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ARTICLE INFO ABSTRACT
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The Ca®* induced Spontaneous

reaction-diffusion effect of ATP

Oscillatory Contraction (Ca-SPOC) of cardiac myofibrils oscillate with a period

similar to resting heartbeat of several animal species, and its auto-oscillatory properties set the basic rhythm of
cardiac contraction. To explain the dynamics of Ca-SPOC, the present paper constructs a novel chemical kinetical
model based upon the cooperative behavior between the two heads of myosin II dimer, also considering the

inside myocardial fibers. The simulation results show that the concentration of

ATP inside myocardial fibers oscillates over time under some special conditions, together with the proportions of
myosin II dimers in different states periodically changing with time, which contributes to produce the sustained
oscillations of contractive tension. These results indicate that the SPOC of muscles may be partly due to chemical
oscillation involved in the actomyosin ATPase cycle, which has been ignored by the previous theoretical studies.

1. Introduction

The striated (skeletal and cardiac) muscle usually takes either the
contraction or the relaxation state depending on the Ca®>* concentra-
tion. SPOC (SPontaneous Oscillatory Contraction) is considered to be
the third state of striated muscle that exists between the states of

relaxation and contraction. Partial activation using precise concentra-
tions of free Ca®>* induced spontaneous oscillation of sarcomere length
and active tension [1,2], and each sarcomere oscillates with a saw-tooth
waveform that consists of a slow shortening phase, followed by a phase
of rapid lengthening [3]. This type of oscillation, known as Ca-SPOC, is
observed for both skeletal and cardiac muscles without the involvement
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of sarcoplasmic reticulum [3,4]. Another type of oscillation, termed
ADP-SPOC [5-7], occurs under the steady conditions in the presence of
high concentration of ADP and Pi, together with ATP, and in the ab-
sence of free Ca2+. The ADP-SPOC is also observed irrespective of
muscle type [8].

A. Fabiato and F. Fabiato [8,9] were the first to observe Ca-SPOC in
skinned cardiac cells. Ishiwata's group also found the spontaneous
tension oscillations in skinned cardiac fibers under partial
Ca®™ activations [8,10],and suggested that SPOC is a phenomenon in-
herent to the actomyosin motor itself [11]. D. Sasaki et al. made deep
researches about the sarcomeric oscillations in Ca-SPOC of skinned
myocardium. They found that the period of sarcomeric oscillation in
Ca-SPOC correlated well with that of the resting heartbeat of several
animal species [12]. These conclusions indicate that the auto-oscilla-
tory properties of cardiac myofibrils may play a part role in the mole-
cular mechanisms of myocardial beating.

Early experimental and theoretical studies of Ca-SPOC attributed
the sarcomeric oscillation to spontaneous release of Ca?* from the
sarcoplasmic reticulum (SR), because the SR-dependent oscillations
showed several characteristic similarities with Ca-SPOC. However,
W.A. Linke confirmed that spontaneous oscillations can occur at partial
Ca?™ activation in single cardiac myofibrils devoid of SR [10]. Some
theories assumed that length-dependent sensitivity of the myofilaments
to Ca®* is critical for the oscillations. But more recent experiments
showed that thin-filament Ca®>* regulation is not a necessary ingredient
of the mechanism of SPOC [13]. In recent years, a series of dynamic
models were proposed to explain the Ca-SPOC. F. Julicher and J. Prost
[14] presented a physical mechanism which could lead to the oscilla-
tory motion of molecular motors cooperating in large groups when the
system was elastically coupled to its environment. Using a hydro-
dynamic approach, S. Giinther et al. [15] considered a simple micro-
scopic model of half-sarcomere in which SPOC are a consequence of
load dependent detachment rates of molecular motors from filaments.
The corresponding model of a chain of sarcomeres can reproduce the
phenomenology of waves along muscle fibers. K. Sato et al. [4,16,17]
put forward several similar theories for SPOC. They assumed that the
probability of cross-bridge formation depends on the lattice spacing
between the thin and thick filament, which decreases with an increase
in the sarcomere length. All the above models help us understand SPOC
in different ways, but these theories involved little about the mechan-
ochemical cycle of myosin, failing to exam the dependence of SPOC on
the chemical conditions in the experiments [18].

Some experiments have shown that the concentration of substrate
and product in the solution can seriously affect the characteristics of
muscle contraction and spontaneous vibration, indicating that the
muscle contraction involves profound chemical mechanism. Since these
phenomena occur under a fixed chemical condition, the earlier theo-
retical works considered that SPOC is not driven by the oscillation of
chemical parameters, such as concentration of ATP, ADP, Pi or Ca’™,
but owes to other factors that contractile apparatus inherently possesses
[3]. However, some theoretical and experimental results in recent years
have confirmed that the myofilament lattice significantly reduces the
diffusion of adenine nucleotides during muscle activation [19-21], and
the diffusion effect has never been considered by the earlier studies
about SPOC.

Based upon the actomyosin ATPase cycle of single myosin head, this
paper proposes a chemical kinetic model for myosin II dimers, in which
the cooperativity between two heads of myosin II dimer is fully con-
sidered. Taking into account the effect of myofilament lattice on the
diffusion of adenine nucleotides, the reaction diffusion equation of ATP
inside muscle fibers is also introduced into the numerical calculation of
our model. The simulation results showed that both the concentration
of ATP and the proportions of myosin II dimers in different states
periodically change with time. The oscillation of chemical signals inside
myofibrils may be partly responsible for spontaneous oscillatory con-
traction (Ca-SPOC) of myocardium.
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Fig. 1. Diagram of the three-state mechanochemical cycle for one head of
myosin. Each square or circle indicates one myosin head. Square, the myosin
head attached to actin filament; circle, the myosin head detached from actin
filament. T is substrate (ATP).

2. Method
2.1. The six-state mechanochemical model for myosin II dimer

The force for muscle contraction is generated by the interaction of
actin (thin) filament and myosin heads, and every head is governed by
the four-state mechanochemical cycle described by the Lymn-Taylor
model [22]. A simplified version of Lymn-Taylor cycle is the two-state
model, i.e., only the attached and detached states of myosin heads are
considered, shown as Fig. la.

Here, the associated states of myosin heads to thin filament are
shown by squares, and dissociated states by circles. T denotes substrate
(ATP). The two-state model is widely used to explain the muscle con-
traction and SPOC, but it is too simple to investigate the effect of Ca®™*
on force development during muscle contraction. In addition, the two-
state model fails to examine the step of nucleotide-free myosin head
dissociating from thin filament, which is outside the ATP hydrolysis
cycle [23]. To study Ca-SPOC with a simple but complete model, this
paper provides the three-state mechanochemical cycle for single myosin
head, as shown in Fig. 1b.Where, the process, state 1 — state 2, may be
due to the electrostatic force between myosin heads and actin in the
absence of ATP, which is regulated through a translocation of tropo-
myosin by the troponin complex in response to Ca** [24], while the
reverse process, state 2 — state 1, may result from the drag force oc-
curred by the relative sliding between the thin filament and the thick
filament [25].

Myosin II is a dimeric protein with two heads. Some experimental
results suggested different forms of cooperative behavior between the
two heads of myosin [26-28]. One type of the cooperative behavior is
positive cooperativity, that is, binding of one head promotes attach-
ment of the second head [28]. Based on these facts, this paper takes the
two heads as an indivisible whole and proposes a six-state mechan-
ochemical model for myosin II dimer, shown in Fig. 2.

Here, X; (i = 1-6) represent the states of myosin dimer, k; (i = 1-6)
are the rate constants. Since each head of the myosin II dimer has three
states (see Fig. 1b), the myosin dimer with two heads shares a total of
nine states, and the nine states can be simplified to six states X;~Xg.

The constants k; is related to the level of muscle activation and is
determined by the concentration of Ca?*, while k, is the rate of acto-
myosin detachment induced by the drag force resulting from the re-
lative sliding between the thin filament and the thick filament. The
variable kj is the first-order rate constant of ATP binding to myosin ,
and ks = K3[ATP], where Ksis the second-order rate constant of ATP
binding to myosin.

The constants k4 is the binding rate of single myosin head occupied
by ATP to thin filament, and ks is the binding rate of one myosin head
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Fig. 2. The six-state mechanochemical model for myosin II dimer. X; (i = 1-6)
represent the states of myosin dimer, k; (i = 1-6) are the rate constants.

to thin filament while another head has been attached to thin filament
(see Fig. 1b). The cooperative behavior between the two heads is
characterized by the effect of inter-head interaction on the binding rates
in the chemical cycle, and it is expressed quantitatively by the ratio of
ks/k4. Some experimental results suggested that binding of one head
promotes attachment of the second head during muscle stretch and
shortening. Therefore, the rate ks may be several times of k4. This is the
remarkable difference between the mechanochemical cycle model for
myosin II dimer proposed in this paper and those models for single
myosin head, in which the value of ks is equal to k4.

2.2. Dynamic analysis for this model

According to the mass-action law, the set of chemical dynamics
equations describing the graph in Fig. 2 can be written as
dx;

—_— = —2k1x1 + kzXz

dx
1.1)—=
dt ( )dt

= 2k1x1 - (k1 + kz + kj,))Cz + k4X3 + k2X4 (12)%

= ks — (ky + ka)xs + loxs (1.3)%
dxs
= k1X2 bt (kz + 2k3)X4 + k5x5 (14);

= kuxs + 2ksxs — (kp + ks + ks)xs + 2kaxs (1.5)%
= k3x5 - 2k4x6 (16) (1)

Here, x; is the proportion of myosin II dimer in different states. The
adenine nucleotides are transported through striated muscle fibers
during muscle activation, and the myofilament lattice significantly re-
duces the diffusion of adenine nucleotides [19-21]. According to Fick's
law and chemical reaction kinetics theory (see Appendix A), the value
of y([ATP], the average concentration of ATP in the local neighborhood
of myosin active sites) can be calculated approximately by the following
equation
dy

D
- = ﬁ(a — by) — cKay (% + 2x4 + Xs)

dt 2

In Eq. (2) , D is the diffusion coefficient, r is the radius of myofi-
lament, a is the concentration of ATP in solution, by is the minimum
concentration of ATP in the center of myofilament, c is the concentra-
tion of myosin in muscle, Ksis the second-order rate constant of ATP
binding to myosin. As a result of diffusion effect, the value of by must be
less than that of y. Thus, the ratio coefficient branges from zero to one.

Eq. (1) is a 6th-order equation and is not convenient for kinetic
analysis. To simplify the system, we divide the above chemical reac-
tions into fast and slow process, and use the quasi-equilibrium
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assumptions for the fast reaction to simplify the equations. In Eq. (1),
with respect to the rate constants ki, ks, k4, and ks, the rate ks is a time-
dependent variable that approaches zero at some point. Therefore, the
differential equations with k3 as the coefficient, such as (1.3), (1.5) and
(1.6), are treated as slow reaction, while the differential Egs. (1.1),
(1.2), (1.4) are processed in the fast reaction. As a result of quasi-
equilibrium hypothesis,

dx

— =2kx + kb, =0
dt 1M 242

dx
d_[z = 2k1X1 - (k1 + kz + k3)X2 + k4x3 + k2x4 =0

dx,
— =k — (kg + 2k + ksxs =0
di 1% — (k 3)X4 5Xs 3)

Solve the Eq. (3),we get

_k (o + 2k)ksxs + koksxs
T2k ks(2k + ko + 2ks)
kil + 2k3)x3 + ko ksxs
2T k(2 + ky + 2ks)
_ kikaxs + ks (ki + k3)xs
FT ks + ko + 2ks) “4)

1

Asx; + Xo + X3 + X4 + X5 + Xg = 1, SO

Xe=1—X—% —X3 — X4 — X5
2kt k ) (ky + 2k3)kax3 + kyksxs

2k ks (2ky + ky + 2k3)
=1 - Ax; — Bxs

kikaxs + (ki + k3)ksxs
— X3 — — Xs

ks Cly + ks + 2k3)

=1

(5)

In which,

Aoy @t k)t 2k + 2Kky
2k (2 + ko + 2k3)

514 Gt k)lks + 2k (a + k)ks
2k 2k + ko + 2k3)

Substituting Egs. (4) and (5) into Egs. (1.3) and (1.5), then

% = k% — (ki + ka)xs + koxs

_ k4 (k2 + 2k3)X3 + kzksXs
@k + ki + 2k3)
2kiky ky ks
-lh+t —mMmmm— s+ |+ —————— |x
( ! 2k1+k2+2k3) } (2 2k1+k2+2k3) > (6)

- (kl + k4)X3 + ksz

% = kax; + 2ksxs — (o + ks + ks)xs + 2kaxe

2kikaxs + 2ks (ki + k3)xs
2k + ko + 2k3
ks (1 — Axs — Bxs)
2kiky
2k + ky + 2ks3
- [ 2ks (ky + k3)
2k + ko + 2k

=kx; + — (kg + ks + ks)xs + 2

= 2k4 + (k] + - 2k4A)

- (kz + k3 + kS) - 2k4B]x5

2k ky
2k + ky + 2k
kyks
2k + ky + 2k

=2k, + (lq + - 2k4A)

X3 — (kz + ks + + 2k4B]X5

)

The reaction diffusion equation of ATP (Eq. (2)) is expressed as
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d D
d_Jt) = ﬁ(d — by) — cKzy(a + 2x4 + Xs)

ks (ko + 2k )%, + hoksxs + 2hakaxs + 2k (ka + ka)xs |
ks (2ky + ky + 2k3) >

D
= F(a —by) - CK3J’[

=D a - by) = ek Kes T ReXs |
r? ks

D
= ﬁ(a — by) — (kaxs + ksxs)c — cKayxs  (Kzy = ks)

(3

If the diffusion process of ATP inside myofilaments is not con-
sidered, the concentration of ATP will be constant and dy/dt = 0. The
present model is further simplified to a two-dimensional system con-
sisting of the variables x3 and xs. Now, let us solve the equilibrium
point of the two-dimensional system and analyzes the conditions for the
existence of the periodic solution.

The equilibrium point of the system (x3*, x5*) can be derived from
dxs/dt = 0 and dxs/dt = 0, that is

* 2k4

X3 =
kaoks
(kz + k3 + m + 2k4B>E + 2k4A - kl -

ks
2ky + ko + 2k3

x5 = Ex3 (E =

K Chi + ko + 2k; + 2k4))

ky 2k + kg + 2ks + ks) 9

For a given ATP concentration, all rates k; in Eq. (1) are constant,
and the two-dimensional system x3-xs has a unique equilibrium point.
The rank of the linearized matrix at the equilibrium point (x3*, x5*) is

0
=2 ||k +
‘ a}@l:(l

+ i[2k4 + (kl +
ox:

5

2kiky kiks
- . _ kz - . X5
2k + ko + 2k3 2k + ko + 2k3

(x32x3)
2ki kg

— —2k4A
2k + ko + 2k3

ky ks
— |k + ks + ———————— + 2k4B |x.
(2 *7 2k + Ky + 2k 4)5] .
(X3.X5)
- k]+$ - k2+k3+L+2k4B <0
2k + ko + 2k3 2k + ko + 2k3
(10)

In order to quantitatively discuss the influence of the reaction dif-
fusion of ATP on the periodic solution of Eq. (1), the Egs. (6)—(8) need
to be further simplified. Make a quasi-equilibrium assumption for Eq.
(6), that is, let dxs/dt = 0, then x3 = x5/E, and Egs. (7) and (8) can be
converted into

s _ 1 _ 2hkks _ _ kks

dt _2k4+[E(k1+2k1+k2+2k3 2k4A) (k2+k3+2k1+k2+zk3+2k“3)]x5
an

— = —=(a—by) — | = + ks |xsc — cKzyx.

dt rz( ) (E 5 |Xs 3)Xs 12)

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

To analyze the cooperative effects of the two heads of myosin II
dimer, the proportions of myosin dimer in different states are numeri-
cally calculated for given specified rate constants. Table 1 shows the
experimentally measured and estimated range of rates for the steps in
the mechanochemical cycle and the actual values employed in our
model analyses.

The value of k; is taken as 3s™ *, while kpchanges in the range of
157! to 40s~! with various muscle active conditions [29,30]. The ac-
tual value k, employed in our model is 10s ™. The rate of ks is the result
of multiplying K3 by y, namely, k3 = K3y. The value of K3 is about

-1
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Table 1

Model parameters.
Parameter Value Source(Ref.)
k1 357!
ko 10s~* [29,30]
Ks 5000 mM 15! [30-33]
ks 25571 [30,34]
ks 200s!
D 50~ 200;Lm s7! [20,21]

107810 " m?s™!

r 50-100 pum [12]
a 5mM [12]
b 0.1
c 0.5 mM [35]

1 X 10°~8 x 10°M~!s™!, and the concentration of adenine nucleo-
tides is usually reported in unit of mM. As a result, the rate K3 ranges
from 1000 to 8000 mM ~'s~! [30-33].

In this model, the cooperative behavior between two myosin heads
is characterized by the effect of inter-head interaction on the rates in
the chemical cycle, and it is expressed quantitatively by the ratio of ks/
k4. The value of k, is taken as 2551, and the ratio ks/k4 is in the range
of 5-10 [30,34].

Inside myofibrils (1-2 um in diameter) and small myocardial fibers
(no more than 20 pm in diameter) [20,21], the diffusion coefficient of
ATP is about 50~200um?s~!. During the SPOC of the muscle, the
speed of ATP diffusion may be greatly increased due to the rapid sliding
of a large number of thick and thin filaments in the muscle fibers. Based
on this assumption, the diffusion coefficient of ATP inside myocardial
fibers (about 80-200 um in diameter) is taken as 10~ %-10~°m?/s (si-
milar to the diffusion coefficient of small molecules in solution). Re-
ferring to the related literature [12,20,21,36], the value of D/r* range
from 1 to 200s™' in our calculation. The concentrations of ATP in
solution, a, is 5mM, while the ratio coefficient bvaries between 0.1 and
0.3. The concentration of myosin in skeletal muscle, ¢, is about
0.15-0.5mM [35].

Substituted the parameter values above into Egs. (1)-(2), the nu-
merical solution of x; versus t are given in Fig. 3.

The numerical simulation results show that the proportions of
myosin dimers in different states, x; periodically change with time.
During the process of SPOC, due to the fast relative sliding between
thick and thin filaments, the lever arm of myosin swings quickly and the
contractive force is generated only at the moment when the power
stroke is produced. Thus, the muscle contraction force is proportional to

X X: X:
1 ! 0.1 2 0.6 3
0.4 \
3 os 0.05 ‘ “ [ "
©
5 0.2 \ “ \ “
:]E_; I : . ‘ | ‘ { \ ‘\
g ol Jo
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Time(s)

Fig. 3. The proportions of myosin dimer in different states. The values of rate
constant: k; = 3s7!, k,=10s"! K;=5000mM 's7! ks;=25s"1

=200s" %, D/r?=5s"% a=5mM, b =0.1,c = 0.5mM. The initial values
of x; and y are x1(0) =1, x3(0) =0, x3(0) =0, x4(0) =0, x5(0) =0, y
(0) = 0 mM, respectively.
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the number of power strokes, which is mainly decided by x5 and xe in
the given activation level. As a result, the contractive force cyclically
changes with time, and this is partly responsible for SPOC.

The movement of single myosin head has a certain vibrational
characteristic, which is manifested by Brownian motion. In the presence
of ATP, the random thermal diffusion behavior of myosin head may
occur if the head and the actin filament are in a weakly bound state.
Myosin binds to actin filaments in a forward or backward direction,
creating a backward or forward tension [37]. The Brownian motion of a
single myosin molecule, however, is insufficient to form spontaneous
vibration. The literature [38] studied the interaction between a “rod
fiber” (consisting of a small amount of myosin II) and an actin filament,
and found the relative displacement vibration between the two kinds of
filaments, indicating the systems composed of small amount of myosin
heads and an actin filament is enough to produce spontaneous vibra-
tion. However, the waveform of its spontaneous vibration is not regular,
cluttered and not periodic. This means that the regular periodic waves
of SPOC are determined by the structure of the muscle itself. In general,
the SPOC of muscles is not only the embodiment of the working char-
acteristics of single myosin II molecule, but also the result of collective
cooperation of a large number of molecules. The muscle structure
modulates the pattern of collective collaboration.

3.2. The time-dependent change in the concentration of ATP

To our surprise, at a given concentration of substrate outside the
muscle fibers, the concentration of the ATP inside myofilament changes
periodically with time, as shown in Fig. 4a.

In most of the SPOC experiments, the concentration of the ATP in
solution outside of myofilament was fixed to a certain value. Therefore,
The previous theoretical studies on SPOC have always taken the con-
centration of the ATP inside the myofibrils as a fixed value. In recent
years, however, experimental and theoretical studies shown that the
lattice structure of sarcomere seriously affects the diffusion process of
nucleotides. So, the previous works on SPOC may neglect the reaction
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diffusion process of ATP from solution to myofibrils. Based on the dif-
fusion and consumption process of ATP in myofilament, the reaction
diffusion equation of ATP was established in this paper. Numerical
results show that the concentration of ATP in the myofibrils changes
periodically with time. This conclusion needs to be verified experi-
mentally.

In order to investigate whether the reaction diffusion process of ATP
inside muscle fibers is a common phenomenon during SPOC, the pre-
sent work studied the effects of radius (r) of muscle fibers (or myofi-
bril), ATP concentration, and diffusion coefficient (D) on chemical os-
cillations.

In the literature [6] that studied the spontaneous tension oscillation
in skinned bovine cardiac muscle, the wide of cardiac muscle fibers was
about 40-80 um, and the concentration of ATP ([ATP]) was 1-2 mM.
Based on these data, we calculated the time-dependent change of [ATP]
inside muscle fibers, shown as Fig. 4b, in which D/r*> = 205!,
a = 1 mM. This calculation result indicates that the chemical oscillation
can be induced in thinner muscle fibrils at lower concentration of ATP.

W.A. Linke et al. [10] observed the phenomenon of SPOC in single
isolated cardiac myofibril (about 1-2 um in diameter) at intermediate
activation level (pCa 6.0, [ATP] = 4 mM). According to these experi-
mental data and Eq. (2), the change of [ATP] over time was calculated,
as shown in Fig. 4c. Obviously, the concentration of ATP is uniform in
the single myofibril and does not change with time. In other words,
there is no chemical oscillation occurred inside the single myofibril,
although the spontaneous sarcomeric oscillations can be observed
under this chemical condition. So, the periodic change of [ATP] is not
the necessary condition and essential cause of SPOC, but merely a
regulatory factor.

K. Yasuda et al. [36] used a microscopy system to investigate the
length-tension relation of SPOC in a single skeletal myofibril (1-2 um in
diameter) at a high ADP-to-ATP ratio. They founded that the SPOC of
single myofibril can be generated even if the concentration of ATP is
very low ([ATP] = 0.1-0.2mM). In order to test whether there is a
chemical oscillation inside myofibril at low concentration of ATP, the
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while a = 0.2mM, b = 0.1 in Fig. 4d.
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relationship between [ATP] and time was calculated according to Eq.
(2). The simulation result (see Fig. 4d) shows that there is a reaction
diffusion process inside a single myofibril, when the concentration of
ATP outside the myofibril is low. In spite of the diameter of a single
myofibril is very thin (1-2 um), it contains thousands of thick and thin
filaments, which is expected to result in the concentration gradient of
ATP in myofibrils. This conclusion may have been overlooked by the
previous theoretical studies.

Through lots of simulations, we found that chemical oscillations
occur only when the velocity of ATP flowed into muscle fibers (D/r? -a)
is approximately equal to the rate (k4) of hydrolysis of ATP by myosin
heads. This conclusion is logical. It indicates that the balance between
the supply and consumption of ATP in the muscle fibers is the necessary
condition for generating stable chemical oscillations; while the co-
operation between the two heads of myosin (the difference between ks
and k,) leads to periodic oscillations near the equilibrium state.

In the above calculations, the diffusion coefficient of ATP in myo-
fibrils (1-2 pm in diameter) was in the range of 50~200um2/s [20,21],
but the value of diffusion coefficient in muscle fibers (80-200 um in
diameter) was adjusted by us to 10~ 2-10~°m?/s. We think the rapid
sliding between a large number of thick and thin filaments in the
muscle fibers may greatly increase the speed of ATP diffusion during
SPOC. If the relative sliding between lots of myofilaments does not
affect the diffusion coefficient of ATP, then the Eq. (2) needs to be
modified to more accurately describe the diffusion of ATP inside
myocardial fibers.

In order to make dynamic analysis with the simplified Egs. (6)-(8),
the parameter values in Table 1 are substituted into these equations for
numerical calculation. The simulation results are shown in the Fig. 5,
from which it can be seen that the simplified Egs. (6)-(8) has a periodic
solution, similar to the calculation results of the Eq. (1). They differ
only in the period and amplitude of the oscillation. Therefore, it is
feasible to use the simplified equations to analyze the conditions under
which various states produce oscillations.

If the diffusion process of ATP inside myofibrils is not considered,
the concentration of ATP will be constant. In this case, the Egs. (6)-(8)
can be simplified to the two-dimensional system composed of x5 and xs.
Since the rank of the linearized matrix at the equilibrium point (x3*,
xs5*) is less than zero (see Eq. (10)), the two-dimensional system does
not have a periodic solution near the equilibrium point. In other words,
in the present model shown in Fig. 2, the reaction diffusion process of
ATP inside the muscle fiber is one of the necessary conditions for the
spontaneous vibration of the sarcomere, and the chemical oscillation
may be partly responsible for SPOC of striated muscle.

To discuss the influence of the reaction diffusion of ATP on the
periodic solution of Eq. (1), we substitute the values of the parameters
in the Table 1 into Egs. (11) and (12) for numerical calculation. The
results show that xs and y have no periodic solutions. So, the system
described by Eq. (1) cannot be simplified to a two-dimensional planar
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system for dynamic analysis.

3.3. The periods of SPOC in different animal myocardiums

The experiments about SPOC of several animal myocardial fibers
performed by D. Sasaki et al. showed that the periods of sarcomere
length vibration in different animal species are different, which are
inversely proportional to their respective heart rates. Fig. 6a shows the
relationship between the period of Ca-SPOC and the period of the
resting heartbeat [12]. There was a good correlation between them
with the correlation coefficient of 0.94. The different resting heartbeats
of several animal species are due to the different expression of myosin
heavy chain isoforms (MHC) in animal myocardium [7]. The expression
types of MHC in mammalian hearts are a-MHC and 3-MHC, resulting in
three different types of myosin, V1 (aa), V2 (aff) and V3 (Bf). All
mammalian species express different proportions of MHC. For example,
V1 (aa) is expressed in mice and rats with fast heart rate in animals,
and V3 (BP) is expressed in a large mammal (e.g., human) with a slow
heart rate of V3 (Bf).

In the present model shown in Fig. 2, the rate constant k, is related
to enzyme activity of ATP, ie, increasing the value of k4 helps to in-
crease the binding rate of myosin to actin filaments. As a-MHC has
higher ATPase activity than (-MHC, the value of k4 in mice and rats
must be larger than that of pig and cow. The numerical calculation
results show that the period of Ca-SPOC decreases as the value of k4
increases (see Fig. 6b). This conclusion is consistent with the experi-
mental data shown in Fig. 6a.

3.4. The cooperative effect between two myosin heads on SPOC

In this paper, 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 quantitatively by the ratio of ks/ks4.
For the mechanochemical cycle model of single myosin head, the value
of k4 is equal to ks. But in the present model for myosin II dimer, the
value of ks is several times more than k4. In order to investigate the
cooperative effect between two myosin heads on SPOC, the change in
period of Ca-SPOC with the value of ks at k, = 255~ ! is calculated, as
shown in Fig. 7, from which we can see that the period of Ca-SPOC
decreases approximately linearly with the ratio of ks/k,.

It is also found that all the values of x; tend to be constants if the rate
of ks is equal to k4. This brings about the conclusion that one of ne-
cessary condition for SPOC is ks > k4. The significant difference be-
tween k4 and ks is the key factor that results in the remarkable non-
linear behavior in the muscle system. This suggests that the inter-head
cooperative behavior may play a critical role in muscle contraction.

The presented model assumes that there is a certain cooperative
mechanism between the two heads of myosin II dimer when the con-
centration of Ca®* is at a medium value. If the muscle is in relaxation
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state, the concentration of Ca®>* inside the myofilaments will be very
low, and most of the binding sites on the actin filament are blocked, and
only one head of myosin II dimer can bind to actin filament. On the
contrary, when muscle is in contraction state, the concentration of Ca®*
is very high and most of the binding sites on the actin filament are
activated. In this case, the two heads of myosin dimer may bind to the
actin filament at the same time. In general, the cooperativity between
the two myosin heads is not obvious or does not exist when the muscle
is under contraction or relaxation state. Therefore, the proposed me-
chanochemical cycle model of myosin II dimer is more suitable for
explaining the third state of striated muscle (SPOC) that exists between
the states of relaxation and contraction.

3.5. The effect of Ca®* and ADP on SPOC

D. Sasaki et al. studied Ca-SPOC under physiological condition and
analyzed the oscillation characteristics of Ca-SPOC in several types of
animal myocardium. It was observed by phase contrast microscopy that
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periodic oscillations of sarcomere can be reproduced over a wide range
of pCa values. The relationship between the period of Ca-SPOC and pCa
was investigated in porcine myocardium [12], shown in Fig. 8 (a), from
which it can be derived that the period of Ca-SPOC positively correlated
with pCa with the correlation coefficient of 0.87.

As a further check on our model, we test the dependence of SPOC on
the concentration of Ca?* ([Ca%®™]). The influence of [Ca®"] on the
activation level of muscle contraction is characterized by the para-
meter, k;, which is involved in the transition processes, X; = X5, X, —
X4 and X3—Xs. The contractive force during SPOC is mainly de-
termined by the proportions of the state X3 and X¢ (x3 and x¢) in Fig. 2.
Here, the period of x; at different value of k; was calculated, shown as
Fig. 8b. The simulation results show that the period of x; decreases
linearly with the increase of k;. This indicates that the parameter k; in
our model is proportional to the value of pCa.

This model can also be used to qualitatively analyze the effect of
ADP concentration on SPOC. In the experiments performed by D. Sasaki
et al. [12], the initial concentration of ADP in the solution was zero.
Therefore, the value of k4 in our model was mainly taken from the
release rate of ADP, and the step of ADP binding to myosin was not
considered. If the concentration of ADP is increased in the solution, the
step of ADP release will be suppressed, and thus the value of k, will
decrease. Numerical simulations show that the period of SPOC will
increase with the decrease of k4. As the purpose of this paper was to
examine the characteristics of Ca-SPOC, the step of Pi release was ig-
nored in the present mechanochemical model, so it is difficult to ana-
lyze the effect of Pi on SPOC. An improved version of our model may
have more value for theoretical researches.

4. Conclusion

The spontaneous oscillatory contraction of myofibrils (SPOC) can be
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Fig. 8. Effect of Ca®>* on the period of Ca-SPOC. (a) The relationship between the period of Ca-SPOC and pCa in porcine myocardium [12]. (b) the change in the

period of Ca-SPOC with the parameter k;.
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observed under various chemical conditions. Therefore, the phenom-
enon of SPOC contains a profound chemical dynamics mechanism. To
explain the chemical properties of Ca-SPOC, the present work takes the
two heads of myosin as an indivisible whole and proposes a six-state
chemical kinetic model for myosin II dimer. The chemical dynamics
analysis for the model indicates that the coordination of two heads
leads to the cyclic change in the proportion of myosin dimer in different
states. As a result, the contractive force will periodically change with
time, which is partly responsible for SPOC. It is also found that the
concentration of ATP inside myofibrils periodically changes with time
under specific condition, even if the concentration of ATP outside
myofibrils is set to a fixed value. This unexpected result has never been
mentioned in previous studies. It means that the chemical oscillation
inside muscle fibers may play an important role in the spontaneous
oscillatory contraction of myocardium.

The cooperative behavior between multiple heads of linear mole-
cular motors is one of the basic working characteristics. Based on the
cooperative characteristics among molecular motors, many models
have been proposed to explain their mechanical properties. Since the
step manner and cooperating mechanisms of myosin II are different

Biophysical Chemistry 253 (2019) 106221

from those of kinesin, myosin V, and cytoplasmic dynein, the present
chemical model supplies a new quantitative analysis method to study
the mechanism of cooperative behavior in systems of molecular motors.
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Appendix: The reaction-diffusion equation of ATP inside myofilament [18]

The myofilament lattice significantly reduces the diffusion of adenine nucleotides from the outside of myofilament to the center of myofilament.
The diffusion effect of ATP is mainly reflected in the radial direction of muscle fibers. According to Fick's law, the diffusion of ATP follows the

equation
j=-p4
ox

(s

Here, J is the diffusion flux, D is the diffusion coefficient, and du/0dx is the concentration gradient at this cross-section.
Assuming that the volume of muscle fiber is V, the side area is A, and the average concentration of ATP in muscle fiber is y, then the amount of

ATP diffused into the muscle fiber per unit time is

IATP) _ 00V) =JA= _D.A.al
ot ot ox
From Eq. (S2), it can be derived that
Y __Apdu
ot VvV ox

(52)

(83)

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

A.D.au _ 27rrl.D.8_u _
mr?l  Ox r ox

Y __Aou
o V. ax

2D.8u

(€0

It is difficult to give an accurate mathematical expression for du/dx. In a simple way, this paper assumes that du/0x is position-independent, but

only as a function of the average ATP concentrationy. So

du — L) —wu®)
ox dz—dl

(85)

where u;(y) is the concentration of ATP in the solution outside the muscle fiber, u,(y) is the concentration of ATP in the center of muscle fiber, and
d» — d is the distance that ATP diffuses within the muscle fiber. Because the average ATP concentration y is independent of the variable x, Eq. (S4)

can be written as

a_y_d_y_ghul(y)—uz(y)_ 2r
ot dt r d - d d, —

D
dl’ﬁ(ul ) —w()

(S6)

In the experiments of SPOC, the concentration of ATP outside the muscle fiber is constant, a mM. Due to the reaction-diffusion effect, the ATP
concentration in the center of muscle fiber is less than the average concentration of ATP. Let us set u5(y) = by, where b is the scaling factor between 0
and 1. Thus, the change in the concentration of ATP per unit time satisfies the following equation:

dy  2r

D
= Z@—-b
a4 e

(87)

As the values of d; — d; and r are in the same order of magnitude, if the diffusion coefficient D is properly chosen, Eq. (S7) can be simplified to

dy D
~Z —Z(a-»b
it rz(a »)

(s8)

According to Eq. (1), the amount of ATP consumed by myosin heads per unit time should be expressed as
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d
d_‘)t) = Ck3 (X2 + ZX4 + x5) = CK3y(X2 + ZX4 + x5) (SQ)
Here, c is the concentration of myosin in muscle. Combining Egs. (S8) and (S9), the value of y can be calculated approximately by the following

equation:

dy D
e (a = by) — cK3y(% + 2x4 + x5) (S10)
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