1-3)
Let us denote y. at p = pg as y.o and y. at p = 0 as y.(0), then from Eq. 4-1-3,
yeo= L [k - { - (¢ -55) (Ko - (2po/L) )} "V (ki -K), (4-1-4)
Ye(0) = L {Kt- (ki) "} /(i -K) . (4-1-5)

The stiffness is &t in the region y, - L <y <0 and &3, in the region 0 <y < y., and y changes with time at
the constant velocity. Hence, denoting the average stiffness as s, we have

5= {xp(L - ye) + Kb e VL. (4-1-6)

Eqgs. 4-1-3 and 4-1-6 give the stiffness s as function of p. Based upon the assumption that the
proportion » of the number of myosin heads that are simultaneously attached to an actin is a constant
independent of P (Eq. 3-1-1), we have p/po = P/Py(3-1-2). By the same reason we have

s/s(po) = SIS(Py), (4-1-7)

where S is the muscle stiffness, and s(pg) and S(Py) are, respectively, s and S at P = P,.
Then, from Egs. 4-1-6 and 4-1-7, we have
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SIS(Po) = {Ki (L - ye) + &b ye} /{ K (L - yeo) + Kb Yeo} - (4-1-8)

The ratio S/S(Pp) was experimentally determined by Ford et al. [10], as shown by circles in
Figure 9.

Figure 9. Relative stiffness S/S(Py) of muscle as a function of P/P,. Open circles:
Experimental data cited from Figure 10B of a paper by Ford et al. [10]. Solid line:
calculated by Eq. 4-1-8.
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The muscle stiffness S for P = 0 is denoted as S(0). The ratio S(0)/S(Py) is 0.35 as seen in Figure 9:

S(0)/S(Py) = 0.35. (4-1-9)
Then, from Eq. 4-1-8,

{xr (L - y:(0)) + &5 ye(0)}/{ x5 (L - yeo) + &b Veo} = 0.35. (4-1-10)
Since L = 5.46 nm (Appendix) and po = 5.7 pN (Eq. 2-2-3), there are four unknown parameters (s,
Kb, Ve, ¥o(0)) which are related by the three equations 4-1-4, 4-1-5 and 4-1-10. Hence, if one of the
four is determined the other three can be determined. Since y.(0) is y. for the fastest contraction, Figure
7(a) suggests that y.(0) is relatively close to L (5.46 nm). Calculations are made for &z, &, yco, and y. by
Eq.4-1-3, and S/S(Py) by Eq. 4-1-8 with various trial values of y.(0). After several calculations, good

agreement with experimental data was obtained with
Ye(0) =4.2 nm. 4-1-11)

Calculated result is shown by the curve in Figure 9. Agreement with the experimental data is fairly

good. The other parameters are determined using the value of y.(0) in Eq. 4-1-11 as

Yeo =0.73 nm, (4-1-12)
xr=2.80 pN/nm, (4-1-13)
K, = 0.26 pN/nm. (4-1-14),

Now we can calculate y,. as a function of P/P, by Eq.4-1-3. Figure 10 shows calculation result. This
Ve Vs. P/Py relation will be used for various calculations.
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Figure 10. y. as a function of P/P,, calculate by Eq. 4-1-3.
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4.2 Force-velocity relation

The probability QO that the myosin head moves over the potential barrier U* is expressed by Q =
Aexp(-U*/kT) (Eq. 3-5-1) where U* = U*, - by (Eq. 3-5-4) for y > 0. Although some complexity is
expected around the isometric tension Py as discussed concerning Figure 6(c), these expressions are
assumed to hold for y >y, where y., becomes y. at Py. It follows from the above equations that Q is
proportional to exp(by/kT), and most transitions for the head to cross over U* are expected to occur
around y. as discussed in Sect. 3. 5. Then the mean time ¢, needed to complete the transition is
approximately given by the inverse of Q:

te=(1/A)exp(U*(y.)/kT), (4-2-1)
where
U*(yc) = U*y - bye. (4-2-2)

From the other viewpoint, the transition is approximately completed while y changes from y to y.
with the velocity v, and thus #. can be expressed by

e = (Ve = Yeo)/v. (4-2-3)
From Eqgs. 4-2-1, 4-2-2 and 4-2-3, the velocity v is given by
v = B(ye - yeo)exp(byc/kT), (4-2-4)
where
B = Aexp(-U*y/kT). (4-2-5)

The velocity v can be calculated as a function of P/P, when B and f are given, as the values of y. are
given in Figure 10.
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Figure 11. Force-velocity relation. Black circle are experimental data by Edman [31].
Solid line shows calculation result by Eq. 4-2-4.
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Edman [31] studied the force-velocity relation of frog muscle fibers in detail. The experimental
results were represented by empirical equation (2) in [31]. Values calculated by the empirical equation
are shown by black circles in Figure 11. Calculations based upon Eq.4-2-4 were done with various trial
values of B and f to get the best fit with the experimental data. The curve in Figure 11 shows the

results by using the parameter values:

B=1.92x10%s", (4-2-6)

blkT=0.29 (nm)™. (4-2-7)

Agreement with the experimental data is good for P/Py < 0.7, but there is a distinct deviation from the
calculation curve in larger P/P, region. In Sect. 3.6, the pull-up mechanism was considered as a

possible origin of the deviation.
4.3 Energy liberation rate

Energy liberation rate in the crossbridge mechanism is denoted as W + H per unit volume of muscle
per unit time. Homsher et al. [40] determined the energy production in contracting muscles from
myothermal and mechanical measurements at V' = Viax, Vimax/2, and 0. It is assumed that 30% of the
heat production at P = Py, which is 4.4 kW/m3, comes from a non-crossbridge source and this amount
is subtracted from the experimental values, with the results

W+ H=35.2kW/m’at P/Py=0, (4-3-1a)
=51.8 kW/m’at P/Py=0.21, (4-3-1b)
=10.2 kW/m® at P/Py = 1.00. (4-3-1c)

These values are shown by filled circles in Figure 12.
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W + H consists of two components: one is directly related with the force production and denoted as
(W + H),. Generally there is an energy loss in working machine, which is called the maintenance heat

for muscle and denoted as Hy:
W+ H= W+ H), + H,. (4-3-2)

(W + H), consists of two parts. A fraction ofearp is spent for the force production by each head
attached to actin during crossing over U*. Let us denote this fraction of W+ H as (W + H);,1. For such
force production, the complexes (MA3) have to be formed. A fraction ofearp is used firstly to create
(MA3) in the process from Figure 3(a) to (b) and lastly to decompose the complex. Let us denote the
fraction of W + H used for these processes as (W + H); 2. Then

(W+H) =W+ H)y+ W+ H)o. (4-3-3)

Let us also denote the portion ofearp that the head spends to produce force during each step motion as
g. Then (W + H); is given by

(W+ H)11 = (V/L)(rN)g, (4-3-4)

where (V/L) is the number of the force-production cycle of each head per unit time, NV is the number of
myosin heads in a unit volume of muscle, and hence »N is the number of myosin heads in a unit
volume which are simultaneously attached to actin filaments. Since the head has to cross over the
potential barrier U* to produce force, g will increase with increasing U*. As an approximation, g is set
as

g= B, U*(yo), (4-3-5)
where B, is a constant. Thus, by Eq.3-5-4,
g = By(U*o —by.), (4-3-6)
where b is given by Eq. 4-2-7. From Eqgs. 4-3-4 and 4-3-6
(W + H)1,1 = (BgrNIL)(U*o—byc)v. (4-3-7)

As for (W + H),, the frequency of the attachment-detachment of all the heads in unit volume is
given by (W + H )i/eatp. Let the energy spent by each head for the attachment-detachment be 4, then

(W+ H)12=h(W + H )1/ éarp. (4-3-8)
Thus Eq. 4-3-3 becomes
(W+H)=h(W+ H)i/earp + (W+ H)p1. (4-3-9)
That is,
(W+ H), =W+ H)1/(1 - hleatr). (4-3-10)
Thus Eq. 4-3-2 becomes
W+ H=(CorN/L)(U*o=by.)v + Ho, (4-3-11)

where

Cg. =Bg/(1 - h/entp ) (4-3-12)
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The maintenance heat H is assumed to be a constant as was done by Hill [41], and set equal to W+ H
atv=0, i e., 10.2 kW/m® given in Eq. 4-3-1c. Then, Eq. 4-3-11 becomes

W+ H = (CyrN/LY(U*o-byc)v + 10.2 X 10° (W/m’). (4-3-13)

W + H was calculated for various values of C, and U*, with the value of b in Eq. 4-2-7. The best

agreement was obtained with the parameter values:

Ce=1.69, (4-3-14)

U*o/kT = 1.34. (4-3-15)

Calculated values of W + H are shown by the curve in Figure 12. Agreement with the experimental
data is good.

Now we can calculate U*(y.) = U*y - by, (Eq. 4-2-2) by using y. in Figure 10, and U*; in Eq. 4-3-
15 and b in Eq. 4-2-7. Calculation result is shown by the solid curve in Figure 13.

Figure 12. Energy liberation rate /' + H in contracting muscle as a function of P/Py. Filled
circles: experimental data by Homsher et al.[40] (cf. Eq. 4-3-1). Curve: calculated by Eq.
4-3-13.
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Hill [41] gave the empirical expression of W +H by W+ H = (0.16Py + 1.18P)v + H, It should be
noted that Eq. 4-3-13 has the same functional form as Hill’s expression when (U*—by.) in Figurel3 is
approximated by a linear function of P.

The portion of exrp used for each force production step, g, is expressed by B.U*(y.) (Eq. 4-3-5).
Since Cg. =By/(1 - h/eatr ) (Eq.4-3-12), By < Cq and thus g < C,U*(y.). With C, = 1.69 (Eq. 4-3-14),
C,U*(y.) was calculated and the result is shown by dashed curve in Figure 13. Values of g are

expected to be between the solid and dashed curves.
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Figure 13. Calculated U*(y.)/kT and C,U*(y.)/kT as functions of P/Py. U*(y.) = U*y - by
(Eq. 4-2-2) and C, is 1.69 (Eq 4-3-14). The myosin head crosses over the potential barrier
U*(y.) (cf, Figure 2(d)) and produces force. Energy g spent at each step of this force
generation is expected to be between U*(y.) and C,U*(y.).
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From Eq. 2-1-4, the traveling distance D of a myosin head in muscle is given by

D = reatpNasVI(W + H). (4-3-16)

Figure 14. D vs. P/P, relationship at about 0°C calculated using Eq. 4-3-16. D is the
distance over which a myosin head translates using gatp.
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D is calculated by using the values of V' in Figure 11 and W + H in Figure 12. Results are shown in
Figure 14. The myosin traveling distance D is 369 nm in the free shortening at 0°C, which means that
a myosin head repeats 68 steps during one ATP hydrolysis cycle as D/L = 369/5.46 = 68.
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4. 4 Isometric tension transient

Huxley and Simmons [3] and Ford et al. [33] studied the response of frog muscle fiber to stepwise
length changes. They divided the tension response to quick length changes into four phases. Phase 1 is
the initial response, i.e. a sudden step-change in tension. After this step is completed, a rapid partial
recovery toward the original tension (phase 2, the early recovery phase) occurs, followed by a
slowdown of recovery (phase 3), and finally a much slower return to the original tension (phase 4).
Among them phases 1 and 2 were studied mathematically based on a new model in [6] and [7]. In this
section their studies are outlined.

The fastest response, phase 1, seems to be related with elastic length changes in the crossbridge.
The muscle length is controlled from outside in the isometric tension transient and the initial and final
states are the stationary state. It is assumed that, in the intermediary, the barrier U* between wells 2
and 3 in Figure 2(d) is kept as high as in the stationary state. Then phase 2 corresponds to the process
of adjustment of the head population between wells 2 and 3. The slower processes, phases 3 and 4,
seem to be related with the U* transition caused by thermal fluctuation. (The pull-up effect in Figure

7(c) is neglected here.)

Figure 15. 7(¢)/Ty as a function of time ¢ for various length change steps Ayps in the
isometric tension transient. 7(¢): tension P in phase 2. Tp: the isometric tension Py. Circles:
experimental data cited from Figure 23 in the article by Ford et al. [33]. Solid lines:
Calculation results reported in [7].
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To discuss phase 2, potential distribution other than the vicinity of wells 1 and 2 can be treated as
infinity since there is practically no translation over U*. Since the potential distribution in Figure 2(d)
is for a single myosin head, the potential distribution corresponds to chemical affinity between a
myosin head and actin molecules. This potential, which is named affinity potential, is represented by
U,r. Now we consider heads in a muscle, where the head is under the influence of the elastic force f;.
The nature of f; is already known through Eq. 3-4-5. The effect of fj is discussed by using an elastic
potential Ug. Thus the total potential energy U of the head is given by

U= Uaf + Uel- (4-4-1)

The stepwise length changes cause a step-change in tension and thus a step-change in Ug. Then the
ratio of head populations in wells 1 and 2 will alter so that U, changes toward the value at the
stationary isometric state. The changes in population and tension are calculated as functions of time
based upon the statistical mechanics in [6] and [7]. Calculated tension recovery in phase 2 are shown
by the curves in Figure 15 for various quick length changes per half sarcomere denoted as Ayps. Here,
the notations used by Ford et al. [30] are used: 7(¢) represents tension as a function of time ¢ and 7 is
the isometric tension. 7 and 7y are the same as P and P, respectively, in the preceding sections. The
experimental data on 7(¢)/Ty by Ford et al. [33] are shown by circles in Figure 15. The curves represent
a general tendency of the experimental data.

Figure 16. 71/Ty and T»/Ty as functions of Ayys. Circles and squares: experimental data
cited from Figure 13 of Ford et al. [33]. Solid and dotted lines are calculation results
reported in [7]. Tp is the isometric tension Py, 7 is for P just after the quick length change,
T, is for P at t = 9 ms (the maximum time in Figure 15) and Tz’ is for P at ¢t = oo.
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Values of T1/Ty, T»/To and T»/T, were obtained for various length changes Ayys [7], where T is for P
just after the quick length change, 7> is for P at t = 9 ms (the maximum time on the abscissa in Figure
15) and T, is for P at t = . Results are shown for T\/Ty and T»/T) by solid curves and 7>’/T, by dotted
curve in Figurel6. The experimental data by Ford ef al. [33] are shown by circles for 71/T; and by
squares for 75/Tp. The solid curves well reproduce the experimental data. The calculation results are
similar to those reported by Ford et al [33], although the model is different.
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4. 5 Isotonic Velocity Transient

As mentioned in Sect.3.10, isotonic velocity transients were studied by Podolsky [34], Civan and
Podolsky [35] and Huxley [36]. Muscles were stimulated and initially held at a constant length. It was
then released suddenly and allowed to shorten under a constant load. The transient response is
illustrated in Figure 17 referring to Figure 7 of Huxley’s article [36]. The sudden load change AP is
applied at = 0 and then P is kept constant as shown in Figurel7 (a). Length change is shown in Figure
17(b). As the first response, a sudden shortening a—b occurs as shown in Figure 17(b). It is followed
by a shortening b—c—d with a speed several times higher than the steady-state speed appropriate for
the load. The speed then declines to a low value (d—e¢) and subsequently tends to increase (e—f) and
reach its steady-state value around g. A characteristic feature of the curve is the downward convex
around d. As mentioned by Civan and Podolsky [35], it seems difficult to explain this characteristic
with the Huxley model.

Figure 17. Illustration for the isotonic velocity transient, drawn following Figure 7 of
Huxley [36]. The abscissa is time in ms. (a) Load change is shown by the relative load
AP/Py = (Py-P)/Py, which is suddenly altered at # = 0 and then kept constant. (b) Time
course of length change.
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Discussion on the isotonic velocity transient in Sect.V of [7] is somewhat complex, and only its
summary is given here. The first response of muscle to the sudden change of load is a release of
tension of crossbridges, which cause the rapid filament sliding, corresponding to a — b in Figure
17(b). In the new model, this filament sliding will cause an increase in y, and its upper limit y,
increases from y to a new value y.’. Then the heads in y, <y < y.” will cross over U* with relevant
time constants, causing a filament sliding. This process seems to correspond to b— ¢ — d in Figure
17(b). The filament sliding changes the elastic potential U, (cf. Eq. 4-4-1) in wells 1 and 2 in Figure
2(d). As in the case of isometric transient, this change of U, will change the ratio of head populations
in wells 1 and 2, producing a balance between the outside and inside stresses. The balance is realized
around e in Figure 17(b) and the filament sliding stops. During these processes, however, a few heads
will cross over U* by thermal fluctuation and cause slight filament sliding which decreases the number
of heads in wells 1 and 2. There is a lower limit of the sum of the numbers of heads in wells 1 and 2 to
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keep the balance of stresses. This limit comes around e, and the filament sliding become evident
around f. The sliding induces positive f; and reduces U*, causing further increase of the sliding
velocity. The sliding velocity gradually increases by such feedback and finally reaches the steady
value around g.

5. Additional comments
5.1 On the large values of D/r

Some readers of [7] commented that the D/r value of 900 nm in Eq. 2-1-5 seems too large to
believe. This section is prepared to mention that large D/r values can be obtained also from other
experimental data.

Yanagida et al.[42] studied crab muscle from which Z membranes are deleted. Based upon the
obtained data, they proposed that D is as large as more than 60 nm in the unloaded condition. Harada
et al.[43] observed movement of very short actin filaments on a glass strip covered by myosin
filaments, and proposed that D > 60 nm at 30 °C and D >200 nm at 20°C. As mentioned by several
authors, however, it is difficult to obtain D values from their experimental data without speculation. It
is, however, possible to obtain D/r from their experimental data [44]. A basic idea to derive D/r in [44]
is similar to that in deriving Eq. 2-1-4, and only essentials and final results of [44] are presented below.
The D/r value of 900 nm was obtained from the relation D/r =gatp NinsV /(W + H) (Eq. 2-1-4) using
the macroscopic values of Ny, V' and (W + H). We can find relevant microscopic quantities in the
experimental results by Yanagida ef al. [42] and Harada et al.[43].

Giving their notations in parenthesis, Yanagida ef al. [42] determined the filament sliding velocity
(Vg), ATP activity of sarcomere (V*atp) and the average number of myosin molecules in half a thick
filamenit overlapping with thin filament during sliding (Nn). D/r values are calculated by using these
experimental data. Obtained D/r are 10600 nm at 5°C and 9800 nm at 15°C. These D/r values are very
large presumably because the removal of Z membranes causes a large inter-filament distance and thus
small 7.

Harada et al. [43] determined the filament sliding velocity (VF), the number of ATP molecules spent
per unit length of an actin filament per unit time (dPi/d¢). There is some uncertainty in determining the
number of myosin heads which can bind to actin molecules per 1 m of actin filament and is set equal
to1.7x10% as the most probable number in calculation [44]. The obtained values of D/r are 1280 nm at
22°C and 380 nm at 30°C. These D/r values are of the same order of magnitude as 900 nm.

5.2 On the two-headed structure of myosin molecule

It is assumed that 41% of myosin heads are attached to actin in contracting muscles (Eq. 3-1-1). Let
us check whether or not this percentage is reasonable in connection with the actual muscle structure.

There are two actin filaments per myosin filament in frog skeletal muscle. An actin filament has
two actin molecules per 5.46 nm. A myosin filament has three myosin molecules per 14.3 nm.
Consequently, the relevant densities per nm are 2x2/5.46 = 0.73/nm for actin molecule and 3x2/14.3 =
0.42/nm for myosin head. If 41% of the heads are attached to actin, the density of the attached myosin
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head is 0.42x0.41 = 0.17/nm. Therefore, available actin molecules per attached myosin head is
0.73/0.17 = 4.3. If the head uses 3 out of the 4.3 actin molecules to form the complex MA;j, the
remaining 1.3 actin molecules will provide a space which makes movement of MAj possible. Hence,
the figure 4.3 means almost the full use of actin molecules for the filament sliding. As already
mentioned in Sect. 2. 2, by X-ray diffraction study, Matsubara et al. [12] estimated that about 80% of
myosin heads migrate around the thin filament in isometrically contracting muscle. Higher values for
this percentage (about 92~99%) is reported by Yagi et al. [13]. Since these percentages are about twice
r = 41%, it can be speculated that one of two heads of a myosin molecule attaches to actin and
produces force while the other exists in the vicinity of the thin filament as non-attached relief. The 4.3
actin molecules available for one attached head will be used efficiently if the relief head exists nearby
and uses them when the attached head is energetically exhausted. The two-headed structure of a
myosin molecule seems to be a device to produce force efficiently.

5.3 On cytoplasmic streaming in Characean algae

Concerning the cooperativity of myosin heads discussed in Sect.3.7, the observation by Nothnagel
and Webb [45] is interesting. They observed that dispersed myosin cannot drive cytoplasmic streaming
in Characean algae while myosin on an endoplasmic network can easily drive streaming. The
cooperativity of myosin heads in shortening muscle is made possible as they bind to the same myosin
filament. Similarly, endoplasmic network will be necessary for myosin molecules to cooperate to
produce cytoplasmic streaming in Characean algae.

Myosin heads move as fast as 60um/s in the algae, Nitella [46] and Chara [47], compared to about
2.4um/s of filament sliding velocity under no load in muscle (cf. Appendix). Since the velocity v is
proportional to exp(-U*(y.)/kT) by Eqs. 4-2-4, 4-2-2, and 4-2-5 in the new model, relatively small
change in U* causes very large change in v. It seems possible that various actomyosin systems have
developed for various purposes by changing U*. Presumably U* is low in Nitella and Chara where
velocity is important, while U* is relatively high in muscle where force is important.

6. Summary

The new model described in the present paper is characterized by the constant » (Eq.3-1-1), the
formation of the polaron-like compound of MA; (Sect. 3. 3), the nonlinear elastic property of the
crossbridge (Eq. 3-4-6), and the fj-dependence of of U* (Eq.3-5-2) which reflects cooperativity among
myosin heads in shortening muscle (Sect. 3.7).

Calculations based on the model well explain experimental data on muscle stiffness (Figure 9),
force-velocity relation (Figure 11), energy liberation rate (Figure 12) and the time courses in transient
phenomena (Figures 15~ 17). Although various parameter adjustments are made in these calculations,
it should be noted that agreement between calculation results and experimental data is possible only
when the characteristic features of the functional form derived by the model are similar to those of the
experimental data.

In the power stroke model, an actin filament is treated as a relatively passive element like a ladder
for a myosin head. In general, however, protein molecules have their proper active functions in
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biological systems. There was a question of why an actin molecule plays such relatively passive role in
muscle. In the new model, actin molecules play more active roles in mutual cooperation with myosin.

The structure of a protein molecule is polar, i. e., the center of symmetry is lacking in its structure.
Generally mechanical properties of the polar systems are treated as four-variable systems i. e., with
strain, stress, electric field and polarization. Two of the four (e. g., stress and electric field) are adopted
as independent variables and the others are dependent variables (cf, e.g., [8]). Recently the present
authors [48] have shown that the properties of the flagellar motor can be well explained by treating
them as four-variable system. As symbolically shown by + and - in Figure 2(c) and (d), it seems
plausible that electric charges and polarization implicitly play important roles in muscles.

Appendix
Fundamental Parameter Values

kT 3.77x107' J at 0°C

L period of actin strand projection onto the filament axis: 5.46 nm

N number of myosin heads in 1 m’ , calculated with Ny, and s: :1.68x 102 m*

Nps  number of myosin heads in a volume with a base of 1m? and a thickness of half the sarcomere
length : 1.76x10"7 m™ [49]

Py, isometric tension : 4.1x10° N/m? [31]

po  mean force produced by one myosin head in isometric contraction: 5.7x10" N/head [11], (Eq.
2-2-3)

r ratio of the number of myosin heads simultaneously in the attached state to the number of all
the heads: 0.41 (Eq. 3-1-1)

S sarcomere length: 2.10 pm [31]

Vmax shortening velocity under no load near 1.8 °C: 2.25(L/s) [31]

vmax velocity of filament sliding under no load in muscle at 1.8°C: 2.36 um/s [31]

1(0) critical y at free shortening : 4.2 nm (Eq. 4-1-11)

Veo  critical y at the isometric tension : 0.73 nm (Eq. 4-1-12)

eatp energy liberated by the hydrolysis of one ATP molecule: 8.0x10° J/molecule [50], 21T at
0°C

k¢  stiffness of crossbridge when the myosin head exertes positive force on a myosin filament:
2.80x107 N/m = 2.80 pN/nm (Eq. 4-1-13)

Kk,  stiffness of crossbridge when the myosin head exerts negative force on a myosin filament:
0.26x10™ N/m = 0.26 pN/nm (Eq. 4-1-14)
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