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The spontaneous oscillatory contraction (SPOC) of myofibrils is the essential property inherent to the contractile
system of muscle. Muscle contraction results from cyclic interactions between actin filament and myosin II which is a
dimeric motor protein with two heads. Taking the two heads of myosin II as an indivisible element and considering the
effects of cooperative behavior between the two heads on rate constants in the mechanochemical cycle, the present work
proposes the tenstate mechanochemical cycle model for myosin II dimer. The simulations of this model show that the
proportion of myosin II in different states periodically changes with time, which results in the sustained oscillations of
contractive tension, and serves as the primary factor for SPOC. The good fit of this model to experimental results suggests
that the cooperative interaction between the two heads of myosin II dimer may be one of the underlying mechanisms for

muscle contraction.

Keywords: muscle contraction, spontaneous oscillatory contraction (SPOC), mechanochemical cycle, coop-

erative behavior
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1. Introduction

Skinned skeletal and cardiac muscle fibers can exhibit
the dynamic behavior of spontaneous oscillatory contraction
(SPOC), that is, the sarcomere length changes periodically
with the saw-tooth waveform.['-%! The SPOC is considered
to be the third state of muscle, which occurs at the acti-
vation level that is intermediate between full activation and
relaxation.!”) This phenomenon is observed for both skeletal
and cardiac muscle in the physiological conditions realized at
around pCa~ 6 (termed Ca-SPOC), 4 or at high concentration
of MgADP (ADP: adenosine diphosphate) with MgATP in the
absence of Ca2* (termed ADP-SPOC).>! Besides, even at full
activation level with Ca>*, SPOC also occurs by the addition
of inorganic phosphate (Pi).[%! In summary, SPOC is a univer-
sal phenomenon that occurs under a wide range of conditions.
SPOC have been
proposed.!®151" Julicher and Prost!®! presented a physical

Some theoretical models for
mechanism which could lead to the oscillatory motion of
molecular motors cooperating in large groups when the sys-
tem was elastically coupled to its environment. Smith and
Stephenson!®!'% presented a concrete model based on the
experimentally obtained physiological properties of muscle.
This model considered the structural and functional factors in-
herent to the striated muscle, attributing the essential cause of
auto-oscillation to the elastic force provided by titin. In recent
years, Sato et al.!''=131 put forward several similar theories
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for SPOC. They assumed that the probability of cross-bridge
formation was depended on the lattice spacing between the
thin and thick filament, while the lattice spacing decreased
with the increase of the sarcomere length. Based on the two-
state ratchet mode, Li and Wang!'* studied the dynamics of
collective myosin II motors. The model results showed that
spontaneous oscillations could be generated if the system was
elastically coupled to its environment. All the above models
help us understand SPOC in different ways, but these theo-
ries involve little about the mechanochemical cycle of myosin,
failing to exam the dependence of SPOC on the chemical
conditions in the experiments. Guo and Luo!"! introduced a
chemical kinetic model to describe the muscle contraction and
SPOC, considering the dependence of chemical rate constants
on the sliding velocity of myofilament and the activation level
of muscle. Nevertheless, this model attributed the agent of
SPOC to the external factors.

Muscle contraction results from cyclic interactions be-
tween the contractile proteins myosin and actin, driven by
the turnover of adenosine triphosphate (ATP). Knowing the
mechanochemical cycle process of myosin is critical for un-
derstanding the mechanism of muscle contraction. Myosin II
is a dimeric protein with two heads.
cal cycle for single myosin head has been intensely studied,

The mechanochemi-

but the role of the second head in the myosin II and whether
the interhead action will affect the rates in the ATPase cycle
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are still uncertain.!'®! Most models for muscle contraction as-
sumed that the two heads of myosin II acted independently
from each other, thinking little about the effects of the inter-
head action on the mechanochemical cycle. In recent years,
however, the single molecular experiments showed that both
the inter-molecular force and the external load on molecular
motors could greatly affect the rates of the mechanochemical
cycle.['7-201 Tn addition, some experimental results suggested
different forms of cooperative behavior between the two heads
of myosin I1.[2!=231 Thus, myosin IT dimer may show some dif-
ferent mechanochemical characteristics from a single myosin
head.

In this paper, we take into account the effect of co-
operativity between the two heads on the rates of the
mechanochemical cycle, and propose a mechanochemical
model for myosin II. This model gives all possible states of
myosin II dimer and the transition between these states. Ac-
cording to mass action law, the proportions of enzyme species
(the myosin II dimmers in different states) are calculated. To
our surprise, if we assume that the attached myosin heads will
help the partner heads rapidly attach to the actin filament, >
the proportion of myosin II dimers in different states will peri-
odically change with time, which leads to the sustained oscil-
lations of contractive tension and serves as the major contribu-
tion to SPOC. As a check on the model, the equation of force
balance for SPOC under isotonic conditions is built, by which
the time-dependent change in the sarcomere length is calcu-
lated. The simulation results are consistent with the experi-
mental observations. This theoretical work may throw some
light on further understanding of muscle contraction. Further-
more, since the step manner and cooperating mechanisms of
myosin II are different from those of kinesin, myosin V, and
cytoplasmic dynein, the present mechanochemical model sup-
plies a new quantitative analysis method to study the mecha-
nism of cooperative behavior in systems of molecular motors.

2. Methods
2.1. The mechanochemical cycle model for myosin II
dimer

In order to produce contractive tension, myosin II cou-
ples a chemical cycle of ATP hydrolysis to a mechanical
actin—myosin interaction. Even at the simplest level, a min-
imal chemical cycle involves ATP binding, hydrolysis, and
subsequent release of Pi and ADP.[?®?’1 Many models for
the mechanochemical cycle of single myosin head have been
proposed. 287311 To study the cooperative interaction between
the two myosin heads and the effect of product concentra-
tion on SPOC in a simple way, this paper adopts the four-
state mechanochemical cycle model for single myosin head,
as shown in Fig. 1.

In Fig. 1, S is substrate (ATP), D is product (ADP), the
associated states of myosin heads to thin filament are shown

by squares, and the dissociated states by circles. The num-
ber 1 denotes the step of myosin heads binding to the actin
filament in the absence of ATP, while its reverse process is
marked as number 2. The step 1 may be due to the electro-
static force between myosin heads and actin filaments when
the binding sites have been active by Ca’>* or ADP. The step 2
partly results from the drag force created by the relative slid-
ing between the thin filament and the thick filament.3?! The
number 3 denotes the step of ATP binding to the myosin heads
and the ATP-myosin complex dissociating from thin filament,
and the reversal process of this step is usually negligible in the
presence of a sufficiently high ATP concentration. The num-
ber 4 denotes the step of power stroke, including the states of
ATP hydrolysis and Pi release; the number 6 denotes the step
of ADP release; the steps 5 and 7 are the reversal process of 4
and 6, respectively.

O=
I\
(D=

Fig. 1. (color online) The four-state mechanochemical model of single
myosin head.

The mechanochemical cycle models of single myosin
head neglect the cooperative behavior between the two heads.
But different forms of cooperative behavior have been pro-
posed to interpret the experimental results. One type of the co-
operative behavior is positive cooperativity, that is, the binding
of one head promotes the attachment of the second head. This
positive cooperativity helps to explain the apparently faster
attachment rate of cross-bridges during muscle stretch and
shortening.[>>) Based on these facts, this paper takes the two
heads as an indivisible whole and proposes a mechanochemi-
cal model for myosin II dimer, as shown in Fig. 2.

In Fig. 2, X; represents the states of myosin dimer, k;
are the rate constants. Since each head of the myosin II
dimer has four states (see Fig. 1), the myosin dimer with two
heads shares a total of sixteen states, and the sixteen states
can be simplified to ten states. From these ten states, four
mechanochemical cycles can be constructed, marked as 1, 2, 3,
and 4, respectively, which are the same as the cycles shown in
Fig. 1. All state transitions (indicated by dotted lines) belong-
ing to cycle 4 are ignored by this paper because the state Xjq
is seldom found in the experiments of muscle contraction. ']
Although there are still various transitions between other states
in cycle 4, such as X7 <> Xg and X3 <> Xo, these state transi-
tions outside of the mechanochemical cycle are insignificant
relative to those state transitions within the cycles.
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Fig. 2. (color online) The ten-state mechanochemical model for myosin II dimer.

In this model, the cooperative behavior between the two
heads is characterized by the effect of inter-head interaction
on the rates in the chemical cycle, and it is expressed quan-
titatively by the ratio of kg/ks. Here, the constant k4 is the
binding rate of single myosin head occupied by ATP to thin
filament, and kg is the association rate of single myosin head
while another head has been attached to thin filament. For
the mechanochemical cycle model of single myosin head, the
value of kg is equal to k4. But in the proposed model for
myosin II dimer, the value of kg is several times larger than
ky.

According to the mass action law, the set of chemical dy-
namics equations describing the graph in Fig. 2 can be written

as
dx1
= 2k k
" 1X1 + K2X2,
d
% =2k1x1 — koxo — k1x2 + 2kpx3 — kaxp 4+ kex7 — k7x2,
d
7;[3 = k1xp — 2kpx3 — 2k3x3 + kexg — 2k7x3,
d
% = k1X6 7k2)64+2k3x3 7k3x4 7k8x4 +165')68 +k6'x9 *k7)€4,
d
&5 k3xq — 2kaxs + ksxo,
dt
d
% = k3)(2 + k2x4 — k].Xﬁ — k4x6 + k5x77
d
% = k4x6 — k5)€7 — k6X7 + k7x23
d
% = 2k7x3 — kX3 + ksxq — ksxsg,
d
% = —kexg + k7x4 + 2k4xs5 — ksxo, (D

where x; is the proportion of various myosin dimer states and

satisfies the following equation:
X|+x24+x3+x4 +x5+x5+x7+x3+x9 =1. 2)

2.2. The reaction diffusion equation of ATP inside myofil-
ament

The adenine nucleotides are transported through skele-
tal muscle fibers during muscle activation, and the myofil-
ament lattice significantly reduces the diffusion of adenine
nucleotides.?3351 As a result, from the outside of myofil-
ament to the center of myofilament, the ATP concentration
varies from place to place. Due to the reaction—diffusion ef-
fect, the concentration of ATP inside myofilament may change
with time. Thus, the average concentration of ATP in the local
neighborhood of myosin active sites, y, is a time-dependent
variable. Since the influence of myofilament lattice on the dif-
fusion process is very complex, it is difficult to establish the
reaction—diffusion equation accurately. The focus of this pa-
per is to study the effect of cooperation between two myosin
heads on the mechanochemical cycle. Therefore, the detailed
analysis of the diffusion process is not conducted, but only a
relatively simple mathematical expression is given below.

The diffusion effect of ATP is mainly reflected in the ra-
dial direction of muscle fibers. According to Fick’s law, the
diffusion of ATP follows the equation

u
J= fDa 3)

Here, J is the diffusion flux which measures the amount of dif-
fusion material substance per unit cross-sectional area perpen-
dicular to the diffusion direction, D is the diffusion coefficient,
and du/dx is the concentration gradient at this cross-section.
Assuming that the volume of myofilaments is V, the side
area is A, and the average concentration of ATP in myofila-
ment is y, then the amount of ATP diffused into the muscle
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fiber per unit time is

Jd(ATP) J(yWV) @
Tor T o AT TPAG @
From Eq. (4), it can be derived that
dy A _du
o~ vPax )

If the shape of the myofilament is a cylinder with a length
of [ and a radius of r, then

o _ Apou_ omi ou_ ou
dtr  V 9dx  wrll dx  r dx

There is still no experimental data on the concentration

(6)

gradient of ATP diffusion in the muscle fibers. For the sake of
simplicity, we assume that the concentration gradient is equal
everywhere inside the muscle fibers, position-independent, but
only as a function of the average ATP concentration y. So

du _ur(y) —ui(y)
dx  xx—x;

)

where u(y) is the concentration of ATP in the solution out-
side the myofilament, u(y) is the concentration of ATP in the
center of myofilaments, and x, — x; is the distance that ATP
diffuses within the myofilaments. Because the average ATP
concentration y is independent of the variable x, equation (6)
can be written as

dy dy 2Dui(y)—we(y)  2r D

dr  dr v = o 2 0) mw()).
®)

In the experiments of SPOC, the concentration of ATP

X2 — X1

outside the myofilaments is constant. Here, suppose its value
is a mM. The ATP concentration in the center of myofila-
ments is less than the average concentration of ATP due to the
reaction—diffusion effect. For simplicity, let us set uy(y) = by,
where b is the scaling factor between 0 and 1. Thus, due to the
diffusion effect, the change in the concentration of ATP per
unit time satisfies the following equation:

Q_ 2r D

dr _XQ—Xlrj(a_by). ©)

Considering that the values of x, —x; and r are in the
same order of magnitude, if the diffusion coefficient D is prop-
erly chosen, equation (9) can be simplified to

dy D
Equation (10) indicates the amount of ATP that diffuses into
the myofilament per unit time.

According to Eq. (1), the amount of ATP consumed by
myosin heads per unit time should be expressed as

d
di)t] = ck3(x2 4+ 2x3 +x4) = cKzy(x2 4+ 2x3 + x4). 11

Here, c is the concentration of myosin in muscle, k3 is the first-
order rate constant of ATP binding to myosin, and K3 is the
second-order rate constant of ATP binding to myosin. So, k3
is the result of multiplying K3 by y, namely, k3 = K3y. Com-
bining Eqs. (10) and (11), the value of y can be calculated
approximately by the following equation:

dy D

dr ﬁ(a_b)’)—cl(3y(xz+2x3 +x4). 12)

2.3. The force equation of SPOC under isotonic condition

The SPOC is often studied under isotonic and isometric
conditions. Yasuda et al. made a deep research into SPOC
and got the time-dependent change in the sarcomere length
(SL) under the isotonic condition.!'! To check the proposed
mechanochemical model of myosin dimer, the present work
establishes the kinetic equation describing the force balance
along the myofilament, as shown by

dl
F*naJrFk*Fex:O, (13)

where F is the muscle contraction force that can be expressed
as follows:
F = BnF. (14)

Here, Fy is the force generated by a power stroke, and 7 is the
number of power strokes produced by lots of myosin heads in
one sarcomere. Because not all the power strokes will occur at
the same time, the macroscopic muscle contraction force F is
not equal but proportional to nFy. The proportionality coeffi-
cient between F and nFy is 8.
In Eq. (14), the number of power strokes 7 can be written
as
n = q(xs+xs5+x6)(Im — 1) /s0- (15)

Here, [ is the sarcomere length changing with time, I, is a
constant equal to the sarcomere length without overlap be-
tween the thick and thin filaments, [y, — [ stands for the overlap
length, sg is the average interval between the adjacent myosin
heads along the thick filament, and x4 + x5 + x¢ represents the
fraction of myosin heads in the pre-power-stroke state. The
probability of cross-bridge formation, g, is closely related to
the sarcomere length [.['') In most cases, the longer the sar-
comere length /, the bigger the value of ¢q. For simple, this
paper assumes that the probability of cross-bridge formation
is directly proportional to the square of /Iy, that is

q=qo(1/l)*, (16)

where [y is the sarcomere length in the relaxed state, and g, is
the probability of cross-bridge formation corresponding to the
length of Iy.

The second term in Eq. (13), n %, represents the friction
force due to the relative sliding of the thin and thick filaments,
where 7 is the fiction coefficient. 3]
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The last two terms in Eq. (13), Fx and Fi, represent the
passive force originated from the elastic element in the my-
ofibril and the external force, respectively. Fex is a constant at
the isotonic condition. According to the literatures, 373! F
can be expressed as a function of /

1
F=3 (181> — 151> +2551 — 188) . (17)

Substituting Eqs. (14) and (17) into Eq. (13), it is deduced that

di 1
== BnFo/n+<Fex3 (18 + 115122551+188)> /n-

dr

(18)
Equation (18) gives the time-evolution relationship for the SL
under the isotonic condition.

3. Results and discussion
3.1. The proportions of myosin II dimer in different states

To analyze the cooperative effects of the two heads of
myosin II dimer, the proportion of myosin II dimer in dif-
ferent states is numerically calculated for given specified rate
constants. Table 1 shows the experimentally measured and es-
timated range of rates for the steps in the mechanochemical
cycle and the actual values employed in our model analyses.

The constants k; and k; are related to the level of muscle
activation, which depends on the concentration of ADP and
Ca%t. The value of k; is taken as 0.1 s~!, while k» changes
with various muscle active conditions.***l The actual value
k> employed in our model is 0.5 s~!.

The rate k3 is the first-order rate constant of ATP bind-
ing to myosin, and K3 is the second-order rate constant of
ATP binding to myosin. So, k3 = K3y, where y is the aver-
age concentration of ATP inside the myofilament. The rate
constant K5 is about 1 x 100 M—1.s71-8 x 100 M—1.g~1 [40-43]
and the concentration of adenine nucleotides is usually re-
ported in units of mM. As a result, the rate K3 ranges from
1000 mM~!-s7! to 8000 mM~'-s~1.

The constant k4 is the binding rate of single myosin head
occupied by ATP to thin filament, and kg is the association rate
of single myosin head while another head has been attached to
thin filament, as shown in Fig. 2. Some experimental results
suggested that the binding of one head promotes the attach-
ment of the second head during muscle stretch and shortening.
Therefore, the rate kg may be several times of k4. In this work,
the value of k4 is taken as 22 s~! [4044] and the ratio kg /k4 is
in the range of 5-10.

The rate constant ks is determined by the inverse pro-
cess of ATP hydrolysis, and the rate of 1 s~!=10 s~! for ks

40.42-441 The constants kg and k7 are

is adopted by this work.!
related to the reversible steps of ADP release. In the exper-

imental research by Yasuda et al., the concentration of ADP

is 4 mM. As the second-order rate constant of ADP binding to
myosin (K>) is about 1 x 103 M~ 1.s71-5 x 10° M~ 1.s~1 [41.44]
the rates of 800 s~! and 200 s~' are used for k¢ and k7,

respectively. (40461
Table 1. Model parameters.

Parameter Value Ref.
ki 0.1s7! [45]
k> 0.557! [39], [40]
K3 5000 mM~!.s7! [40143]
ky 22571 [40], [44]
ks 10s7! [40], [42]-[44]
ke 800 s~! [401, [46]
k7 200 57! [41], [44]
kg 200 s~
D 100200 pm?2.s~! [34], [35]

r 1-2 pm [1]

a 0.2 mM [1]

b 0.1

c 0.5 mM [47]

Iy 1.8-2.2 um (48], [49]
S0 14.34 nm [50]
Im 3.87 um [48], [49]
Fo 5.5 pN [51]

n 0.1 pN-s-m~! [36]
0 0.2 [11]

B 0.1 [52]

The diffusion coefficient of small molecules in solution is
around 1073 m?/s—10~% m?/s, and the radius of myofilament
used in experiments is in the ranges of 10> m—10"% m. Refer-
ring to the related literature,!!**33] the value of D/r? ranges
from 10 to 100 in our calculation. The concentration of ATP
in solution, a, is 200 uM, while the ratio coefficient b varies
between 0.1 and 0.3. The concentration of myosin in skeletal
muscle, ¢, is about 0.15 mM-0.5 mM. [47]

Substituting the above parameter values into Egs. (1) and
(12), the numerical solution of x; versus ¢ is given in Fig. 3.

The numerical simulation results show that the proportion
of myosin II dimers in different states, x;, periodically changes
with time. The muscle contraction force is proportional to the
number of power strokes, which is mainly decided by x5 and x¢
in the given activation level. Thus, the force cyclically changes
with time, and this is the basic reason for SPOC. It is also
found that all the values of x; tend to be constants if the rate of
k4 is equal to kg. This brings about the conclusion that one of
the necessary conditions for SPOC is kg > k4. The significant
difference between k4 and kg is the key factor that results in
the remarkable nonlinear behavior in the muscle system. This
suggests that the inter-head cooperative behavior may play a
critical role in muscle contraction.

The simulation results also show that the concentration
of the ATP around the local area of active site changes peri-
odically with time, as shown in Fig. 4. In most of the experi-
ments to study SPOC, the concentration of the ATP in solution
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outside of myofilament was fixed to a certain value. The pre-
vious theoretical studies about SPOC, therefore, have never
taken the concentration of the ATP as a variable. These theo-
ries may ignore the diffusion of the ATP from the solution to
myofibril. Considering the diffusion and the consumption of
ATP inside myofilament, this paper establishes the reaction—
diffusion equation about ATP. The numerical results indicate
that the concentration of ATP inside myofilament periodically
varies over time. This is a new discovery that needs to be val-
idated.
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Fig. 3. (color online) Proportion of myosin II dimer in different states.
The values of rate constants are k; = 0.1 s™!, ky = 0.5 s, K3 =
5000 mM~'s™ kg =22 571, ks = 10 571, kg = 800 s, k7 =200 s !,
kg =200s"!, D/r?> =80,a=0.2mM, b=0.1, and ¢ = 0.5 mM. The initial
values of x; are x (0) = 0.105, x2(0) = 0.041, x3(0) = 0.029, x4(0) = 0.061,
x5(0) = 0.295, x6(0) = 0.388, x7(0) = 0.021, x3(0) = 0.029, and x9(0) =
0.031; y(0) = 0.039 mM.
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Fig. 4. (color online) The time-dependent change in ATP concentration.

3.2. The time-dependent changes in sarcomere length

The time-dependent changes in sarcomere length are cal-
culated by Eq. (18). The parameter values employed in
Eq. (18) are shown in Table 1.
50, taken from rabbit psoas, are 3.87 um-3.89 um, 1.8 pm—

The values of I, Iy, and

2.2 um, and 14.34 nm, respectively.[*339 The force gener-

ated by a single myosin head, Fy, is about 5 pN—6 pN.[>!l The
external force, Fyy, ranges from 1.83 N/m?>-3.27 x 10* N/m?
in the experiment by Yasuda et al., corresponding to about
15 pN-25 pN for a single thin filament (the number of which
is 1.2 x 10" /m? in myofibril®3)). The friction coefficient, 1,
is taken as 0.1 pN-s-m~'—1.1 pN-s-m~! in our simulation. ¢!
The value of the probability of cross-bridge formation at re-
laxation, g, is taken as 0.2.1'] Referring to the experimental
value of duty ratio,!3?! the value of 0.1 for 8 is used.

Substituting the above related parameter values into
Eq. (18), the numerical simulation of SL versus ¢ at Fex =
19 pN, 21 pN, and 23.5 pN are given in Fig. 5. The SL-time
relationship displays as the saw-tooth waveform, the period
of which is about 3 s and does not rely on the external force,
while the amplitude of oscillation decreases with the increase
of the external force. These results are similar to the experi-
mental observations shown in Fig. 4 of the literature.!]

In the process of muscle contraction, the lattice spacing
between the thin and thick filaments varies with the sarcomere
length. So the cross-bridge formation probability coupling to
the muscle structure is not a constant. If the coupling effect is
not taken into account, the value of g will hold as a constant
qo and will never change with the sarcomere length. On this
occasion, the numerical simulation shows that the range of SL
oscillation will be quite different from the experimental data,
or the distortion in wave shape of SPOC may be observed. It
implies that the coupling relation between the muscle structure
and the probability of cross-bridge formation is an important
element for SPOC, but not the intrinsic factor.

In addition, the simulation results show that the term Fy in
Eq. (17), the passive force originated from the elastic element,
is not essential to SL oscillation, although the value of Fi can
influence the amplitude of SL oscillation. This conclusion is
consistent with the related experimental observations.

)

2.6
2.4

Sarcomere length/pm

0 2 4 6 8 10
Time/s

Fig. 5. (color online) The time-dependent sarcomere length during iso-
tonic SPOC under different external loads. The average external loads
are (a) 19 pN, (b) 21 pN, and (c) 23.5 pN. The initial values of x; and y
are the same as those in Fig. 3.
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As a further check on our model, we test the dependence
of SPOC on the concentration of ADP ([ADP]), that is, the
change in SL—time relationship with the parameters of k; and
k7. The parameter k7, the result of multiplying [ADP] and K;
(the second-order rate constant of ADP binding to myosin),
characterizes the influence of [ADP] on the transition pro-
cesses, Xo — X7, X3 — Xg, and X4 — Xo. The parameter pri-
marily reflects the effect of [ADP] on the activation level of
muscle contraction, but the relationship between and [ADP] is
too complicated to give a quantitative analysis about them.

The simulation results show that the wave form, ampli-
tude, and period of SPOC are influenced by [ADP]. Both the
amplitude and the period decrease with the increase of k7, ac-
companied by the change of oscillation from the saw-tooth
waveform to the triangular type. A similar tendency is also ob-
served when k; is increased, because the increase in the ADP
concentration may also change the activation level of muscle
contraction.

The force equation (18) is just suitable to calculate the
time-dependent changes in sarcomere length under isotonic
condition. Since the intrinsic factor for SPOC is the chemical
oscillation induced by the cooperative operation of two myosin
heads, it is reasonable to believe that the local SPOC wave
may occur in some sarcomeres even when the total length of
myofibrils is fixed, and the oscillatory contractions can propa-
gate to the adjacent sarcomere, forming a traveling wave along
the myofibril. Therefore, the present cooperative model for
myosin dimer can explain the intrinsic reason for SPOC un-
der both isotonic and isometric conditions. But a more precise
equation should be established to describe the force balance
under the isometric condition.

3.3. The various conditions for SPOC to occur

In our model, the level of muscle activation, the coopera-
tive effect between the two heads of myosin, and the concen-
trations of ATP and ADP are important conditions for sponta-
neous oscillation of muscle contraction.

The level of muscle activation is determined by the con-
centration of Ca>* or ADP in solution and is expressed mainly
by the rate constant k;. When the rate of k; is relatively larger
or smaller, the muscle is in a contracted or relaxed state. Con-
versely, only when the value of k; is moderate, the sustained
oscillations of contractive tension may be generated. There-
fore, muscle activation at a moderate level is the basic condi-
tion for SPOC.

The cooperative effect between the two heads of myosin
dimer is reflected by the ratio of kg /k4. A large number of sim-
ulations show that the steady state solutions of Eq. (1) will be
constant and the sarcomere length will not change with time
if the double-headed cooperative effect is not taken into ac-
count, even though the muscle activation is under a moderate

level. On the contrary, if we assume that there is significant
cooperativity between the two heads (kg/k4 > 5), the peri-
odic solutions can be obtained from the differential equations;
thereby the time-dependent change in sarcomere length is also
observed. Therefore, in our model, the cooperative mecha-
nism between myosin heads serves as the primary factor for
SPOC.

The concentration of ATP and ADP in the solution is the
external condition at which the muscle produces spontaneous
vibration. The concentration of ATP determines the value of
the parameter a, and thus the value of the rate k3 can be cal-
culated; the concentration of ADP determines the value of k7
while affecting the value of k;. The rest of the rate constants
ko, k4, ks, ke, and the value of parameter c, are constant for
the given experimental conditions. Some experimental ob-
servations show that the concentration ratio of ATP to ADP
([ATP]/[ADP]) has a great influence on SPOC. By the numer-
ical simulations, we find that increasing the concentration of
ADP (i.e., increasing the rate of k7) at a given ATP concen-
tration ([ATP] = a mM) gradually changes the period and the
amplitude of SOPC until the vibration disappears. This con-
clusion is consistent with the observed phenomenon in the ex-
periments.

The reaction—diffusion effect of ATP inside muscle fibers
is also a necessary condition for SPOC. Without considering
the reaction—diffusion effect, the average value of ATP con-
centration near the active sites of myosin, y, should be as-
sumed as a constant, then the steady-state solutions of the dif-
ferential equations are also constant and do not change with
time. In this case, the muscle will be in a contracted or re-
laxed state. However, the reaction—diffusion equation (12)
has a periodic solution only if the cooperative effect between
myosin heads is fully considered (ks > k4). Therefore, the
time-dependent change in the average value of ATP concen-
tration inside the muscle fibers is the result of the double-head
cooperative mechanism rather than the cause of SPOC.

4. Conclusion

The conditions for SPOC to occur are very extensive. It
means that SPOC is the characteristic of the dynamic system
determined by the muscle structure and the mechanochemi-
cal cycle of myosin. Based on the idea that the cooperative
behavior between the two heads of myosin II dimer may af-
fect the rate in the mechanochemical cycle, this paper pro-
poses a kinetic model for myosin II dimer to describe the spon-
taneous oscillatory contraction of myofibrils. The chemical
kinetic analysis for the model indicates that the coordination
of two heads leads to the cyclic change in the proportions of
myosin dimer in different states. As a result, the contractive
force also periodically changes with time, which is the intrin-
sic cause of SPOC. This kind of remarkable nonlinear behav-
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ior derived from the mechanochemical model for myosin II
dimer suggests that the inter-head cooperative behavior may
play a critical role in the muscle contraction. Although some
mechanochemical models have been proposed to explain the
cooperative behavior between the two heads of processive mo-
tors, such as myosin V, kinesin, and dynein, the cooperative
mechanisms of these motors are obviously different from that
of myosin II, which works in a collective and collaborative
manner.>* Thus, the mechanochemical model established by
this paper may supply a new quantitative analysis method to
study the cooperative characteristics of molecular motor sys-
tems.

The present work also investigates the effect of muscle
structure on SPOC. The simulation results show that the mus-
cle structure could significantly affect the waveform and am-
plitude characteristics of SPOC. During muscle contraction,
the lattice spacing between the thin and thick filaments varies
with the sarcomere length, corresponding to the change in the
cross-bridge formation probability. So, the coupling relation
between the muscle structure and the cross-bridge formation is
an important factor for SPOC. Furthermore, the passive force
originated from the elastic element in the myofibril helps to
keep the amplitude of SPOC in a reasonable range, although
the passive force is not a necessary condition for SPOC.

Considering that the myofilament lattice can significantly
reduce the diffusion of adenine nucleotides, this paper estab-
lishes the reaction—diffusion equation about ATP. It is unex-
pected that the concentration of ATP inside myofilament peri-
odically changes with time. Since the SPOC phenomena occur
under a fixed chemical condition, early theoretical studies have
considered that SPOC is not driven by the oscillation of chem-
ical parameters, such as the concentration of ATP, Pi, or Ca’*t,
but owes to other factors that contractile apparatus inherently
possesses. These theoretical studies may ignore the diffusion
of adenine nucleotides from the solution to myofibril. Further
research is needed to tell whether the oscillation of chemical
parameters plays an important role in the occurrence of SPOC.
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